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Preface

Today, Staphylococcus aureus (S. aureus) is a growing issue both within hospitals and com-
munities because of virulence determinants, including surface proteins, exotoxins, entero-
toxins, and biofilm formation. Antibiotic resistance in S. aureus, either inherent or acquired,
is considered a potential virulence factor—increasing the pathogenesis and dissemination of
the bacteria. There has been rapid emergence of drug resistance in S. aureus, leading first to
methicillin-resistant S. aureus (MRSA), which is causing serious public health concerns, and
more recently to vancomycin-resistant S. aureus (VRSA), which is being reported with in-
creasing frequency among isolates identified all over the world. The pace of antibiotic resist-
ance development in S. aureus, and its extensive presence worldwide, demands that we
work to obtain a comprehensive understanding of the molecular mechanisms of both S. aur-
eus drug resistance and bacterial virulence.

The aim of writing “The Rise of Virulence and Antibiotic Resistance in Staphylococcus aur-
eus” is to provide an unprecedented and comprehensive collection of up-to-date research
about the evolution, dissemination, and mechanisms of staphylococcal antimicrobial resist-
ance alongside bacterial virulence determinants and their impact on the medical field. This
book consists of eleven review chapters, written by international leaders in their respective
fields. Each chapter starts with a brief introduction, including its aim, and then goes on to
provide detailed information about current research relevant to the field. Importantly, we
include several review chapters to allow the readers to better understand the mechanisms of
methicillin resistance, glycopeptide resistance, and horizontal gene transfer, as well as the
effects of alterations in S. aureus membranes and cell walls on drug resistance, and induction
of an SOS response by application of antibiotics. Additional chapters unveil further details
of S. aureus pathogenicity by introducing recent research on S. aureus exfoliative toxins, en-
terotoxins, surface proteins, and biofilm.

Our timely book presents the state of the art of S. aureus virulence and antibiotic resistance.
It is aimed at a wide range of informed readership, including clinicians, researchers, techni-
cians, scientists, and students. We would like to thank all the authors who contributed chap-
ters, without whose dedication, brilliant research, and keen support this book would not
have been accomplished.

Dr. Shymaa Enany
Department of Microbiology and Immunology, Faculty of Pharmacy
Suez Canal University, Ismailia, Egypt

Dr. Laura E. Crotty Alexander
Department of Medicine, University of California, San Diego,
and VA San Diego Healthcare System, San Diego, CA, USA
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Chapter 1

The Evolution and Dissemination of Methicillin

Resistance Determinant in Staphylococcus aureus

Abdul Rahim Abdul Rachman, Zarizal Suhaili and
Mohd Nasir Mohd Desa

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65514

Abstract

Staphylococcus aureus is an opportunistic pathogen and is frequently associated with the
antimicrobial resistance. There has been horizontal gene transfer of Staphylococcus
chromosome cassette mec (SCCmec) among the staphylococcal species that colonize a
similar colonization niche, which eventually results in emergence of new variant with
enhanced survival ability in terms of antimicrobial resistance and virulence level in S.
aureus. Evolution and dissemination of SCCmec structure resulted in the emergence of
methicillin-resistant S. aureus (MRSA) clones around the world covering hospital,
community, and livestock settings. MRSA also has the ability to resist different antibiotic
profiles known as multidrug-resistant S. aureus (MDR S. aureus).

Keywords: Staphylococcus aureus, SCCmec, MRSA clones, multi-drug-resistant S. aur-
eus

1. Introduction

Staphylococcus aureus is an opportunistic pathogen and lives as part of the animal normal flora
of skin and nasopharynx. Favorably, it resides in the nasal mucosal environment posing
infection threat to human as well as in domestic animals [1, 2]. In human, it is the leading agent
of infection involving bloodstream, skin, and soft tissue to the lower respiratory tract [3-5]. S.
aureus can easily colonize certain part of the body, especially the exposed area on skin due to
ulcers, burns, and surgical wounds [6].

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Methicillin-resistant S. aureus (MRSA) has been well known for being resistant to (3-lactam
antibiotics, which are the most common antimicrobial agents used to fight staphylococcal
infection. Previous studies reported that methicillin resistance in staphylococci was carried by
a specific mobile genetic element (MGE) called staphylococcal chromosome cassette mec
(SCCmec), which carries with it several virulence factors as well [7]. SCCmec contains mecA
gene which encodes for a low affinity penicillin-binding protein (pbp2a or pbp2’), which is
currently exploited as the methicillin resistance marker in Staphylococcus species including
S. aureus [8]. SCCmec contains several elements that can be categorized into several types.
Genetic events such as point mutation, recombination, acquisition, and deletion, coupled with
host and environmental selective pressures, make the structure evolve and disseminate in the
population [9]. The emergence of certain MRSA clones, which have been disseminating
worldwide since 1960, was closely related to the continuous evolution of SCCmec structure in
S. aureus.

Multidrug-resistant MRSAs have also been reported that make the antibiotic regiment limited.
Prevalence of MRSA is of a growing concern, particularly due to the more recent increased
frequency of community-associated MRSA (CA-MRSA) and livestock-associated MRSA (LA-
MRSA). Thus, this pathogen becomes a major concern in public health as well as livestock
industry [10-13].

Many studies have been looking at the mechanism and dissemination pattern of MRSA and
its genetic characteristics, but due to the potential, geographical, and temporal differences, a
comprehensive review is needed to put the whole picture connected.

2. Staphylococcus aureus

S. aureus is a Gram-positive bacterium with a grape-like cluster morphology and can usually
be found in skin or mucous membrane, especially in nasal of healthy person [14]. Kluytmans
et al. reported that approximately 20-30% of human population carries S. aureus [15]. Mor-
phologically, S. aureus can be observed as a’golden” medium-size colony on solid media such
as nutrient agar and can cause [3-hemolysis on sheep blood agar [16].

The production of golden pigmentation of S. aureus colonies is closely related to the presence
of carotenoids which is previously reported as virulence factor protecting S. aureus from the
immune system [17]. Among Staphylococcus species, only S. aureus has the ability to ferment
mannitol leading to the production of lactic acid on mannitol salt agar with yellow zones
around the colonies [18]. S. aureus is also classified as a halophilic bacterium for being able to
live in the presence of salt (sodium chloride) up to 1.7 molar. It also produces coagulase that
causes blood to clot [14].

Generally, 20-30% of individuals are persistent carriers of S. aureus and 30% are transient or
intermittent carriers [19]. S. aureus may live in human without any clinical symptoms, but it
may infect the host when the host defense system is compromised. Individuals may acquire
infection by S. aureus that they previously carry as commensal [15].



The Evolution and Dissemination of Methicillin Resistance Determinant in Staphylococcus aureus
http://dx.doi.org/10.5772/65514

Immunocompromised patients with S. aureus infection may suffer several diseases such as
bacteremia, ventilator-assisted pneumonia (VAP), endocarditis, and osteomyelitis, especially
when the patients are frequently exposed to injections and catheter insertions [20, 21]. S. aureus
can also cause toxin-mediated disease such as toxic shock syndrome, scalded skin syndrome,
and Staphylococcal foodborne diseases (SFD) [21]. Frequently, S. aureus is the main cause of
skin and soft tissue infection (SSTT) in human [22].

3. Methicillin-resistant S. aureus (MRSA)

MRSA has the ability to resist almost all available B-lactam antibiotics. Statistics showed about
40-70% of S. aureus nosocomial infections worldwide are caused by MRSA. MRSA was first
reported in a hospital in the United Kingdom in 1961 after the introduction of methicillin to
treat patient with penicillin-resistant Staphylococcus infection [23].

Generally, MRSA can be categorized into two major groups known as hospital-associated
MRSA (HA-MRSA) and community-associated MRSA (CA-MRSA). Globally, the majority of
MRSA infections are HA-MRSA that are acquired from healthcare facilities. Currently, MRSA
isolates are subdivided into three major groups known as hospital-associated MRSA (HA-
MRSA), community-associated MRSA (CA-MRSA), and livestock-associated MRSA (LA-
MRSA). Previous reports revealed that both HA-MRSA and CA-MRSA isolates differ distinctly
from each other, with HA-MRSA showing high antimicrobial resistance but less virulence and
lack of capabilities as colonizers [23-26]. Meanwhile, CA-MRSA isolates exhibit a low antimi-
crobial resistance but a high virulence harboring PVL gene and numerous pathogenicity
factors, as well as good colonizers [26-29].

MRSA spread in population since 1990 and become the major cause of community-associated
infection [27]. The scenario worsens when multidrug MRSA emerges, in which it can resist
more than two antibiotics of different classes that reduce the option for available treatment of
Staphylococcal infection [30, 31].

Methicillin resistance characteristic in S. aureus is due to the presence of altered penicillin-
binding protein (PBP2a) in the cell wall that has a reduced binding affinity to {3-lactam
antibiotics. PBP2a is encoded by mecA gene that is located in the large chromosomal cassette
called staphylococcal chromosome cassette mec element (SCCmec) [32-35]. The mecA gene
expression is controlled by mecl-mecRI regulatory genes encoding repressor and inducer
protein, respectively [36].

4. SCCmec structure

Staphylococcal cassette chromosome mec (SCCmec) has a size of about 20-60 kb. The structure
is unique as it carries various mobile genetic elements that are integrated in it [37]. To date,
more than 80 SCCmec elements have been identified in several staphylococci species [38].
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SCCmec disseminates among Staphylococcal species by horizontal gene transfer and integrates
at a specific site called attB or ISS (integration site sequence) at the 3’ end of orfX gene that
encodes for unknown function [39].

A single SCCmec carries mec complex and cassette chromosome recombinase (ccr) flanked by
direct inverted repeat (DR) and inverted repeat (IR) sequences; mec complex consists of mecA
gene (methicillin resistance determinant), mecRI (sensor inducer), and mecl (mec repressor).
Both mecRI and mecl are recognized as mec regulator elements, while ccr genes encode serine
recombinases (ccrA, ccrB, ccrC) responsible for site and orientation of specific integration and
excision of SCCmec. In addition, SCCmec also harbors other elements such as insertion
sequences (IS), plasmids, and transposons [24, 40, 41].

4.1. Complete SCCmec

To date, the International Working Group-SCCmec (IWG-SCCmec) identified eleven SCCmec
types based on complete nucleotide sequences in Staphylococcal databases, and each SCCrmec
type is named using a roman numeral based on the unique combination of ccr complex and
mec complex [40—42]. A complete SCCmec structure in S. aureus contains a mec complex (imecA,
mecRI and mecl), a ccr complex (ccrA, cerB, ccrC), and a ] region (region other than mec and ccr
complexes) [40].

Furthermore, many different SCCmec subtypes have also been described containing the same
ccr and mec gene combination but vary in the ] regions [40]. Among the eleven SCCmec types
(I-XI) that have been reported so far, five of them (SCCmec L, 1I, III IV, and V) are globally
distributed, while others only distributed in certain countries [38, 43]. Three (SCCmec 1Va,
SCCmec IVc, SCCmec V) from the 11 SCCmec types have been detected in MRSA isolated from
animals called LA-MRSA [42]. In general, SCCmec type IV and V are more widely found among
CA-MRSA, and the other three types (SCCmec I, 11, III) are frequently found among HA-MRSA
[44, 45, 46]. An early study by Ito et al. detected only three types of SCCmec structures (SCCrmec
type I, II, III) isolated from human [37], and a recent finding showed that MRSA with SCCrmec
type I, II, Il is originated from animals [41].

Different types of SCCmec in MRSA are also observed to be geographically distributed. For
example, SCCmec type Il or IIIA was most commonly found in Asian countries, but Korea and
Japan had more type II while Taiwan had more type IV [47]. SCCmec type IV was also
commonly found in Latin and European countries [48, 49]. Similarly, in African countries,
SCCmec type III was also predominant with SCCmec types 1II, IV, and V found in selected
countries such as Egypt, Niger, Nigeria, Algeria, Tunisia, and South Africa [50].

4.2. Pseudo-SCCmec

Pseudo-SCCmec is recognized as SCCmec that does not carry ccr complexes but has mecA gene.
Although this element is different from the complete SCCmec in terms of gene or operon
organization, it still has some similarities in certain parts in both pseudo-SCCmec and com-
plete SCCmec structure. Deletion is the major event as inferred by the absence of certain genes
or operon in pseudo-SCCrmec structure. For example, regions within mec complex and ] region
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are absent in both pseudo-SCCimnecI1.5 and pseudo-SCCrmec16691. It was observed that pseudo-
SCCmec16691 lacks J1, ]2 regions, and ccr genes, whereas missing parts were detected in
pseudo-SCCmec 115 and replaced by transposable elements called Tn6012 [51, 52].

However, certain pseudo-SCCmec does not carry both mec and ccr complexes. An example is
the arginine catabolic mobile element (ACME) for having SCC-like elements but lack in mecA
and ccr genes. This could be the remnant of SCCmec structure that had gone through multiple
mutational events. Lindqvist et al. discovered first remnant of pseudo-SCCmec structure in
methicillin susceptible S. aureus (MSSA) that caused clonal outbreak in Sweden. They sug-
gested that this pseudo-SCCrmec structure could be derived from SCCmec type 11 [52].

ACME is found in both MRSA and MSSA, especially with sequence type ST8 (ST8), and has
been disseminated in virulent S. aureus by horizontal gene transfer [3, 53]. Nevertheless, ACME
was frequently associated with MRSA-IVa with sequence type 8 (ST8-MRSA-IVa), which was
also known as CA-MRSA USA300 [3, 53]. ACME has been associated with the ability of CA-
MRSA to colonize on other parts of human body such as skin and mucosal membranes rather
than limited to only nostril. The acquisition of ACME may enhance the ability of CA-MRSA
to survive in acidic environment of human skin by driving production of polyamine-resistant
enzyme that combats excess host polyamine (toxic compound on human skin for S. aureus) [54].

5. Origin of SCCmec structure

The origin of SCCmec in MRSA is still in debate; mecA gene was believed to be originated from
Staphylococcus fleurettii due to a high sequence similarity (>99%) with mecA gene of a MRSA
strain N315. It was proposed that SCCmec is a combination of SCC elements without mec
complex, and the mec gene complex was derived from S. fleurettii since no evidence showed
that S. fleurettii contained SCCmec structure in its chromosome [55].

Several studies described coagulase-negative staphylococci (CoNS) as the primary reservoir
of the SCCmec structure in S. aureus, which was considered as the recipient strain due to some
reasons; a very similar SCCmec structure and organization was observed in both S. aureus and
CoNS [56, 57], and the prevalence of methicillin-resistant coagulase-negative staphylococci
(MRCoNS) in human is higher as compared to MRSA [35, 56-59]. Although a study discovered
other non-staphylococci species called Macrococcus to also carry SCCmec-like elements, those
were different with SCCmec in MRSA in terms of nucleotide sequences and genetic organiza-
tion of the mec complex [55].

5.1. From coagulase-negative staphylococci species to MRSA

The existence of various forms of SCCmec in MRCoNS as compared to MRSA becomes the
main argument why MRCoNS is suggested as the main reservoir of SCCmec for S. aureus
leading to the emergence of MRSA [40, 57]. In arapid genetic typing, polymerase chain reaction
(PCR) technique is used to characterize the SCCmec types instead of nucleotide sequencing

7
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analysis. Consequently, SCCmec from MRCoNS is frequently defined as non-typeable due to
a diverse combination of ccr and mec complexes that could not be assigned based on current
SCCmec structure databases used against S. aureus [7]. Nevertheless, Zong et al. successfully
assigned 10 SCCmec elements with a new combination of ccr and mec complexes in various
species of MRCoNS. They assigned these untypeable SCCmec elements as UT1-UT10 [35]. In
addition, another study also described new SCCmec types in Staphylococcus hominis and
described those as NT1till NT4 [60].

Staphylococcus epidermidis, Staphylococcus haemolyticus, and S. hominis were found to carry a
diverse SCCmec structure among CoNS. SCCrmec type 1V is the common structure found in S.
epidermidis, while other SCCmec types I, 1I, III, V, VI and non-typeable SCCmec were also
detected at a lower rate [61, 62]. For S. haemolyticus, SCCmec type V predominated in combi-
nation with other novel SCCmec types [60, 63]. In S. hominis, SCCmec types contained a
combination of novel non-typeable SCCmec, SCCmec types VI, VIIL 111, and other elements [35,
61].

5.2. From MSSA to MRSA

MRSA emerges when MSSA receives SCCmec structure elements from other MRSA or
MRCOoNS via horizontal gene transfer [64]. In a specific condition (high vancomycin concen-
tration), SCCmec is unstable in certain MRSA that can lead to complete or partial deletion of
SCCmec structure, which may result in the presence of certain SCCmec DNA fragment to
remain in S. aureus chromosome [64-67].

Wong et al. [64] identified SCCmec type Il with internal deletion in MSSA isolates from different
geographical areas. This happened during in vitro exposure to vancomycin [64]. Furthermore,
Vandendriessche et al. [67] described MSSA CC398 as the precursor for emergence of MRSA
CC398 in livestock. They found non-SCCmec elements in MSSA CC398 harboring czrC and
tet(K) genes generated during partial excision of SCCmec elements [67].

6. Clonal dissemination of MRSA

Nowadays, the dissemination of MRSA has become a major global problem that threatens
human health [27]. However, only limited clones of MRSAs could be inferred to disseminate
in different countries and continents through genotypic analysis using several DNA typing
methods such as SCCmec typing, PFGE, MLST, and spa typing [27, 68, 69]. For example, more
than 3000 MRSA isolates from certain continents (Europe, USA, and South America) were
described to belong to only five major pandemic clones or clonal complexes (CC5, CC8, CC22,
CC30, and CC45) [70]. To date, 11 clonal complexes (CC1, CC5, CC8, CC12, CC15, CC22, CC25,
CC30, CC45, CC51, and CC121) have been detected in which 5 of them (CC8, CC15, CC22,
CC30, and CC45) were isolated from human [71, 72]. These successful clones may transmit
their genetic elements into other S. aureus, which are well adapted to hospital environment [73].
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MRSA strain COL was the first MRSA clone detected carrying SCCmiec type I with sequence
type 250 (ST 250) and belonged to clonal complex 8 (CC8). Then, other MRSA clones with
SCCmec type Il and Il were reported and recognized as EMRSA-1 (ST239), EMRSA-5 (5T247),
and New York/Japan clone (ST5, USA100) [74]. Certain MRSA clones were originated from
community setting. For example, Wang and co-workers (2007) detected the spread of com-
munity-associated SCCmec type IV and V MRSA in hospital setting in Taiwan between 1999
and 2005. They concluded that SCCrmec types IV and V are carried by both CA-MRSA and HA-
MRSA [75-77].

The popular human MRSA pandemic clones, the EMRSA-15 and EMRSA-16, were identified
in the United Kingdom (UK) around early 1990s. Since then, the clones become predominant
healthcare-associated MRSA in UK [78, 79] and several European countries such as Denmark
[80], Sweden [81], Belgium [79], and Spain [82]. Studies in Kuwait [83] and USA [84] also
reported the spread of EMRSA-15 and 16 clones in hospital setting in the countries. To date,
these clones have already been widespread in 15 countries around the world [85]. Both MRSAs
belong to SCCrmec type IV with sequence type 22 (ST 22) for EMRSA-15 and sequence type 30
(ST 30) for EMRSA-16 and originated from hospital setting. EMRSA-15 and 16 have high
surviving and spreading rate in hospital compared to other EMRSA in UK [78]. In 2013, MRSA
clone with a rare sequence type, ST 779, was identified in eleven Irish hospitals from 2006 until
2011 harboring a novel pseudo (SCCmec)-SCC-SCCpyispr composite element. This clone
contained novel mec class region, a fusidic acid resistance gene (fusC), and two copper
resistance genes (copB and copC) but lacking ccr genes [86].

CA-MRSA clones have also been observed to disseminate worldwide particularly with
sequence types ST80 and ST30. MRSA clone with ST80 is the most common CA-MRSA clone
in European countries and usually carries PVL genes. Moreover, ST80 clone also showed
resistance toward fluoroquinolones, tetracyclines, and fusidic acid [87]. CA-MRSA clone with
sequence type ST30 was observed to disseminate in Asian and Oceanic countries. An example
is the multidrug USA300 clone, known as West Pacific clone. It was first identified in the USA
and carried plasmid that encodes several antibiotic resistance genes [88]. Enany et al. identified
novel clones with sequence types ST1010 (121)c and ST1009 (1153)c isolated from Egypt after
they analyzed different genetic patterns of PVL+CA-MRSA isolates from different countries
[89].

In certain countries, it was found that MRSA can also spread among livestock, known as LA-
MRSA. LA-MRSA CC398 is the popular clonal complex among livestock and has already been
reported to spread in several European farms in Netherland, Denmark, Germany, France, and
Italy [90]. MRSA CC398 was originated from pigs and spread among dairy cattle and turkey
[91, 92]. In Netherlands, MRSA contamination on meat was reported after 2217 meat samples
were analyzed covering 35.3% turkey, 15.2% beef, 15.2% veal, 10.7% pork, and 6.2% lamb meat
[93]. LA-MRSA can be transmitted to human by physical contact with livestock contaminated
with MRSA [94]. LA-MRSA may have equal virulence ability as compared to CA-MRSA and
HA-MRSA toward human. Therefore, persons with continuous exposure to livestock carrying
LA-MRSA are at high risk [95]. Other than meat, LA-MRSA can also be found in dairy milk.
Recently, 11 sequence types were detected from LA-MRSA isolated from 15 Brazilian dairy

9
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farms (n = 552) with four of them contain novel sequence types (5T1622, ST1623, ST1624, and
ST1625) [96].

7. Multidrug-resistant (MDR) MRSA

Antibiotic or antimicrobial drugs are the most effective therapeutic agents used in treating
microbial infections through either one or both bactericidal and bacteriostatic effects. Never-
theless, antibiotic or antimicrobial drug resistance has been a major problem worldwide, with
incidence of MRSA reported in healthcare facilities in Asia to reach its peak in late 1990s, and
stayed at plateau level during 2000s [97]. The heavy usage of drugs in treatment hastens the
selection of bacteria that harbor multidrug resistance genes particularly S. aureus to proliferate
and dominate [98, 99]. Moreover, over-crowded community creates environment that is
suitable for the rapid spread of numerous multidrug-resistant pathogens, particularly the
airborne organisms such as S. aureus.

The emergence of multidrug-resistant S. aureus in both hospitals and community invokes a
tremendous financial burden due to the persistence of hard-to-treat infections [97, 100-102].
Until present, it was reported that <90% of S. aureus strains are resistant to penicillin as well as
ordinary antimicrobial agents such as drug from categories of aminoglycosides, ansamycins,
anti-staphylococcal p-lactams (or cephamycins), chloramphenicols, fusidanases, fluoroquino-
lones, glycopeptides, lincosamides, macrolides, phenicols, and tetracyclines [103-105]. We are
now observing the emergence of multidrug-resistant S. aureus and MDR-MRSA with broad
spectrum of resistance with a distinct ability to survive and spread in the hospital environment,
community setting, as well as livestock sectors.

There has been a dramatic increase in the incidence of nosocomial infections as well as
community-associated MRSA and livestock-associated MRSA caused by strains of S. aureus
that are resistant to multiple antibiotics [106]. At present, there have been reports that some
strains demonstrate resistance to as many as 20 antimicrobial compound types, including
antiseptics and disinfectants [107, 108]. Central Asian surveillance studies found that the
prevalence of MRSA infection in tertiary hospital was reported in 10 among 1000 hospital
admissions [109] and incidence reported previously in Japan was between 0.7 and 0.8 per 100
admission from 1999 to 2003 with a total rate among hospitalized patients in the Asia-Pacific
region at 45.9% [110, 111]. Previous surveillance also reported that Asia is among the highest
for the incidence of MRSA in the world, and interestingly a novel MRSA strain with glyco-
peptides resistance had spread in livestock animals making it as a potential human pathogen
in this region [112].

Several studies attempted to profile all possible multidrug-resistant MRSA since 1987,
encompassing samples from hospitals, community, as well as veterinary settings [113, 114].
Lim et al. (2013) carried out temporal comparative surveillance of antibiograms from clinical
samples in 2003-2008 and showed a significant increase in resistance rates (from 1 to 96%), as
well as multidrug-resistant phenotypes (96%). This study also indicated the prevalence of
multidrug-resistant MRSA with SCCmec type III and ST239 [99]. Another study also reported
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the prevalence of resistance against other important antibiotics such as mupirocin, whose
resistance rate in Malaysia is still low, but still higher than previous reports in Malaysia [107].
Another cross-sectional studies at a few major medical centers in Malaysia found that the
occurrence of MRSA infection increased gradually with years, from 25.7 to 28.7% in 1996, 27.9%
in 1998, and 33% in 2000 [115, 117, 118]. Meanwhile, a study done at a single Malaysian hospital
found a gradual reduction in MRSA prevalence from 2002 to 2006, most likely due to the
improvement in the quality of healthcare systems [103, 109, 116 118].

The first international surveillance study on epidemiology of CA-MRSA in Asian countries
revealed important findings with regard to the current epidemiology of MRSA infections in
the community and hospitals within Asia with multidrug-resistance rates at 73.1 and 83.7%
for CA-MRSA and HA-MRSA, respectively [119]. At least, 357 isolates of CA-MRSA were
analyzed with resistance rates of gentamicin, ciprofloxacin, and trimethoprim/sulfamethoxa-
zole being significantly lower than those of HA-MRSA isolates, whereas resistance rates of
clindamycin, erythromycin, and tetracycline were similarly high in both CA-MRSA and HA-
MRSA [119, 120].

8. Conclusion

S. aureus and MRSA evolve and adapt the changing environment. Therefore, dissemination of
MRSA should be continuously monitored for the antibiotic susceptibility pattern and molec-
ular epidemiology comprising hospital, community, and livestock settings. The origin and
dissemination of SCCmec are also important to be tracked in the diverse staphylococcal
population. With the advancement in molecular methods such as next-generation sequencing,
the pattern of the genetic evolution, spread of the bacteria, and the resistance determinants can
be further explored and understood.
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Abstract

Staphylococcus aureus (S. aureus), which is one of the most common causes of indwelling
device-associated, nosocomial, and community-acquired infections, can produce
biofilm as a virulence factor. Methicillin-resistant S. aureus (MRSA) that is resistant to
{-lactam antibiotics causes life-threatening infections. Biofilm producer strains of S.
aureus that causes indwelling device-associated infections resist to antimicrobials and
immune system. The combination of methicillin resistance and the ability of biofilm
formation of S. aureus makes treatment difficult. Methicillin resistance of S. aureus can
affect biofilm phenotype of S. aureus; the mecA gene of MRSA increases biofilm
production by inactivating accessory gene regulator (agr) quorum sensing regulator
system, which is a two-component regulator system of virulence factor production. The
aim of this review is to determine virulence factors of S. aureus, resistance mechanisms
of methicillin, and the influence of methicillin resistance on biofilm phenotype of S.
aureus.

Keywords: Staphylococcus aureus, MRSA, MSSA, biofilm, methicillin resistance, viru-
lence, influence of methicillin resistance on biofilm

1. Introduction

The biofilm has an important role in the pathogenesis of certain bacterial infections such as
staphylococcalindwelling device-associated infections, wound infections, chronicurinary tract
infections (UTI), cystic fibrosis pneumonia, chronic otitis media (OM), chronic rhinosinusitis,
periodontitis, and recurrent tonsillitis [1].
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The biofilm infections such as Staphylococcus aureus (S. aureus) infections are the important
problems in hospitalized and immunosuppressed patients worldwide due to their tough and
nonresponsive treatment by antibiotics. Biofilm-producing bacteria are resistant to immune
defense, antibiotics, and many antimicrobial agents [2, 3].

The mecA gene, which is located in the staphylococcal chromosomes, enhances virulence of
Staphylococcus by causing resistant to methicillin antibiotics. Methicillin-resistant S. aureus
(MRSA) causes hospital-associated (HA-MRSA) and community-associated (CA-MRSA)
infections. Methicillin resistance of S. aureus causes treatment of S. aureus tough by antibiotics
due to its resistance to all B-lactam antibiotics. Mechanisms of resistance to (3-lactam
antibiotics such as methicillin are regulated by regulatory genes in the presence of such
antibiotics. S. aureus biofilm formation is regulated globally by the accessory gene regulator
(agr) quorum sensing system that is also inactivated by the mecA gene of MRSA [2-4]. The
virulence of S. aureus, mechanisms of methicillin resistance, role of methicillin resistance on
biofilm, and alteration of biofilm formation of S. aureus in methicillin resistance are discussed
in this review.

2. Staphylococcus aureus and virulence

2.1. Staphylococcus aureus

S. aureus, a Gram-positive coccus, produces catalase enzyme and coagulase enzyme, which
coagulates blood by reacting with prothrombin, which converts fibrinogen to fibrin [5]. While
S. aureus is a commensal bacterium and colonizes primary anterior nares of healthy staphylo-
coccal nasal carrier individuals, S. aureus causes a wide range of infections such as skin
infections, including abscesses, impetigo, and necrotizing fasciitis; tissue infections, including
osteomyelitis and endocarditis; and toxinoses, including toxic shock syndrome, when im-
munity of the staphylococcal nasal carrier is suppressed [6, 7]. If MRSA is colonized in nares
of healthy person, 29% potential risk appears for MRSA infections [8].

While antibiotics such as methicillin are used frequently in patients, antibiotic-resistant strains
may develop. After penicillin usage had become widespread to treat infections, penicillin-
resistant S. aureus strains arose. Only a few years after following the usage of penicillin,
penicillin-resistant S. aureus strains had arisen, and penicillinase-resistant methicillin usage
had introduced for the treatment of penicillin-resistant S. aureus strains. After methicillin usage
was introduced in 1961, MRSA strains that were also multidrug-resistant arose within a year.
Methicillin that has been providing widespread of MRSA and becomes useless drug has not
being used in recent years [7].

MRSA has become epidemic not only in nosocomial infections but also in community-
associated infections [9]. MRSA that has been a common cause of nosocomial infections
worldwide also has been arising in the community in recent years [10]. Invasive infections of
MRSA have high morbidity and mortality rates [11]. Most of invasive staphylococcal and
community-acquired MRSA (CA-MRSA) infections are related to the nasal carriage of
Staphylococcus [6].
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2.2. Biofilm and pathogenesis

Biofilm plays a role in the pathogenesis of staphylococcal infections. When microorganisms
exposed to stress conditions, gene expression of biofilm is induced as a stress response. The
biofilm that is a slime-like glycocalyx causes bacteria to survive in the stress conditions, causes
bacterial attachment and colonization on biotic or abiotic surfaces such as prosthetic surfaces
that may act as a substrate for microbial adhesion, and causes bacterial spread to whole body
[12-14]. The biofilm producer S. aureus causes chronic infections such as indwelling device-
related infections and chronic wound infections. Indwelling device-associated infections are
mainly caused by biofilm producer Staphylococci including S. aureus and Staphylococcus
epidermidis. The treatment of biofilm-embedded bacteria that are not eliminated completely by
antimicrobials even at the high doses is tough and irresponsive. The patients whose indwelling
device is infected by biofilm producers have higher risk of mortality. Infected implants that
cannot be treated by antibiotics are removed out of the body to prevent biofilm-related
infections [14].

2.3. Virulence of S. aureus Biofilm

Biofilm that is a slime-like glycocalyx embedded sessile community of microorganism inside.
Polysaccharide matrix, staphylococcal surface proteins, extracellular DNA (eDNA), and
teichoic acids construct biofilm of S. aureus thatis an extracellular polymeric substance. Surface
proteins of S. aureus also contribute biofilm formation, whereas polysaccharide intracellular
adhesin (PIA) is the main component of biofilm formation in S. aureus. Extracellular DNA
(eDNA) that plays a role in resistance and channels that store antibiotic-degrading enzymes
such as [3-lactamases construct extracellular polysaccharide matrix [14].

3. Mechanisms of biofilm formation and regulation by MRSA and MSSA

Biofilm is produced by distinct mechanisms in MRSA and Methicillin-sensitive Staphylococcus
aureus (MSSA). Fitzpatrick et al. revealed that biofilm formation of the icaADBC operon deleted
MRSA mutants was not affected, whereas biofilm formation of the icaADBC operon deleted
MSSA mutants was impaired. This study showed that ica-independent biofilm formation is
strain specific [15].

Biofilm is constructed not only by polysaccharide intracellular adhesin (PIA) but also by
surface proteins. In the catheter infection, biofilm formation of clinical isolates of S. aureus of
which ica operon is mutated is not reduced [13]. Biofilm of MSSA is formed in ica-dependent
manner (PIA-dependent) by PIA that is encoded by icaADBC gene, whereas biofilm of MRSA
is formed in ica-independent manner (PIA-independent) by surface proteins containing
LPXTG anchoring domain that are anchored to peptidoglycan by sortase as a transpeptidase
coded by srtA gene. Adherence to surfaces and intercellular aggregations of MSSA and MRSA
cells are contributed by PIA in ica-dependent manner and surface proteins in ica-independent
manner, respectively [4, 14]. Initial adherence of S. aureus to surfaces is contributed by
Autolysin Atl that lyses cell causes release of eDNA and accumulation of cells in ica-inde-
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pendent manner [14, 16]. Especially, clinical MRSA adheres to polystyrene abiotic surfaces
with Atl [16]. Intercellular accumulation of HA-MRSA and CA-MRSA is formed by FnBPA,
FnBPB, Bap proteins, SasG, and protein A [4, 17, 18].

Three stages of ica-dependent and ica-independent biofilm formation that are adherence
(adhesion, attachment), aggregation (maturation, accumulation), and detachment (dispersal)
are regulated by ica operon and accessory gene regulator (agr) quorum sensing two-compo-
nent signal transduction system, respectively [14].

Not only biofilm formation but also virulence factors such as phenol-soluble modulins (PSMs),
toxins, and degradation enzymes production are regulated by agr quorum sensing two-
component regulatory system [14, 19, 20]. Activation of agr system causes reduction in biofilm
production due to the production of phenol-soluble modulins (PSMs) as surfactants, proteases,
and nucleases that disperse microorganisms embedded in biofilm by enzymatic degradation
of the biofilm matrix [14, 21, 22].

Accessory gene regulator (agr) system, which includes agr locus, regulates cell density,
virulence, and biofilm formation of bacteria. RNAII and RNAIII are transcribed by binding of
activated AgrA to P2 and P3 promoters in agr operon (agrBDCA), respectively. RNAII tran-
script that contains agrB, D, C, A genes encodes AgrB, D, C, A as a component of agr system,
whereas RNAIII transcript that contains the hld gene encodes the -PSM (d-phenol-soluble
modulins or termed d-hemolysin). RNAIII regulates virulence factors such as surface proteins
that cause biofilm formation and exotoxins (RNAIII dependent control). In RNAIII independ-
ent control of S. aureus, synthesis of a-PSMs and 3-PSMs is regulated by binding of AgrA to
promoters of a-PSMs and 3-PSMs in psm operon [14].

Supplementations of certain chemicals to growth media affect biofilm formation of S. aureus
strains by regulating of gene expressions or breaking bonds that construct biofilm. Sodium
chloride (NaCl) that induces expression of ica operon increases biofilm formation of MSSA [4,
23, 24]. Sodium metaperiodate that degrades polysaccharide bonds decreases biofilm forma-
tion of MSSA, whereas biofilms of MRSA are not affected. Proteinase A does not affect biofilm
formation of MSSA [24, 4], whereas biofilm formation of MRSA is affected. pH of growth media
that is decreased by glucose degradation represses agr regulator system. So, glucose supple-
mentation of growth media that represses agr regulator system increases biofilm formation [4,
25]. Phenyl-methylsulfonyl fluoride (PMSF) that is a serine protease inhibitor increases biofilm
formation by preventing agr-related biofilm detachment [21] and enhancing secretion of
autolytic enzymes [26]. In early biofilm formation of HA-MRSA, biofilm formation is inhibited
by polyanethole sodium sulfanate of which effect is not only preventing autolytic activity but
also maintaining growth [16].

4. Staphylococcus aureus genome

Staphylococcus aureus genome contains core genome, accessory component, and foreign genes.
Core genome that constructs backbone of genome has main metabolic function. Core genome
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ishighly conserved, and similarity of genes among isolates is ~98-100%. Accessory component
that constructs 25% of S. aureus genome contains mobile genetic elements (MGEs) such as
transposons (Tn), chromosomal cassettes, pathogenicity islands (PIs), genomic islands, and
prophages acquired horizontally between strains [5] (Figure 1). MGEs carry virulence genes
that are acquired horizontally by other strains (bacterial horizontal gene transfer (HGT)) [7, 27].
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Figure 1. Staphylococcal genome.

Each strain of S. aureus has virulence varied according to having mobile genetic elements
(MGEs) of which genes encode for varied virulence factors and toxins [9]. Genes of many
secreted virulence factors such as exfoliative toxin A and B, superantigen toxins (SaPls), toxic
shock syndrome toxin (TSST), and enterotoxins are located in accessory genetic elements such
as transposons, plasmids, prophages, and pathogenicity islands (PIs) that are also referred as
MGESs, whereas genes that encode toxins such as a-toxins present in whole S. aureus strains
and are located in core genome [7, 9]. Phenol-soluble modulins (PSMs) that are surfactant and
encoded in core genome lyse immune cells such as neutrophils in inflammation and disperse
biofilm [9, 14]. Cytolytic activity is present in shorter PSM-a type, while longer PSM-f3 type
does not have cytolytic activity. It is seen that virulence of S. aureus is reduced by removing
psm-a operon [7].

4.1. Prophages

Prophages have an effective role in pathogenicity of S. aureus due to causing horizontal gene
transfer (HGT) by transferring virulence genes of which products are staphylokinase, entero-
toxin A, G, K, Panton-Valentine leukocidin (PVL), and exfoliative toxin [5].

4.2. Pathogenicity islands (PIs)

The gene of superantigen toxins (SaPIs), which is one of the secreted virulence factors of S.
aureus, is located in pathogenicity islands (PIs) that is also located in chromosome. SaPls
contain bacteriophage-associated genes that encode helicases and terminases involved in
replication, integrases involved in integration, recombination and excition of MGE, and certain
direct repeats [5, 28, 29].
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The most known Pl of S. aureus is SaPI1 that contains the fst gene encoding for TSST [7]. High-
frequency transduction of SaPI1 is mediated by encapsulating SaPI1 by staphylococcal phage
80a that is own phage of S. aureus to transfer its genes in transduction process. Enterotoxin B
is encoded by SaPI3 that is one of the SaPIs and encapsulated by phage 29 that is phage of S.
aureus to transfer its genes in transduction process [5, 28].

S. aureus not only carry SaPls but also carry vSa family genomic islands that encode ~50% of
toxin and virulence factors of S. aureus. Conserved genes are present in this family. Among this
family, vSal contains genes encoding for enterotoxin such as seb, fsst, and ear, whereas vSa2
contains genes encoding for enterotoxin such as sec and TSST (tsst). vSaa and vSaf that are
also present among vSa family genomic islands contain leukocidin genes [5].

4.3. Insertion sequence (IS) and transposons (Tn)

Insertion sequences (ISs) contain inverted repeats at their terminals and the integrases gene
that causes transposition. Transposons (Tn) not only contain the transposase gene but also may
contain ISs that induce movement of Tn and certain genes such as antibiotic resistance genes
[5]. These elements provide a mechanism to transfer of virulence and resistance genes such as
antibiotic resistance genes from place to place within the same cell or to other cell. These
movable elements are excised from paired inverted repeats by transposase enzyme. While
these elements are excised and inserted to new location such as within a gene that may be
located within the same cell or other cell, the gene is disrupted [30].

4.4. Plasmids

Plasmids that are extrachromosomal genetic elements carry resistance genes causing antibiotic
or heavy metal resistance, and virulence genes encoding for virulence factors, rather than genes
involved in metabolic processes having vital functions [5]. There are three types of plasmids
of S. aureus according to their size. Type I plasmids that are the smallest plasmids contain just
one antibiotic-resistant determinant. Type II plasmids of which sizes are intermediate contain
[-lactamase gene. The largest one is type III plasmids containing multiple resistant determi-
nants such as gentamycin, trimethoprim, and ethidium bromide resistance [31]. Conjugative
plasmids that are also type IlI plasmids are transferred horizontally to other cell by their own
tra genes [5].

4.5. SCCmec

MGEs contain the mecA gene causing methicillin and other (3-lactam resistance and occur in
chromosome of methicillin-resistant Staphylococcus such as MRSA, and methicillin-resistant S.
epidermidis MRSE is called staphylococcal cassette chromosome mec (SCCmec) [7, 9]. Inverted
repeats that are localized at both terminals of SCCmec are the recognizing sequences for
SCCmec-specific recombinase in the processes of excision of SCCmec from chromosome and
integration of SCCmec to either other parts of chromosome or chromosome of other strain
(Figure 1) [32].
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SCCmec is composed of variable and conserved genetic elements. SCCrmec carries mec operon
that contains mecA, and regulatory genes such as mecl and mecRI, and cassette chromosome
recombinase genes ccrA, ccrB, and ccrC that are localized in ccr locus and contribute excision
from SCCmec and integration to chromosome. All these elements are highly conserved among
Staphylococcus. J-region that is a variable region of SCCmec composed of genetic elements
integrated such as ISs, Tns, and plasmids. In addition to methicillin resistance that is caused
by mecA in a strain, if these integrated elements include additional genes encoding for antibiotic
resistance, rather than methicillin, multiple resistance arises in this strain [5]. Just a year later
on the first usage of methicillin for treatment of MRSA, clinical MRSA isolates that have
multiple resistant to antibiotics were reported [33].

Variants of mec operon that are located in SCCrmec are present according to whether mecl and
mecRI genes are intact or having deletions. The variants of mec complex are class A, B, C, D,
and E mec. 15431 that is related to the mecA gene are present in all mec operon classes. All classes
except A consist of deleted portions that are happened in mecl and may run through to a
portion of mecRI gene. Eight types of SCCmec were found according to having combinations
of distinct variants of mec and ccr [5]. Multidrug-resistant strains have SCCmec type Il and III
that contain additional resistance genes. While MRSA is characterized by containing SCCmec
type I or III and II in recent years, CA-MRSA strains are characterized by containing SCCmec
type IV. Other SCCmec types are seen in strains very rare [7].

Methicillin-resistant strains of Staphylococcus have mec operon, whereas methicillin-sensitive
strains of Staphylococcus do not have mec operon [34]. HGT of mecA from one to another strain
is proved by researchers; the mecA gene of MRSA and mecA homolog of Staphylococcus sciuri
revealed 88% identity. But S. sciuri containing mecA homolog is susceptible to methicillin.
This supported that MRSA strains are descendents of ancestral strains in evolutionary
process [35, 36]. Staphylococcus haemolyticus (S. haemolyticus) genome carries intact 151272
element, whereas the gene of S. aureus and S. epidermidis carries IS1272 element deleted [37].
This revealed that horizontal gene transfer (HGT) is happened by acquisition of 151272 from
S. haemolyticus to S. aureus and S. epidermidis. HGT of mecA that is happened from S.
epidermidis to S. aureus causes arising of MRSA during treatment with antibiotic [38]; mecA
is transferred to methicillin-resistant Staphylococcus by the way that having inverted repeats
at terminals of the mec gene complex and 15431 of which location is especially within gene
complexes encoding various resistance factors such as the mec gene complex.

Methicillin resistance is not only seen in isolates of S. aureus but also seen more common in
isolates of S. epidermidis. Approximately, 70% of whole hospital-acquired methicillin-resistant
Staphylococcus isolates is S. epidermidis [5].

5. The relationship between methicillin resistance and biofilm formation

The association between methicillin resistance and biofilm phenotype is taken attention
according to studies executed [39-41]. Researchers determined that biofilm formation of HA-
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MRSA BH1CC strain is decreased by removing SCCmec that results up-regulation of protease
activity [4, 42, 43].

Biofilm formation of MRSA is enhanced by both phenol-soluble modulin mec (PSMmec)
encoded by psm-mec and penicillin-binding protein 2a (PBP2a) encoded by mecA that also
repress virulence of MRSA [42].

5.1. psm-mec

SCCmec not only contains genes encoding methicillin resistance and recombination but also
contains genes encoding other antibiotics and heavy metal resistance; the psm-mec gene that is
located near mecA in SCCmec especially type II, III, and VIII encodes PSMmec peptide. The
PSMmec that is a cytolysin is the only staphylococcal toxin of which the gene is colocated with
antibiotic-resistant determinant in MGEs of S. aureus rather than core genome; the psm-mec
gene is conserved region of class A mec gene complex (Figure 1) [9].

Like many virulence toxins of S. aureus such as a-toxin and other PSMs, expression of PSMmec
isalsoregulated by Agr two-component signal transport system [14, 44]. Many virulence toxins
are regulated by RNAIIl-dependent manner, whereas other PSMs and psm-mec are regulated
by RNAIII independent manner (Figure 2) [14].
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Figure 2. Mechanisms of PSMmec, PBP2a, and B-lactamase regulations. (a) Up-regulation of psm-mec by RNAIII inde-
pendent Agr regulator system. (b) Repression of mecA and blaZ genes: In lack of B-lactams no transcription occurs. (c)
Induction of genes: PBP2a and (-lactamase are transcribed by expression of mecA and blaZ in the presence of {3-lac-
tams, respectively.

Biofilm formation is increased by the repression of Agr system that downregulates psm-mec in
MRSA [4] and PSMs [14]; the psm-mec gene of MRSA also has pleiotropic effect by changing
biofilm phenotype and regulation of psm gene, decreasing toxin production, and the way
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decreasing virulence, and the psm-mec gene that is up-regulated by Agr regulator system
promotes biofilm formation of MRSA by reducing expression of PSMa toxin that is encoded
in chromosome. As a result of reduced expression of PSMa toxin, virulence of S. aureus is
reduced by PSMmec (Figure 3) [45, 46].
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Figure 3. The effect of mecA and psm-mec induction of Staphylococcus aureus on biofilm formation and virulence.

Biofilm formation (adherence to surfaces and intercellular aggregations) of MSSA and MRSA
strains is contributed by PIA in ica-dependent manner and surface proteins in ica-independent
manner, respectively [4, 14]. Interestingly, in spite of the biofilm of MSSA that is formed by
ica-independent manner is not seen or seen less prevalent, the psm-mec gene of type Il SCCmec
enhances expression of Atl and FnBPA in MSSA isolates [42].

5.2. mecA

Agr system is repressed by expression of PBP2a that is encoded by mecA, as a result of oxacillin
usage [10]. PSMs are downregulated, proteases and virulence are decreased, and PBP2a
promoted biofilm formation enhanced by repressed Agr regulator system. In contrary to this,
ica-dependent biofilm formation is decreased by ica that is repressed by PBP2a (Figure 3) [42].

6. p-Lactam, methicillin, and multidrug resistance

6.1. Peptidoglycan biosynthesis of S. aureus

Peptidoglycan, surface proteins such as protein A, clumping factor A, fibronectin-binding
protein (FnBP), collagen-binding protein, and teichoic acids construct the cell wall of S.
aureus. Peptidoglycan is constructed by polypeptides containing L-alanine, D-glutamic acid,
L-lysin and D-alanine, respectively, and glycan polysaccharide strands [5].
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At the beginning of peptidoglycan synthesis, UDP-N-acetylmuramyl-pentapeptide (UDP-
NAM-pentapeptide) and UDP-N-acetylglucosamine (UDP-NAG) that are nucleotide sugar-
linked precursors are synthesized in cytoplasm of S. aureus. Pentapeptide with the sequence
of L-alanine, D-glutamic acid, L-lysin, D-alanine, and D-alanine, respectively, is linked to NAM
in cytoplasm. Then, bactoprenol that is a membrane-bound lipophilic acceptor transfers UDP-
NAM-pentapeptide and UDP-NAG that are hydrophilic precursors from cytoplasm to the
outer surface of cell membrane, respectively [5].

Then, transglycosylation and transpeptidation reactions are catalyzed by penicillin-binding
proteins (PBPs) of which 4 types (PBP1, PBP2, PBP3, PBP4) are present in S. aureus [5]. PBPs
that are DD-peptidases are bound to membrane [36]. N-acetylglucosamines (NAG) and N-
acetylmuramic acids (NAM) that are bound by ((1-4) glycosidic bond catalyzed by PBPs in
transglycosylation process construct glycan strands that form backbone of peptidoglycan.
Transglycosylation reaction is catalyzed by PBPs, especially penicillin-binding protein 2 (PBP2)
and glycosyltransferase Mtg. In transpeptidation reaction that is catalyzed by PBPs, L-lysine
that is the amino acid of polypeptide linked to NAM of one glycan strand is cross-linked to D-
alanine that is the amino acid of polypeptide linked to NAM of other glycan strand by
pentaglycine cross bridge synthesized by family of FemABX non-ribosomal peptide. The last
D-alanine of pentapeptide of UDP-NAM-pentapeptide is cleaved during transpeptidation
reaction that cross-links peptidoglycan (Figure 4) [5].
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Figure 4. Biosynthesis of staphylococcal peptidoglycan. Peptidoglycan is constructed by transglycosylation and trans-
peptidation reactions catalyzed by penicillin-binding proteins (PBPs).

Teichoic acids that are polymers of glycerol phosphate or ribitol residues give negative feature
to cell membrane and act as receptor of S. aureus phage [5].
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6.2. Effect of B-lactam antibiotics against cell wall

Binding of f-lactams to PBPs that have high affinity to p-lactams is lethal for Staphylococcus
[36]. Transpeptidase domain of PBPs in peptidoglycan is inactivated by -lactam agents such
as penicillins, cephalosporins, and methicillin and oxacillin that are both penicillinase-
insensitive (3-lactams acting as substrate of PBPs, rather than D-alanyl-D-alanine. Before
enzyme substrate complex of B-lactam and PBP is formed completely, they can be dissociated
by disrupting noncovalent association between them at the beginning of this complex. Later
on, irreversible complex is formed by covalently binding of 3-lactam that is a structural analog
of D-alanyl-D-alanine substrate of PBP to active site of PBP complex that is the site for the
binding of D-alanyl-D-alanine as a substrate during transpeptidation reaction (Figure 4). By
this way, transpeptidation reaction that is the last step of peptidoglycan biosynthesis is blocked
by B-lactam antibiotics that inactivate PBP. Staphylococcus undergoes to death due to the
inhibition of peptidoglycan biosynthesis [5, 47].

6.3. Mechanism of p-lactam resistance of Staphylococcus aureus

[-lactamase enzymes cause resistance of cell to 3-lactam antibiotics by inactivating -lactam
antibiotics. [-lactamase inactivates (3-lactam antibiotics by disrupting amide bond of (-
lactam ring [5].

Expression of the blaZ gene that is located in plasmid or transposon and encodes {3-lactamase
is regulated by blal and blaRI that are own regulators. In the lack of B-lactam antibiotic, Blal
that bound to promoter-operator region repress blaZ gene, blal-blaRI operon, so transcription
of blaZ is not happen. In the usage in treatment or supplementation of B-lactam antibiotic to
growth media, -lactam binds to BlaRI that is a 3-lactam-sensing signal transducer, and then,
intracellular zinc metalloprotease domain of BlaRI is separated and cleaves Blal that is already
bound to operator. By this way, in the presence of [3-lactam, blaZ is transcribed to B-lactamase
that permits MRSA to grow by inactivating B-lactam (Figure 2) [5].

A study that showed the association between the antibiotic susceptibility patterns and the
antibiotic resistance genes in staphylococcal isolates obtained from various clinical samples of
patients revealed that 93.5% of S. aureus clinical isolates and 86.8% coagulase negative
Staphylococci strains carry the blaZ gene [48].

6.4. Mechanism of methicillin resistance of Staphylococcus aureus

Resistance to methicillin, oxacillin, and nafcillin that are semisynthetic 3-lactamase-insensitive
[-lactams has developed by acquiring of the mecA gene [5]. MRSA is not only resistant to
methicillin, but also resistant to all 3-lactams [5, 36].

mecA gene expression is regulated by mecl and mecRI that are own regulators. In the lack of
[-lactam antibiotic, MecI that bound to promoter-operator region repress mecA, and mecl-
mecRI operon, so transcription of mecA is not happen. In the usage or supplementation of 3-
lactam antibiotic to growth media, 3-lactam binds to MecRI that is a 3-lactam-sensing signal
transducer, and then, metallo-protease domain of MecRI that is placed in cytoplasmic site is
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separated and cleaves MecI that is already bound to operator. By this way, mecA is transcribed
to PBP2a of which affinity is low to B-lactams [49]. Low affinity of PBP2a to B-lactams permits
MRSA to grow as a result of peptidoglycan synthesis in the presence of 3-lactams concentra-
tions that can inactivate transpeptidase activity of PBPs. PBP2a that belongs to PBPs contains
transpeptidase domain and non-penicillin-binding protein (Figure 2) [5].

Structure, function, mechanism, and molecular organization of mecl and mecRI are similar to
blal and blaRlI, respectively [36]. Expression of mecA is regulated by both MecI and Blal. When
Mecl and Blal are both present at the same time, mecA is repressed even stronger; the mecl gene
of most of the clinical MRSA isolates has deletions; due to this, expression of mecA is regulated
by Blal [5].

6.5. Multidrug resistance

There are eight types of SCCmec (I-VIII). SCCmec type Il and III that demonstrate multi-
resistance also contain additional antibiotic resistance genes such as erythromycin and
tetracycline as well as methicillin. SCCmec type IV that is essential for community-acquired
MRSA strains (CA-MRSA) that is one of the virulent strains and infect healthy person in
community rather than hospital arised. The other types of SCCmec are rare [7].

5431 is mainly found in chromosome and plasmids of Staphylococcus and is also related to
encoding various resistance factors such as tetracycline, mercury, and cadmium resistance. If
other additional resistance genes such as aadD encoding an enzyme for tobramycin resistance
are integrated within SCCmec cassette (IS431mec), multiple drug resistance is developed in
methicillin-resistant Staphylococcus [36]. Plasmids pUB110, pI258, and pT181 integrated in
SCCmec have additional resistance genes encoding kanamycin, tobramycin and bleomycin
resistance (ant(4')), penicillin and heavy metal resistance, and tetracyclin resistance, respec-
tively. Tn554 integrated in SCCmec have additional resistance gene ermA encoding inducible
macrolide, lincosamide, and streptogramin resistance [49].

6.6. Homogeneous and heterogeneous resistance of MRSA

Heterogeneity is a characteristic of MRSA of which resistance level varies according to contents
and ingredients of culture medium in which MRSA is grown and [-lactam antibiotic used.
Most of the cells of heterogeneous methicillin resistance (HeR) strains (~99.9% or above) are
susceptible to B-lactam of which concentration is low that is about 1-5 ug/mL of methicillin,
whereas just a few subpopulations (such as 1 in 10° cfu/mL) grow in 50 pg/mL or above of
methicillin by expressing high-level resistance. Homogeneous strains (HoR) are resistant to
low concentration of B-lactam and can grow in higher concentrations of methicillin that is
about 5 pg/mL or above [36].

Heterogeneity of MRSA is unstable and changeable according to growth conditions. HeR
strains become homogeneous strains (HoR) by growth media supplemented with NaCI or
sucrose for providing hypertonicity of media, or supplemented with higher concentrations of
[-lactam antibiotic, or incubated at 30°C in incubator. Supplementation of growth media with
EDTA or incubation at 37-43°C leads to conversion of HoR strains to HeR [36]. This conversion
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of HeR and HoR in distinct culture conditions is due to the regulation of gene expression by
Agr regulator system [42]. These conversions of MRSA can be repeated by repeated culturing
in changed media that have different supplementations.

Most clinical isolates of MRSA grow as HeR in routine growth conditions, and most of them
show low or moderate level of resistance, whereas a few subpopulations show high-level
resistance [36].
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Abstract

The glycopeptides (particularly vancomycin) have been the recommended therapy for
serious methicillin-resistant Staphylococcus aureus (MRSA) infections. The increased
incidence of MRSA has led to the frequent use of vancomycin. Unfortunately, with the
increased use of vancomycin, isolates of S. aureus have been discovered with reduced
susceptibility to vancomycin. Several studies suggest that reduced vancomycin
susceptibility is associated with vancomycin treatment failure. Various forms of
glycopeptide resistance have appeared in MRSA strains, including high-level resistance,
homogeneous and heterogeneous intermediate resistance. While vancomycin-resistant
S. aureus (VRSA) strains are limited to a handful of reported cases and vancomyecin-
intermediate S. aureus (VISA) strains remain rare; heterogeneous VISA (hVISA) strains
are more common. This article summarizes the current knowledge regarding the history,
definition, mechanisms, detection methods, epidemiology and clinical significance of
‘glycopeptide resistance in S. aureus” and discusses therapeutic options for the treatment
of hVISA/VISA infections.

Keywords: S. aureus, glycopeptide resistance, vancomycin, teicoplanin, hVISA, VISA

1. Introduction

Glycopeptide group antibiotics —notably vancomycin—have traditionally been the mainstay
of therapy for infections caused by methicillin-resistant Staphylococcus aureus (MRSA) [1].
However, the increased incidence of MRSA infections has led to increased use of vancomycin
and has resulted in the emergence of S. aureus with reduced susceptibility to vancomycin. Both
the terms vancomycin-intermediate S. aureus (VISA) and glycopeptide-intermediate S. aureus
(GISA) have been used in the literature [2]. Since many VISA isolates also have been inter-
mediate to glycopeptide teicoplanin, the term GISA may be more accurate. However, the
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acronym VISA is more frequently used. Various studies have associated the presence of VISA
and heterogeneous VISA (hVISA) with vancomycin treatment failure.

This article focuses on the history, definition, mechanisms, detection methods, epidemiology,
and clinical significance of ‘glycopeptide resistance in S. aureus” and the therapeutic options
for the treatment of hVISA/VISA infections.

2. History and definition of glycopeptide resistance

The glycopeptide vancomycin was isolated from a Gram-positive filamentous actinomycete
called Amycolatopsis orientalis and was approved for use by the U.S. Food and Drug Adminis-
tration in 1958 [2, 3]. Vancomycin acts by inhibiting proper cell wall synthesis. It binds with
high affinity to D-alanyl-D-alanine (D-Ala-D-Ala) terminal end of peptidoglycan precursors
and prevents cross-linking of peptidoglycan by inhibiting the action of transglycosidase and
transpeptidases. Vancomycin has been in clinical use for decades and there was no notable
resistance to vancomycin reported in S. aureus until 1996. In 1996, a MRSA strain with vanco-
mycin MIC of 8 pg/ml (Mu50, VISA) was isolated from the surgical wound infection from a 4-
month-old male infant who had undergone cardiac surgery [4]. After this case, two patients
from USA and one patient from France with infections due to S. aureus with intermediate
resistance to vancomycin were reported [5, 6]. After the emergence of VISA; a new model of
vancomycin resistance (hVISA) was defined by Hiramatsu et al. in 1997 [7]. The first hVISA
strain Mu3 was isolated from the sputum of a 64-year-old patient with MRSA pneumonia who
failed vancomycin therapy. hVISA strains are susceptible to vancomycin by the standard broth
microdilution reference method (vancomycin MIC <2 pg/ml) but contain subpopulations of
cells (one in every 10°-10°) for which the vancomycin MIC is in the intermediate range,
currently defined as 4-8 pg/ml by the Clinical and Laboratory Standards Institute (CLSI) [8].
hVISA strains are more commonly found than VISA and different rates of hVISA are reported
from different countries.

In2002, the first S. aureus fully resistant to vancomycin [vancomycin-resistant S. aureus (VRSA),
vancomycin MIC 216 pg/ml] was reported in Michigan, United States (U.S). Fortunately, VRSA
is very rare as only 14 cases of VRSA have been reported in U.S. so far [9].

3. Phenotypic changes and mechanisms of resistance

3.1. hVISA and VISA

Heterogeneous VISA appears to be the phase before the development of VISA. Vancomycin
exhibits a selective pressure that leads to the growth of VISA subpopulations, eventually
creating a uniform population of VISA [10].

One of the most common phenotypic changes observed in hVISA/VISA is the thickened cell
wall with reduced peptidoglycan cross-linking (Figure 1) [2, 10, 11]. Reduced cross-linking of
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peptidoglycan leads to an increase in free D-Ala-D-Ala residues (binding sites for vancomy-
cin). Itis supposed that vancomycin binds to these free D-Ala-D-Ala residues in the outer layers
of the thickened cell wall and is unable to reach its site of action at the cell membrane [12]. The
trapped vancomycin molecules within the cell wall clog the peptidoglycan meshwork and
form a physical barrier towards further incoming vancomycin molecules. Thus, collaboration
of the clogging and cell wall thickening leads to glycopeptide resistance (Figure 2) [13, 14].
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Figure 1. Comparison of the cell wall thickness of S. aureus ATCC 29213 [Vancomycin-susceptible S. aureus (VSSA)],
hVISA and VISA strains by transmission electron microscopy. The cell wall thickness, in nanometers (mean +SD), is
given under each image. Magnification: x 60,000. (Adapted from Ref. [11] which was published under an open-access
license agreement).
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Figure 2. Model depicting the resistance mechanisms of hVISA/VISA. CW, cell wall; CM, cell membrane; PG, peptido-
glycan. (Adapted with permission from Ref. [14]).
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In addition to thickened cell wall, hVISA/VISA strains exhibit other phenotypic changes
including reduced autolytic activity, reduced hemolytic activity and slow growth in vitro
[10, 15].

3.1.1. Molecular mechanisms of resistance

The molecular mechanisms of glycopeptide resistance in hVISA/VISA are still not clearly
understood. To date, no specific genetic determinants of hVISA/VISA have been defined.
However, some of the genes whose expression has been found to be altered in VISA strains
include atl (autolysin), mprF (phosphatidylglycerol lysyltransferase), sceD (transglycosylase),
sarA, sigB, tcaA, and ddh [16]. Furthermore, mutations associated with the intermediate
resistance phenotype have been identified in the two-component regulatory systems [vraSR
(vancomyecin resistance-associated sensor/regulator), graSR (glycopeptide resistance-associat-
ed sensor/regulator), walKR], and rpoB (RNA polymerase) gene [15].

Cellular physiology of hVISA/VISA is believed to be altered due to the cumulative effects of
mutations and/or modulation of regulatory systems [17]. As a result, altered cell wall structure
and metabolism resulting from multiple genetic changes appears to be responsible for
intermediate resistance to glycopeptides.

3.2. VRSA

The mechanism of vancomyecin resistance in VRSA strains is different from that of hVISA/VISA
strains. The vanA gene complex, which confers high-level resistance to glycopeptides in
enterococci, was detected in VRSA isolates.

To date, nine types of glycopeptide resistance have been described in enterococci. Eight of these
types (VanA, VanB, VanD, VanE, VanG, VanL, VanM, and VanN) correspond to acquired
resistance, whereas VanC is an intrinsic characteristic of Enterococcus gallinarum and Entero-
coccus casseliflaivus. Glycopeptide resistance in enterococci results from the production of
modified peptidoglycan precursors ending in D-alanyl-D-lactate (D-Ala-D-Lac) (VanA, VanB,
VanD, and VanM) or D-alanyl-D-serine (D-Ala-D-Ser) (VanC, VanE, VanG, VanL, and VanN)
to which vancomycin binds with low affinity and the elimination of high-affinity precursors
ending in D-Ala-D-Ala [18].

Resistance in VRSA isolates is caused by the horizontal transfer of transposon Tn1546 (carry-
ing the vanA operon) from vancomycin-resistant Enferococcus faecalis [15, 19]. Vancomycin is
known to act by binding to the terminal D-Ala-D-Ala of bacterial cell wall precursors. The
vanA gene complex acquired by VRSA strains enables the bacteria to synthesize cell wall pre-
cursors terminating in D-Ala-D-Lac for which vancomycin has a greatly decreased affinity.
In the presence of vancomycin, the novel cell wall precursors are synthesized, allowing con-
tinued peptidoglycan assembly [19, 20].
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4. Laboratory detection of hVISA, VISA and VRSA

Laboratory detection of VISA and VRSA strains is easier than hVISA, as there are defined CLSI
MIC criteria (MIC: 4-8 pg/ml for VISA and MIC 216 ug/ml for VRSA). These criteria have been
defined using the reference broth microdilution (BMD) method. Results obtained by the use
of other methods for determining the MIC should be confirmed with BMD [21]. Disk diffusion
(Kirby-Bauer) is not an acceptable method for vancomycin susceptibility testing of S.aureus
isolates.

Detection of hVISA is problematic for most clinical microbiology laboratories. The lack of a
precise definition and standardized testing makes the detection of hVISA difficult [21]. hVISA
strains appear susceptible to vancomycin (MIC < 2 pg/ml) with conventional testing but
contain subpopulations (1 per 10°-10°¢ organisms) that express reduced vancomycin suscepti-
bility (MIC >4 ug/ml). Standardized methods for susceptibility testing [broth microdilution
(BMD), agar dilution and standard Etest]—which use an inoculum of only 5x10* colony-
forming unit (CFU)/well (BMD) or 1 x 10* CFU/spot (agar dilution)—fail to detect hVISA, in
part due to the small inoculum, the relatively poor support of growth on Mueller-Hinton agar
(MHA) plates, or a combination of both [2, 22].

The morphological features of hVISA/VISA isolates can be different from those of standard S.
aureys cultures on agar plates. Careful observation may reveal smaller-sized colonies,
“mixed” colony morphology (large and small colonies or colonies with different pigmenta-
tions in a pure culture) and reduced pigmentation. However, these changes may be subjective
and are not diagnostic [2, 21].

Methods for “hVISA detection” use higher inoculum, prolonged incubation or more nutritious
agar to promote the growth of subpopulations with reduced susceptibility to vancomycin.
Population analysis profile-area under the curve (PAP-AUC) is considered the gold standard
method for hVISA detection. However, this method is labor-intensive, time-consuming and
not suitable for routine use in clinical microbiology laboratories [10, 22]. As a consequence,
several screening methods have been developed for the detection of hVISA.

4.1. Screening methods for hVISA

4.1.1. Screening plates

A number of screening plates containing various concentrations of vancomycin or teicopla-
nin have been proposed for the detection of hVISA/VISA isolates [brain heart infusion agar
(BHIA) with 3 pg/ml, 4 ug/ml or 6 pg/ml vancomycin, BHIA with 5 ug/ml teicoplanin, MHA
with 5 ug/ml vancomycin or 5 ug/ml teicoplanin] [23-26]. Figure 3 shows the growth of a
hVISA strain on BHIA with 4 ug/ml vancomycin.
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Figure 3. Photograph of a hVISA grown on BHIA with 4 pg/ml vancomycin for 24 and 48 h.

Antibiogram Committee of the French Society for Microbiology recommends the use of MHA
with 5 pg/ml teicoplanin (MHADST). This screening plate has been tested by various studies
using an inoculum of 10 pl of a 2.0 McFarland standard suspension for the detection of VISA/
hVISA isolates. Growth of one or more colonies is considered positive after 48 h of incubation.
MHADST has been shown to have sensitivity ranging from 65% to 79% and specificity ranging
from 35 to 95% for the detection of hVISA [2].

In a study conducted by Satola et al., BHIA containing 4 pg/ml vancomycin and 16 g/l
pancreatic digest of casein has been shown to be 90% sensitive and 95% specific with a 0.5
McFarland inoculum and 100% sensitive and 68% specific with a 2.0 McFarland inoculum
[22]. However, further studies are needed to determine the value of this screening plate.

4.1.2. Etest macromethod

Etest macromethod is performed utilizing a higher inoculum of organism (2.0 McFarland vs.
0.5 McFarland utilized in standard Etest) streaked onto BHIA. Vancomycin and teicoplanin
Etest strips are applied to the dry agar surface and read after 48 h of incubation (compared to
24 h for standard Etest) at 35°C [10]. Zones must be read at complete inhibition, with care, to
visualize hazy growth or microcolonies. Heteroresistance is defined as MICs for vancomycin
and teicoplanin of >8 pg/ml or a teicoplanin MIC of >12 pg/ml alone. It should be noted that
the result of the Etest macromethod is just a cutoff level and is not a true MIC, because this
method differs from the standard MIC calculation [2, 21].

Figure 4 shows a hVISA strain (confirmed by PAP-AUC) with positive Etest macromethod
result. The presence of microcolonies inside the inhibition zones reflects the heterogeneous
resistant character of the strain (Figure 5). Subculture from a single microcolony (Figure 5B)
done on blood agar reveals heterogeneous colony morphology (a common feature of hVISA/
VISA strains) (Figure 6).

Various studies have evaluated the performance of Etest macromethod, using PAP-AUC as
the gold standard. Etest macromethod has been shown to have sensitivity ranging from 57 to
98.5% and specificity ranging from 55 to 96% for the detection of hVISA [22, 23, 25, 27-29]. The
differences in sensitivity and specificity rates may be partially explained by the use of various
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inoculum sizes for Etest macromethod (50, 100 or 200 pl) in different studies [27, 28, 30].
Currently, the manufacturer recommends the use of an inoculum of 100 ul [31].

Figure 4. Positive Etest macromethod result for a hVISA strain isolated from blood culture A: Vancomycin Etest, B:
Teicoplanin Etest.

Figure 5. Magnified appearance of Figure 4(A and B). The arrows indicate the presence of microcolonies growing
within the zones of inhibition. A: Vancomycin Etest, B: Teicoplanin Etest.

24h

Figure 6. Subculture from a single microcolony (Figure 5B) on blood agar demonstrating different colony morpho-
types.
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4.1.3. Etest GRD

Etest glycopeptide resistance detection (GRD) is a newer Etest method for the detection of
hVISA. This method involves the use of a double-ended Etest strip that contains vancomycin,
teicoplanin, and a nutritional supplement to enhance the growth of hVISA. A 0.5 McFarland
standard inoculum, rather than the 2 McFarland standard used for Etest macromethod, is used
and inoculated onto MHA + 5% blood [2]. Etest GRD strip is applied to the agar surface and
the zone of inhibition is read after 48 h of incubation at 35°C. The strain is considered positive
for hVISA if the Etest GRD result is >8 pg/ml for either vancomycin or teicoplanin [21, 22].
Figure 7 shows a hVISA strain with positive Etest GRD result.

Figure 7. A hVISA strain with positive Etest GRD result. (Photograph courtesy of Dr M. Wootton).

Etest GRD has been reported to have sensitivity and specificity of 57-94% and 82-97%,
respectively [22, 28, 29, 32]. Some of these differences may reflect the instability of hVISA
phenotype. hVISA strains are known to be unstable, with the ability to revert to vancomy-
cin-susceptible S. aureus (VSSA) under various conditions, including passage of the isolate on
vancomycin-free media [29].

A possible barrier to large-scale usage of modified Etest methods is the potentially high cost
to the clinical laboratory. This can be considered a disadvantage [10].

4.2. Confirmatory methods for hVISA

4.2.1. PAP-AUC

Population analysis profile-area under the curve (PAP-AUC) remains the gold standard
method for detection of hVISA [10]. PAP-AUC method is performed as follows:

The isolate is incubated in tryptone soya broth (TSB) for 24 h. An undiluted culture and
dilutions of 1/10% and 1/10° are spiral plated onto BHIA plates containing 0.5, 1, 2, 2.5, 4, and
8 ug of vancomycin per ml. After 48 h of incubation at 35°C, the colonies are counted. Log;,
of the colony numbers (log;, CFU/ml) are plotted against the vancomycin concentrations. The
“area under the curve (AUC)” of the isolate is calculated. The VSSA strain ATCC 29213 is used
as negative control. Reference strains of hVISA (Mu3, ATCC 700698) and VISA (Mu50, ATCC
700699) are used as positive controls. A ratio is calculated by dividing the AUC of the test
strain by the AUC of reference hVISA strain (Mu3). The ratios of <0.90, 0.90-1.30, and >1.30
are interpreted as VSSA, hVISA, and VISA, respectively [28, 33]. Figure 8 shows an example
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of population analysis for S. aureus ATCC 29213 (VSSA), Mu3 (hVISA), Mu50 (VISA), a clinical
hVISA isolate and a clinical VSSA isolate [11].
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Figure 8. Example of population analysis profile curves for S. aureus ATCC 29213 (VSSA), Mu3 (hVISA), Mu50 (VISA),
a clinical hVISA isolate and a clinical VSSA isolate. (Adapted from Ref. [11] which was published under an open-access
licence agreement).

Unfortunately, PAP-AUC method is time-consuming, labor-intensive and costly which limits
its use in routine clinical laboratories.

5. Epidemiology

While VRSA strains are limited to a handful of reported cases (14 total cases of VRSA in the
U.S.) and VISA strains remain rare; hVISA strains are more common [9, 12, 34]. The true
prevalence of hVISA is unknown, and estimates vary widely due to nonstandardized detection
methods or absence of routine hVISA screening, variation in interpretation, clinical setting,
geographical region, and differing patient populations [35]. Global hVISA rates among MRSA
isolates have been reported to range from 0 to 73.7% [36].

In many studies, only the isolates suspected of being hVISA by screening methods (screening
plates, Etest macromethod, Etest GRD) have been subjected to PAP-AUC. Some hVISA isolates
may have been missed by screening methods in these studies. This may lead to an underesti-
mation of the true prevalence [2, 27].

Although reported predominantly for MRSA; hVISA/VISA can be detected among methicil-
lin-susceptible S. aureus (MSSA) strains [2, 37]. However, routine testing of MSSA isolates for
the presence of hVISA/VISA for clinical purposes is not necessary and not recommended [10].
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High-level resistance to vancomycin in S. aureus is very rare and all VRSA strains reported to
date have been MRSA [9].

The proportion of S. aureus isolates demonstrating heteroresistance increases with increasing
vancomycin MICs within the susceptible range, but heteroresistance has been reported in
strains with MICs as low as 0.5 pg/ml [21, 38].

The main risk factors for hVISA and VISA infection appear to be prior MRSA colonization or
infection and exposure to vancomycin. Most of hVISA/VISA infections occur in patients with
serious underlying diseases such as malignancy, renal failure and diabetes, or in patients who
have undergone major surgery [2, 12]. Nosocomial spread and rare outbreaks caused by VISA
or hVISA have also been reported [34].

6. Clinical significance of hVISA/VISA and VRSA

The clinical significance of hVISA/VISA is difficult to determine due to differences in defini-
tions and laboratory detection as well as the lack of well-controlled prospective studies [2, 21].
Commonly reported associations with hVISA/VISA infections include vancomycin treatment
failure and high-inoculum infections such as bacteremia, endocarditis, deep abscesses,
osteomyelitis, and prosthetic device infections [2, 21, 35, 36]. Some authors consider that
hVISA/VISA could be responsible for treatment failure, whereas others have suggested that
it has arisen as a consequence of treatment failure and prolonged vancomycin exposures [39].
It is difficult to determine, especially if it is not clear when the VISA or hVISA isolate was
detected in the course of infection [21].

Interestingly, attenuated virulence of S. aureus with reduced susceptibility to vancomycin has
been reported in some animal infection models [40, 41]. Pooled data from a meta-analysis
showed similar mortality rates for hVISA and VSSA infections [36]. However, two recent
studies have found a link between hVISA and higher mortality rate. Claeys et al. reported that
patients with hVISA pneumonia experienced significantly higher inpatient mortality than
those with VSSA pneumonia [42]. Hu et al. demonstrated that patients with hVISA bacteremia
had a significantly higher in-hospital mortality than those with VSSA bacteremia [43].

The clinical significance of VRSA is unclear as only a few cases have been reported to date.

Persistent signs of infection and positive cultures for MRSA despite the administration of
glycopeptide therapy, or relapse of infection after glycopeptide therapy can suggest an
infection with hVISA or VISA [12]. Well-designed, large-scale prospective studies are needed
to evaluate the clinical significance of these strains.

7. Therapeutic options

7.1. Role of surgery

Many patients with infections due to hVISA/VISA have high-inoculum infections (endocar-
ditis, deep abscesses, osteomyelitis/septic arthritis and prosthetic device infections) [2, 12, 36].
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Surgery is a useful adjunct to antimicrobial therapy for these patients. Main types of surgery
include the drainage of abscesses or infected joints and removal of the infected prostheses [12].

7.2. Antimicrobial therapy

The emergence of hVISA/VISA clinical isolates has prompted the search for new antibiotics.
While there are no guidelines regarding alternative antimicrobial therapy, there are a number
of antimicrobial agents that have potential to be used in treatment of hVISA/VISA infections.

7.2.1. Daptomycin

Daptomycin is a lipopeptide antibiotic with activity against Gram-positive bacteria. In a study
conducted by Wootton et al., despite slightly raised MICs seen for strains with reduced
susceptibility to vancomycin; daptomycin showed greater bactericidal activity than vanco-
mycin for hVISA and VISA [44]. This indicates that, while there is a potential for cross-
resistance between daptomycin and vancomyecin, susceptibility to daptomycin is minimally
affected by the presence of hVISA or VISA [10]. In several studies, daptomycin has been shown
to have a good antimicrobial activity against the majority of hVISA isolates [27, 44, 45]. The
highest rate of daptomycin nonsusceptibility was reported in a study evaluating 47 isolates of
hVISA/VISA. In this study, the percentage of daptomycin nonsusceptible isolates was 15% for
hVISA and 38% for VISA [35, 46]. Additionally, daptomycin has been shown to have in vitro
activity against VRSA isolates. In a study conducted by Sievert ef al., one daptomycin nonsus-
ceptible isolate was observed among 7 VRSA [47].

7.2.2. Linezolid

Linezolid is a synthetic antibacterial agent of the oxazolidinone class. Although resistance to
linezolid has been reported in S. aureus isolates, rates of resistance remain very low. Linezolid
was found to be useful for the treatment of hVISA/VISA infections [2, 48]. Also, data from a
study demonstrated potent in vitro activity for linezolid against VRSA strains [47]. However,
treatment with linezolid may be limited by toxicity. High rates of adverse reactions have been
found for complex patients (seriously ill patients with multiple comorbidities) who received
prolonged linezolid therapy [49]. Therefore, prolonged therapy should be used with caution
in this patient group.

7.2.3. Tigecycline

Tigecycline is a glycylcycline antibiotic for intravenous infusion. In a study conducted by Sun
etal., 26 hVISA isolates and 1 VISA isolate were tested for tigecycline susceptibility. All isolates
were found to be susceptible to tigecycline [50]. In another study, in vitro activity of tigecycline
was evaluated against 33 VISA and 13 VRSA isolates. Tigecycline susceptibility rates were 97
and 92% for VISA and VRSA, respectively [51]. In vitro data have shown that tigecycline is
active against hVISA/VISA as well as VRSA. Clinical studies are needed to determine the role
of tigecycline in infections caused by S. aureus with reduced susceptibility to vancomycin.
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7.2.4. New cephalosporins

New cephalosporins like ceftaroline and ceftobiprole have been shown to be active against
hVISA and VISA in vitro and in animal studies. In rabbit models of endocarditis, these agents
were superior to vancomycin against hVISA and VISA [2]. While results of in vitro and in vivo
testing of these cephalosporins have been positive against hVISA/VISA, their clinical utility
for infections caused by hVISA or VISA remains unknown [10].

7.2.5. Other antimicrobial agents

Other potentially active antimicrobials include lipoglycopeptides (dalbavancin, oritavancin,
telavancin), quinupristin-dalfopristin, rifampin and fusidic acid. However, resistance devel-
ops rapidly with monotherapy with rifampin or fusidic acid. Therefore, these agents should
be used in combination with another antistaphylococcal agent. The combination of rifampin
and fusidic acid is an effective option [2]. Studies also suggest the potential for synergistic
activity between vancomycin and various antimicrobials including beta-lactams and genta-
micin against S. aureus with reduced vancomycin susceptibility [10].
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Abstract

Horizontal gene transfer plays important roles in the evolution of S. aureus, and indeed,
a variety of virulence factors and antibiotic resistance genes are embedded in a series of
mobile genetic elements. In this chapter, we review the mechanisms of horizontal gene
transfer, including recent findings on the natural genetic competence. Then, we consider
the transfer of two important antibiotic resistance genes: the methicillin resistance gene,
mecA (in Staphylococcal Cassette Chromosome) and the linezolid resistance gene, cfr (in
plasmid). In either case, distinct mechanisms driving the gene dissemination support the
prominent evolutionary ability of this important human pathogen.

Keywords: Transduction, Conjugation, Transformation, staphylococcal cassette
chromosome (SCC), cfr

1. Introduction

Staphylococcus aureus is an opportunistic pathogen responsible for diverse infectious diseases
ranging from food poisoning and superficial skin abscesses to more serious infections such
as pneumonia, meningitis, osteomyelitis, septicemia, endocarditis and toxic shock syndrome.
The resistance to a wide variety of antibiotics [1, 2] is a global concern in clinical settings, and
methicillin-resistant strains (MRSA), the most common cause of nosocomial infections, are
now spreading into the community [3]. The emergence and dissemination of further resis-
tant strains such as vancomycin-resistant S. aureus (VRSA) [4] and linezolid-resistant S. aureus
(LRSA) [5, 6] are anticipated. Major parts of staphylococcal virulence and antibiotics resis-
tance are acquired characteristics, evidenced by many of the toxin and antibiotic resistance
genes embedded in mobile genetic elements such as transposons, bacteriophages, insertion
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sequences, pathogenicity islands and the staphylococcal cassette chromosome (SCC) [7, 8]. In
this chapter, we review the current understanding about horizontal gene transfer (HGT) in
S. aureus including the recently discovered natural transformation. We also discuss how two
important mobile genetic elements (SCC and cfr plasmid) would be transferred from cell to
cell.

2. Horizontal gene transfer mechanisms

2.1. Phage-related mechanisms

Phage-mediated horizontal gene transfer is the major driving force for S. aureus evolution
and is well reviewed elsewhere [9]. The experimental protocols for the phage transduction
are also established [10]. Staphylococcal phages can also serve as a helper phage to transfer
Staphylococcus aureus pathogenicity islands (SaPlIs) [11]. SaPI carries toxin genes including
the toxic shock syndrome toxin 1 and superantigens. In addition to the conventional trans-
duction by staphylococcal phages, atypical giant phage in environment is also capable of
transduction [12].

In 1970s, a transformation-like phenomenon (now termed “pseudo-competence” or “pseudo-
transformation”) was described [13]. A series of studies have confirmed that it is a HGT mech-
anism that requires the presence of a staphylococcal phage [14]. The “competence-conferring
factor” was most likely the phage tail that has lytic activity. In some old bacteriology books,
pseudo-competence is regarded as competence, but the first report on genuine natural genetic
competence was published on 2012 [15]. Pseudo-competence was demonstrated to be distinct
from natural competence: the important competence genes encoded in the comG and comE
operons were dispensable for pseudo-competence [15].

2.2. Conjugation

Bacterial conjugation has been studied in Gram-negative and Gram-positive species. Although
broad-host-range plasmids able to replicate in both groups exist, the differences in terms of
membrane and peptidoglycan cell wall require different conjugation systems on the basis of
cell-to-cell recognition and contact.

Most of the conjugative staphylococcal plasmids studied belong to the incQ family. One of
the better known staphylococcal conjugative plasmid is pGO1 [16], considered as the pro-
totype of this type of plasmids. All the conjugative genes are located on a 14.5 kb region,
and the minimal machinery necessary for conjugation includes the oriT, a nickase pro-
tein (nes) and the tra operon. This plasmid shows high similarities, in terms of genetic
organization of the tra operon, with other Gram-positive conjugative plasmids such as
the staphylococcal pSK41 plasmid [17], the lactococcal pMRCO1 [18] and the enterococcal
PRE25 [19].

Staphylococcal plasmids related to the pGO1/pSK41 family share an important homology
regarding the organization of conjugative genes and, in addition, present an identical IncQ-type
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relaxase and a nickase gene (nes) responsible for the generation of the nick at the oriT [17].
The plasmids belonging to this family are self-conjugative, and they are able to mobilize
small non-conjugative coresident plasmids. They are also associated with gentamicin
(and other aminoglycosides) resistance and can be related to resistance to penicillin, tri-
methoprim, bleomycin, tetracycline, macrolides, lincosamide, streptogramin B and anti-
septics [20]. These plasmids have contributed to the evolution of staphylococcal species in
antibiotic-enriched environments, and recently, they have been reported to be related to
resistance against the most important antimicrobials used in MRSA treatment: linezolid and
vancomycin.

2.3. Natural transformation

Natural transformation requires the uptake of environmental DNA by the action of a set of
DNA-uptake proteins that are expressed in the bacterial membrane. Once DNA is incorpo-
rated into the cytoplasm, it can be used as a source of nutrients, as a template to repair dam-
aged genetic material or to enhance bacterial fitness by generating diversity or introducing
novel traits [21].

To undergo transformation, bacteria need to develop a specific physiological state called
genetic competence. Competence is achieved through the regulated expression of the genes
encoding the DNA uptake machinery [22]. In general, Gram-positive DNA uptake machinery
is formed by a pseudopilus (ComG proteins) that brings extracellular DNA to the cytoplasmic
transport machinery, a DNA-binding protein (the receptor ComEA) and a channel (ComEC).
Only a single strand enters the cytosol, while the complementary strand is degraded by an
endonuclease [23].

S. aureus had been regarded as a non-transformable species until natural transformation was
demonstrated in 2012 [15]. Natural transformation can transfer long DNA fragments that are
too large to be transferred by bacteriophages (transduction) [22]. Indeed, the long staphylo-
coccal cassette chromosome mec (SCCmec) type 1l element was successfully transferred by
transformation [15], leading to the idea that the exchange of large DNA regions between dis-
tinct S. aureus clonal complexes may be also due to the natural transformation [24].

The regulation of competence development is a species-specific process. In S. aureus, the main
competence regulator is the alternative sigma factor H (SigH). SigH activates the transcrip-
tion of the competence machinery genes (comG and comE operons) that are essential for the
development of natural transformation [15, 25]. In addition, the transcription factor ComK
enhances the expression of the SigH regulon [26]. SigH is expressed in a minor population by
two distinct mechanisms. The sigH gene can be rearranged by a “short-junction duplication,”
or be post-transcriptionally regulated through an inverted repeat (IR) sequence at the 5-UTR
of sigH mRNA. The IR is thought to hinder the ribosome-binding site to suppress the SigH
expression, but the activation mechanism is not clarified yet.

Competence development is a species-specific process that requires particular environmental
conditions. These conditions include nutrient access, starvation, altered growth conditions
and cell density [22]. Natural transformation in S. aureus is detectable under specific conditions
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when cells are grown in the chemically defined CS2 medium [15]. Under these growth con-
ditions, wild-type strains (N315 and its derivative) show low transformation frequencies
(<101, partly attributed to the subpopulation limited SigH expression. Overexpression of
SigH increases the transformation frequencies up to ~10° when purified plasmid DNA is
used as donor and to ~107 if living S. aureus COL cells carrying pT181 are used. Moreover,
there seems to be more preferable growth conditions that facilitate transformation (Ohniwa et
al., in preparation). So far, we achieved c.a. 10° level frequency in the unmodified N315 deriv-
ative strains, as well as in a part of the clinical isolates, which will be published elsewhere.

Even in SigH-expressing cells, the transformation frequencies change depending on the
growth conditions, suggesting that there are additional levels of regulations for an effi-
cient transformation. Importantly, antimicrobial agents also affect the transformation
efficiencies in the SigH-expressing cells [27]. Table 1 summarizes the effect of the antibiot-
ics in S. aureus and other species. Table 1 also includes the SOS response, because it is a
complementary response in some bacteria: antibiotics that induce SOS response, such as
fluoroquinolone or mitomycin C, induce competence in species lacking the SOS system
[28-30] but suppress competence in species harboring the SOS system [31]. Although SOS
response in S. aureus is limited and its accessories are simple, it does exist [32, 33]. The
treatment with mitomycin C suppresses transformation in S. aureus. However, ciprofloxa-
cin (fluoroquinolone) has no effect. This might indicate that the interplay between natural
transformation and SOS response cannot be simplified. S. aureus response to $-lactam anti-
biotics is also linked to SOS response [34-36]. Fosfomycin and vancomycin increase natural
transformation in SigH-expressing cells, but the detailed response mechanism involved
is not known. Whether these inducing effects can be observed in the unmodified strains
needs to be tested in a future study.

S. aureus (+ SigH cells) S. thermophilus S.p* L. p* H. p*
TF** SOS TF** SOS TF** TF** TF**

Fosfomycin  +[27]

Vancomycin  +[27] No effect [28]

Oxacillin -[27] Yes [34, 35]

Cefazolin -[27]

Ampicillin Yes [36] No effect [28] No effect [29] No effect

(30]

Quinolones Ciprofloxacin No effect [27] Yes [32] [37] +[30]

Norfloxacin -[31] Yes [31] +[28] +[29]

Mitomycin C - [27] Yes [37] [38] - [31] Yes [31] +[28]

*S. p, L. p, H. p lack SOS system [29, 33].
**TF: transformation and/or competence gene expression.
S. p: Streptococcus pneumoniae, L. p: Legionella pneumophila, H. p: Helicobacter pylori.

Table 1. Effects of antibiotics on transformation and SOS response.
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3. Dissemination of antibiotic resistance determinants

Since Fleming's discovery of penicillin and its application to treatment, S. aureus has experi-
enced a variety of antibiotics in clinical settings. Penicillin-resistant S. aureus was described
before the introduction of penicillin to the market in 1943. It carried a f-lactamase gene in a
plasmid. Methicillin was developed as a 3-lactam derivative that cannot be degraded by {3-lac-
tamase, but methicillin-resistant S. aureus (MRSA) was described soon after its introduction.
The methicillin resistance gene is in a mobile genetic element designated staphylococcal cas-
sette chromosome (SCC). Vancomycin is one of the effective resources for MRSA treatment,
though vancomycin-resistant S. aureus (VRSA) has already been reported [39]. Linezolid is
another promising anti-MRSA drug, but the dissemination of linezolid resistance is also antic-
ipated. The antibiotic resistance genes and a series of reports on their transfer mechanisms
are summarized in Table 2. Here, we focus on the dissemination mechanisms of SCC and
linezolid resistance.

3.1. Dissemination of SCC

[-lactams were the first line of antibiotics against S. aureus infections. However, resistance
has rapidly emerged. The first methicillin-resistant S. aureus (MRSA) strain was identified
in 1961, only one year after the clinical introduction of methicillin [76]. Methicillin is a semi-
synthetic penicillin that resists the action of B-lactamases. It was introduced as a first choice
treatment against infections caused by penicillin-resistant S. aureus. The methicillin resistance
gene (mecA) encodes an alternative penicillin-binding protein (PBP2a) that has low affinity for
all B-lactams. PBP2a can maintain the cell wall synthesis, while all the other PBPs are inhibited
by p-lactams [77].

The mecA gene is carried in a variable mobile element called staphylococcal cassette chromo-
some mec (SCCmec). SCCmec is integrated in a unique orientation into a specific chromosomal
attachment site (attBSCC) [78]. The basic structure of the SCCmec element consists of a cassette
chromosome recombinase (ccr) and a mec complex. The mec complex contains the mecA gene
and its regulatory genes (not always present) [79]. The cassette is classified according to a
combination of both complexes [80]. The International Working Group on the Staphylococcal
Cassette Chromosome elements reports 11 types of SCCmec (http://www.sccmec.org/Pages/
SCC_TypesEN.html). SCCmec varies in size (from 20 to 67 kb), and it can carry other elements
such as resistance genes, insertion elements, plasmids or transposons. SCCrmec elements have
only been found in staphylococci with the exception of Macrococcus caseolyticus [43]. This spe-
cies is closely related to the staphylococci, and it was part of the Staphylococcus genus until
1998 when it was reclassified [81].

MRSA strains appeared in the hospital environment and spread rapidly causing serious clin-
ical problems and several hospital outbreaks. The first MRSA strain was identified in the
United Kingdom in 1961, and it carried the type I SCCmec. Types II and III were identified
in the early 1980s in Japan and New Zealand, respectively. These types of SCCmec were all
identified in the hospital environment; they are the largest types and can carry additional
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Type Antibiotic Gene Location Origin Reported/probable Refs.
HGT mechanism
{-lactams Penicillin blaZ Plasmid S. Conjugation [40-42]
(transposon) haemolyticus? Pseudo-
transformation
Methicillin mecA Chromosome CoNS Transduction [15,
(SCCrmec) Conjugation 43-49]
Transformation
Glycopeptides Vancomycin vanA Plasmid Enterococcus  Conjugation [50, 51]
(transposon) spp.
Aminoglycosides ~ Gentamicin aacA-aphD  Plasmid Bacillus spp.? Conjugation [52]
Kanamycin (transposon) Transduction
Tobramycin
Antifolates Trimethoprim  dfrA Plasmid Bacillus spp.? Conjugation [53, 54]
(transposon)
afrG Chromosome (IS)  E. faecium? - [55]
dafrK Plasmid ? Conjugation [56-58]
Chromosome -
(transposon)
Macrolide ermB Plasmid Streptococci  Conjugation [59-61]
Lincosamide (transposon) Transduction
Streptogramin B
ermC Plasmid CoNS Transduction [60, 62]
ermA Chromosome CoNS Conjugation [60, 62,
(transposon) 63]
Tetracyclines Tetracycline tetK tetL Plasmid Streptococci  Conjugation [64, 65]
Enterococci
tetM Chromosome Streptococci  Conjugation [61, 64]
(transposon) E. faecalis
Chloramphenicol =~ Chloramphenicol cat Plasmid S. epidermidis Conjugation [8, 66,
Transduction 67]
Oxazolidinones Lynezolid cfr Plasmid CoNS? Conjugation [6]
Transduction
Streptogramins Dalfopristin vgaA, vgaB, Plasmid ? Conjugation [68, 69]
vatA, vatB,
vatC
Fusidanes Fusidic acid fusB Chromosome CoNS Transduction [11, 70]
(SaPI)
Plasmid
fusC Chromosome CoNS - [7
(5CQC) -75]
Phosphonic acids ~ Fosfomycin fosB Chromosome ? Transduction [11]
(SaP1)

Table 2. Antibiotics resistance genes.
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resistance elements; strains that carry them are usually multi-resistant [78, 82]. During the
1990s, community-associated MRSA strains were identified, and during the early 2000s, the
SCCmec type IV and V were described in USA and Australia, respectively. These types are
smaller elements that rarely carry extra resistance elements, and they are described as com-
munity-associated SCCmec types [83, 84]. Types I to V are the main and widely distributed
elements; since their description, new variants have been reported (SCCrmec VI-XI).

The origin of the SCCmec element is not clear, but evidence indicates that it comes from coag-
ulase negative staphylococci (CoNS). Ancestral forms have been identified in S. sciuri, S. fleu-
retti, S. xylosus, S. hominis and M. caseolyticus [43—45]. The source of the mec and ccr complex is
unknown, but they may have assembled into SCCmec in CONS where they were modified and
then transferred to S. aureus [46]. The primary source of SCCmec for S. aureus seems to be S.
epidermidis. SCCmec type IV shares high homology between both species [85]; S. haemolyticus
and S. hominis appear to be reservoirs for specific classes of mec complex and ccr genes [86, 87].

The transfer mechanism of SCCmec is not well defined. Successful transfer via transduction,
conjugation and natural transformation has been reported. Although transduction of small
SCCrmec elements (type IV, I and V) has been described [47, 48], it is unlikely that this is the
predominant method. Many of the SCCmec are too big (up to ~60kb) to be encapsulated
by a phage. Conjugation is an alternative mechanism. Ray et al. demonstrated the transfer
of a 30.8 kb element (modified from SCCmec II) via conjugation, the spontaneous excision
from the conjugative plasmid and the insertion into the recipient chromosome of S. aureus
and S. epidermidis [49]. However, these authors induced the transfer by overproducing ccrAB.
Natural transformation can also explain the transfer of large SCCmec types. We have success-
fully transferred the SCCmec II [15]. However, the interspecies transfer by natural transforma-
tion has not been tested.

3.2. Dissemination of cfr

The cfr gene was identified in 2000; it was described as a new chloramphenicol/florfenicol
resistance element located on the pSCFS1 plasmid [88]. This plasmid was the first multi-resis-
tance plasmid found in a Staphylococcus sciuri (isolate from the nasal swab of a calf) and was
associated with resistance to chloramphenicol, florfenicol, spectinomycin and MLSB (macro-
lide, lincosamide and streptogramin B) antibiotics. The cfr gene was associated with the tn558
transposon, closely related to the tn554 associated with erythromycin resistance [89].

The cfr gene was not associated with clinical cases until 2007, when it was demonstrated that
this gene was responsible for the elevated MIC to linezolid in one clinical MRSA strain iso-
lated in Medellin (Colombia) [90]. Linezolid is a synthetic inhibitor of protein synthesis. Its
activity against Gram-positive bacteria (including MRSA and Enterococcus sp., even in the
case of reduced vancomycin susceptibility) made this antibiotic an essential tool in the treat-
ment of resistant pathogens [91].

Up to 2007, the only known mechanism for linezolid resistance known in staphylococci was
the spontaneous mutations in ribosomal proteins [92]. This non-transmissible mechanism
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was associated with the previous intensive use of linezolid. The association of a potential
transmissible mechanism of resistance to this antibiotic represented a global concern due to
the scarce alternatives for the infections caused by these pathogens and also, due to the poten-
tial spreading of this resistance mechanism to the pathogenic bacterial pool.

When the first cfr-positive clinical isolate was detected, sequencing analysis showed the
absence of any mutation previously associated with linezolid resistance. The strains showed
an unexpected post-transcriptional modification at A2503 in the 235 rRNA. The mechanism
underlying the resistance conferred by cfr is related to the modification of the antibiotic target
site on the 23S ribosomal RNA [90]. Thus, cfr is a methyltransferase that causes a reduced
ribose methylation at C2498 and the addition of an extra methylation at A2503.

In 2008, the first outbreak of linezolid-resistant MRSA strain was reported in Spain [93]. The
outbreak took place in the intensive care unit (ICU) of a public hospital and lasted 3 months.
A total of 15 patients infected or colonized with linezolid-resistant MRSA were detected. In
this case, some isolates showed identical PFGE profiles, showing the clonal dissemination
of the same linezolid-resistant strain, but other cfr-positive strains showed a different PFGE
profile. As cfr prevalence was extremely low, the existence of a horizontal gene transfer event
was strongly suggested, and specially, the potential existence of some undetected reservoir,
capable of spreading the cfr gene among the pathogenic staphylococcal pool, was hypoth-
esized. The association of a potentially transmissible mechanism of resistance to this antibi-
otic represented a global concern due to the scarce treatment alternatives and the potential
spreading to the pathogenic bacterial pool.

In 2008, the presence of plasmid-borne cfr in two strains isolated in Ohio hospitals was
described [94]. In this case, two staphylococci, one MRSA and one S. epidermidis, with linezolid
MICs of 8 and 256 mg/L, respectively, were isolated from two different patients. Sequence
analysis found two different plasmids on the basis of the cfr insertion context. The S. epidermi-
dis insertion couldn't be determined, but the plasmid harbored by the S. aureus strain showed
a pSCFS3-like genetic environment [95]. In this genetic context, the Tn558 transposon was
truncated by the tandem insertion of istAS-istBS, potentially related to cfr gene mobilization.
Since 2008 several studies detected the presence of this gene in livestock-associated strains
belonging to different bacterial species such as Proteus vulgaris, Enterococcus spp., Macrococcus
caseolyticus or Jeotgalicoccus pinnipedialis [96-98]. These findings showed the spread of these
resistance traits among livestock-associated bacteria known as reservoir for clinical-associ-
ated strains.

In 2010, during the analysis of a collection of Panton-Valentine leukocidin (PVL)-positive
MRSA isolates from Ireland, one cfr-positive strain was detected [99]. This strain harbored
a ca. 40 kbp plasmid with cfr associated with the Tn558 transposon. However, this gene was
located in a genetic context not previously described. In this plasmid, named pSCFES7, cfr
gene was found inserted in the tnpB gene reading frame. In this case, this gene was trun-
cated by the insertion of the terminal region of istBS. The detection of the pSCFS7 plasmid
was especially relevant; on one hand, the cfr-positive MRSA strain belonged to the USA
300 genotype (ST8-MRSA-IVa), which is predominant among community-acquired MRSA
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(CA-MRSA) in the United States [100]. And on the other hand, pSCFS7 plasmid demon-
strated the capability to be transferred by conjugation to other S. aureus strains. Thus, this
was the first report of a conjugative plasmid on S. aureus strain belonging to genotypes with
clinical relevance.

Linezolid susceptibility among clinically significant isolates is monitored by different surveil-
lance programs, such as Zyvox Annual Appraisal of Potency and Spectrum (ZAAPS) and the
USA Linezolid Experience and Accurate Determination of Resistance (LEADER). According
to the results obtained by these programs, linezolid resistance was 0.05% for S. aureus and
1.4% for CoNS between 2002 and 2010 [101, 102]. CoNS, not considered as true pathogens,
show higher levels of resistance and could act as cfr reservoir for the S. aureus pool. In fact, the
high incidence of unique clones (40%) among cfr-positive MRSA suggested that the transmis-
sion of the cfr gene by HGT could be a common phenomenon [5].

The impact of the transmission of cfr among potential reservoirs was determined in Spain
after the cfr-positive MRSA outbreak in the same hospital [103]. In this study, 100 linezolid-
resistant S. epidermidis strains obtained between 2008 and 2011 were analyzed. Authors
did not recover cfr-positive MRSA strains, but they detected this gene in the 58% of the
linezolid-resistant S. epidermidis isolates, again suggesting the potential role of CoNS as
linezolid resistance reservoirs. In 2012, two geographically independent staphylococci har-
boring conjugative cfr-associated plasmids were detected in Spain. One of them was located
on a MRSA belonging to ST125 genotype, prevalent among hospital-associated strains (HA-
MRSA). This plasmid, named pERGB, showed a new genetic environment of cfr insertion,
associated with the istAS-istBS tandem but not with the TN558 transposon [104]. In addi-
tion, it also showed the ability to be transferred by conjugation to the ATCC 29213 S. aureus
strain.

The second cfr-associated vector detected in Spain was found on a ST22 S. epidermidis strain
[105]. In this case, cfr was inserted on a genetic environment identical to the pSCFS7 vector
and the plasmid also showed an in vitro conjugative transmission. This was the first report
of pSCFS7-like plasmids in Spain associated with clinical staphylococci, followed by the
finding of two more strains harboring similar vectors in 2014 [106]. Two staphylococcal
strains (one Staphylococcus haemolyticus and one S. aureus) obtained from two clinical cases
of septic shock were identified in the same hospital in Spain. Both strains harbored similar
ca.40 kb conjugative pSCFS7-like vectors. Although plasmid restriction analysis profiles
showed small differences between both strains, the emergence of unrelated cfr-positive S.
aureus and CoNS and the presence of this gene in similar pSCFS7-like plasmids in Spain
[105, 106] suggest the potential spread of these vectors among the staphylococcal pool in Spain.

While the observed situation suggested the spread of pSCFS7 among the staphylococci in
Spain, in the USA, the situation regarding the prevalence of cfr vectors was different. In
addition to the pSCES3-like vector described in 2008 [94], cfr-positive strains carrying these
plasmids were found in 2013 [107]. The study comprised 19 S. epidermidis and 2 S. aureus line-
zolid-resistant strains. Among the studied strains, one S. aureus strain did not share a similar
plasmid profile. Plasmid sequence analysis demonstrated the existence of identical 39.3 kb
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pSCFS3-like plasmids in one S. epidermidis and S. aureus isolates [6]. As pSCFS3 plasmids were
considered as non-conjugative vectors [94], this indirect demonstration of plasmid transmis-
sion questioned the nature of the HGT involved in the spread of these plasmids. In addi-
tion, an unexpected result was obtained analyzing the sequence of two cfr plasmids obtained
in staphylococcal clinical isolates from German hospitals [108]. In this study, 6 cfr-positive
strains were identified among 36 linezolid-resistant S. epidermidis isolated between January
2012 and April 2013. Sequence analysis showed the existence of pSCFS6 and pSCFS7-like
plasmids. The pSCFES6-like plasmid showed substantial homology to pGO1 plasmid, mean-
while the pSCFS?, as well as pSCFS3-like plasmids, showed the most significant homology to
pSK73 plasmid [107]. The presence of pSCFS7-like plasmids in clinical isolates from Germany
may suggest the potential spread of these plasmids among European hospitals. Nevertheless,
although pSCFS6 harbored the pGO1 fra and nes conjugative machinery, none of these genes
were located in the pSCFS7 sequence, suggesting potential mobilization events of cfr environ-
ment onto different plasmids backbones [108].

Although conjugation alone was the recognized transmission mechanism for the cfr gene, the
presence of identical putative non-conjugative pSCFS3 plasmids in different staphylococcal
species suggested the existence of other HTG mechanisms involved in the spreading of line-
zolid resistance [107]. Our group answered this question demonstrating an alternative mecha-
nism for cfr spread based on phage transduction among MRSA [6]. By using a S. aureus N315
derivate strain harboring a pSCFS7-like vector obtained by conjugation from one clinical S.
epidermidis strain, we transferred this gene to other MRSA strains by conjugation as well as
transduction. In addition, this transmission allowed transductant MRSA cfr-positive strains
to retain the conjugative capability, suggesting the complete transmission of this vector, or at
least all the necessary genes to allow conjugative transmission.

4. Conclusion

The prominent evolutionary ability of Staphylococcus aureus partly relies on the gene trans-
fer mechanisms ranging from the conventional phage transduction and conjugation to the
unique staphylococcal mechanisms such as SaPI-helper phage. Recently found staphylococ-
cal natural transformation further explains the ability to transfer larger genetic elements. The
surveillance for antibiotics resistance (especially for the last resort antibiotics such as linezolid
and vancomycin) is critical, and the test of emerging resistant pathogens in terms of their abil-
ity to use these distinct gene dissemination pathways might help to control the evolution of
this important human pathogen.
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Abstract

Staphylococcus aureus is one of the most successful opportunistic pathogen able to cause
serious infections due to its ability to produce virulence factors and acquire antimicro-
bial resistance. Recent reports indicate that the phenotypic changes in the cell wall and
cell membrane are essential mechanisms related to the resistance to several antibacterial
drugs (such as daptomycin and vancomycin). These alterations involve changes in cell
wall composition and chemical modifications of some components (point mutation lead-
ing to modification in phosphatidylglycerol molecule, in the production of the aberrations
in peptidoglycan structure and decrease in autolytic activity of the components of the
cell envelope), leading to changes in electric charge of the cell surface, cell membrane
fluidity and cell morphology. In fact, S. aureus develops several multifactorial and strain-
specific adaptive mechanisms to survival in host. The study of such mechanisms is very
important. The aim of this chapter is to review the phenotypic mechanisms related to drug
resistance in S. aureus.

Keywords: Staphylococcus aureus, daptomycin, vancomycin, heteroresistance, stress
stimulon response

1. Introduction

The lipopeptide and glycopeptide antibiotics are very effective against infections caused by
Gram-positive cocci, showing good efficacy against Staphylococcus aureus. The mechanism of

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X IR



82 The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

action of these antibiotics is linked with their ability to block cell wall bacterial synthesis. As
examples of the most used drugs to treat S. aureus infection, we have daptomycin (DAP) and
vancomycin. However, currently, the indiscriminate use of these antimicrobials has decreased
their effectiveness against S. aureus strains [1].

Daptomycin (DAP) is a cyclic lipopeptide antibiotic obtained from Streptomyces roseosporus
with activity against the most Gram-positive bacteria, including vancomycin-resistant entero-
cocci (VRE) and methicillin-resistant S. aureus (MRSA) [2—4]. DAP appears to have multiple
effects on the Gram-positive bacterial cell membrane (BCM) [5]. The mechanism of action
proposed is the aggregation between DAP and BMC, which alters the architecture of cell
membrane and forms pores, leading to ion loss. This new arrangement leads to a rapid depo-
larization, resulting in a loss of membrane potential that culminates in bacterial cell death.
Regarding the interaction mechanisms with the formation of cell wall and surface, a special
mention should be given to the interference in peptidoglycan and lipoteichoic biosynthesis
[6-8].

The glycopeptide antibiotics were introduced in therapy against infections caused by S. aureus
in 1955 [9]. The vancomycin is glycopeptide produced by Amycolatopsis orientalis (actinomy-
cete) and is the representative of this class of antibiotic widely used in medical practice today,
especially after the appearance of resistant strains of S. aureus to methicillin [10]. However, the
emergence of molecular mechanisms of resistance to vancomycin and the appearance of phe-
notypic resistance profiles in heterogeneous subpopulations of S. aureus as described suscepti-
ble have hindered the use of glycopeptide as first choice agent in antibiotic therapy [11]. Some
reduced susceptibility phenotypes are classified in some profiles as vancomycin-intermediate
S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA) [11]. Subpopulations of hetero-
geneous S. aureus with heterogeneous resistance to vancomycin and notoriously sensitive to
vancomycin are classified as heteroresistant vancomycin-intermediate S. aureus (hVISA) [1].

Heteroresistance is defined as resistance to antibiotics expressed by a subset of a microbial
population that initially is considered susceptible to these antibiotics. These resistant subpopu-
lations are able to adapt to increasing drug concentrations in a stepwise manner [12]. This
phenomenon has been described in a wide range of bacteria and fungi, but attention has been
directed toward S. aureus [13]. For the S. aureus hVISA strains containing subpopulations of
vancomycin-intermediate daughter cells, the minimal inhibitory concentrations (MICs) for the
parent strains of these daughter cells fall within the susceptible range of 1-4 ug/mL. However,
if the lineage is exposed to increasing concentrations of vancomycin, a new generation of cells
with reduced susceptibility profiles will be favored. This exhibition creates a selective pres-
sure that favors the outgrowth of rare vancomycin-resistant clones leading to hVISA clones.
Eventually, the continued exposure to vancomycin culminates in a uniform population of
VISA phenotypes [14]. Evidence in clinical case studies which monitored S. aureus infections in
250 patients showed that the hVISA phenotype is closely related with significantly prolonged
bacteremia events and associated with increased rates of endocarditis and osteomyelitis, com-
pared with methicillin-resistant Staphylococcus aureus (MRSA) bacteremia [15].

VISA and hVISA have an increased D-Ala-D-Ala moieties in their thickness cell wall that form
false targets that sequester vancomycin, with reduced autolytic activity and slow growth in
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vitro ([14]. This phenomenon is believed to “trap” vancomycin and this, together with the
thickened cell wall, may act as a barrier to the diffusion of large molecules, like daptomycin
(as cited below) [16, 17]. In this way, the emergence of these bacterial phenotypes cited above
has put into question the effectiveness of these antibiotics against S. aureus [1, 18, 19]. These
changes in susceptibility seem to be related to the difficulty of resolving cases of S. aureus infec-
tion, leading to increased mortality of patients [20]. Altered host-pathogen interaction due to
hVISA strains may change the course of the infection to worst prognostic for the patient. In a
macrophage model of infection, hVISA/VISA strains showed increased capsule and reduced
protein A (SpA, a protein surface cell), associated with reduced NF-kB activation and reduced
TNEF-a and IL-1§3 expression [21]. The persistent infections associated with hVISA/VISA strains
can be a result of changes in host-pathogen interactions that culminate in attenuated host
immune response [14].

2. Mechanisms for daptomycin resistance associated to modifications in
cell membrane of the Staphylococcus aureus

A few years ago, antibiotic therapy using DAP to treat MRSA infections appeared to be a
good choice; however, there are reports in the literature about bacterial strains with resistance
to daptomycin (DAP-R) and with intermediary resistance (DAP-I) [19, 22]. S. aureus DAP-R
infection has been associated with endocarditis and abscesses; it is characterized by high con-
centration of microorganisms in infected area with oral administration of low doses of DAP
(i-e., < 6 mg/kg/day) [23, 24]. In addition, it was observed the emergence of DAP non-suscep-
tible S. aureus phenotypes in a patient with persistent VISA bacteremia [1]. The resistant phe-
notypes of VISA strains have developed an increased DAP resistance during therapy [25, 26].
Besides, it could be associated with the previous use of vancomycin [27]. DAP-I mechanisms
in S. aureus have not yet been elucidated completely, but a possible predominant phenom-
enon for the appearance of this phenotype would be an increase repulsion of DAP molecules
of the surface cell. This modification is generally associated with an overall net charge change
on the cell surface (for a more positive charge) [23].

The lysyl-phosphatidylglycerol (Lys-PG) is an important membrane lipid in bacteria, more
common in Gram-positive cells [28]. The Lys-PG is incorporated into the microbial cell mem-
brane by the activity of the multiple peptide resistance factor (MprF) gene product (encoded
by the mprF/fmtC gene). The MprF is a bifunctional protein composed by C-terminal part
responsible by synthesize of the Lys-PG and the N-terminal hydrophobic protein domain is
essential for efficient translocation of Lys-PG from the inner to the outer leaflet of the cyto-
plasmic membrane bacteria [28, 29].

The MprF protein catalyzes the modification of the negatively charged in phosphatidylglycerol
(PG) with l-lysine and translocation of Lys-PG from the inside to the outside of the cell mem-
brane leaflet [30]. MprF proteins in S. aureus encompass a lysyl-phosphatidylglycerol synthase
and a Lys-PG flippase domain, responsible for aiding the movement of phospholipid mol-
ecules between the two leaflets in cell membrane (“flip-flop” transition). Moreover, in S. aureus
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the Lys-PG flippase and synthase in the MprF can understand two different proteins fused
with distinct functional subunits [29].

The neutralization of the cell membrane surface leads to MprF triggered by bacterial resis-
tance to cationic antimicrobial peptides (CAMPs) [31]. MprF was first described as a viru-
lence factor of S. aureusby Peschel et al. [32], analyzing a mutant strain observed for MprF
gene, which was unable to modify phosphatidylglycerol with L-lysine, was considerably
faster killed by human neutrophils and exhibited an attenuated virulence in mice. This study
indicated a key role of MprF for the resistance to defensins and cathelicidins (secreted pep-
tides in host mucosal) and implied a higher pathogenicity of S. aureus. Interestingly, MprF is
involved in the development of DAP-R in S. aureus [33]. These observations related to cells
with DAP-R prolife take into account several factors. Among these are mechanisms that can
interfere with the balance in incorporation of the PG into membrane. Also, it was verified that
the co-expression of the alanyl-PG (Ala-PG) synthase with flippase domains of Lys-PG syn-
thesizing MprF proteins led to a wild-type level of daptomycin susceptibility, indicating that
Ala-PG can also protect bacterial membrane against DAP [33]. Moreover, the incorporation of
the point mutations leading to amino acid exchanges in the MprF proteins of S. aureus strains
leads to a decreased susceptibility to daptomyecin [34].

Several hypotheses have been raised about the interference mechanisms of a mutant gene for the
MprF protein in the dynamics of PG synthesis in S. aureus. It is considered that the biophysicist
repulsion process of DAP molecules from the bacterial surface would be assigned to an increased
PG incorporation by AmprF strain with singly point-mutated mprF gene (mprF,, or mprF,..)
[35]. More recently, it was noted that the decrease in susceptibility to DAP in some mutant strains
for the MprF gene was the result of the critical effects caused by PG poor incorporation, resulting
in failures in the oligomerization in the cell membrane, which compromise its antibacterial activ-
ity [23]. In addition, the possibility of antibiotic repulsion (such as DAP) triggered by the increase
in positive charge can be seen in some S. aureus strains with a significant increase in cell wall thick-
ness. These strains exhibit increased MICs for drug antibiotic and VISA-DAP-R phenotype [1].

3. Mechanisms for vancomycin resistance associated to modifications in
cell envelope of the Staphylococcus aureus

The resistance mechanisms for both VISA and hVISA appear to have common features.
However, it is always observed in patterns that distinguish them from vancomycin-susceptible
Staphylococcus aureus (VSSA). Although the gene expression of hVISA or VISA during expo-
sure to vancomycin denotes some patterns, subtle differences in the contribution of transcripts
of these two phenotypes are found. One basic evidence regarding decrease in susceptibility is
related to the cell wall thickening in bacterial cells. This process seems to initiate with the acqui-
sition of a reduced autolysis caused by downregulation of autolysin genes, such as atl/lytM
[1]. A thickened cell wall has been highlighted as a characteristic phenotype commonly found
in clinical VISA. This feature is intimately associated with peptidoglycan-clogging theory that
explains vancomyecin resistance by passage delay of antibiotic molecules across the thickened
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peptidoglycan layers [18]. Punctual mutations by genetic manipulation in S. aureus strains that
could lead to cell wall thickening were investigated thoroughly. However, these studies did
not conclude that active point mutations involving genes of regulatory systems, autolysins
and major catalytic enzymes could be involved in the appearance of VISA phenotypes [36, 37].

Studies conducted on gene transcription analysis showed that after exposure of DAP, the cells
exhibit a regulation of the cell wall “stimulon,” similar to that observed in response to vanco-
mycin [1, 38]. Comparison of DAP-I and DAP-S. aureus strain pairs, which are located in the
genes that have been associated with VISA phenotype, indicated that the genes involved in the
synthesis and/or homeostasis of the cell wall play an important role in the resistance to vanco-
mycin observed to DAP strains [39].

Signal transduction mediated by two-component systems (TCSs)YycFG or sensor histidine
kinase WalK (also called WalRK) is a regulatory system of two essential components of cell
wall synthesis and homeostasis, which has also been implicated in DAP-R and VISA/VSSA
cell phenotypes [1, 40]. Members of the two-component regulatory system WalK/WalR that
regulate genes are involved in autolysis, biofilm formation and cell wall metabolism [1]. WalK
functions as a sensor protein kinase, which is autophosphorylated at a histidine residue and
transfers its phosphate group to walk [40]. The impacts of the single substitutions in either
WalR or WalK, dramatically change the bacterial cell physiology, with significant reductions
in autolytic activity and increases in cell wall thickness linked to the insertion of WalR or WalK
alleles from the VISA strain into vancomycin-susceptible S. aureus (VSSA).

The impacts of the single substitutions in either WalR or WalK dramatic changes the cell bacte-
rial physiology, with significant reductions in autolytic activity and increases in cell wall thick-
ness linked to the introduction of the walR or walk allele from the VISA strain into the room fully
vancomycin-susceptible S. aureus (VSSA). Vancomycin-intermediate S. aureus (VISA) is gener-
ated from vancomycin S. aureus sensible by multiple spontaneous mutations in two-component
regulatory systems as standing for vancomycin resistance-associated sensor/regulator (VraSR)
and inducible by cationic antimicrobial peptides (CAMPs), which could be important for bacte-
rial cells in resisting the harmful effects of CAMPs and possibly other antimicrobial agents [41].

The assessment of the effects of mutations directed at specific targets, which are responsible
for the metabolism of the cell wall in S. aureus, indicated that the synergistic mutations (dou-
ble mutation) might have a more significant effect on the appearance of the VISA phenotype.
Recently, it was observed that a deletion mutation in genes of the two-component regulatory
system walRK (synonyms: vicRK and yycFG) might result in an increased resistance to vancomy-
cin and appearance of VISA phenotype from the S. aureus LR5P1-V3 strain. On the other hand,
LR5P1 strain with double mutation (walK*clpP*) exhibited a thickened cell wall, slow growth and
decreased autolytic activity [37]. Similarly, Hu et al. [42], also studying the participation of point
mutation in WalK (G223D) gene in S. aureus MW2 (community-acquired methicillin-resistant),
reported a decreased expression of genes associated with the cell wall metabolism, decreased
autolytic activity and a reduced vancomycin susceptibility. In addition, the electrophoretic
mobility shift assay (EMSA) indicated that WalK (G223D)-phosphorylated WalR had a reduced
capacity to bind the atlA promoter. The at/A promoter is one of the component potential mem-
bers of the WalK/WalR regulon and is involved in cell wall metabolism in S. aureus.
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The ATP-dependent Clp protease (ClpP) consists of two heptameric rings and belongs to the
family of serine peptidases [43]. ClpP plays an essential role in the degradation of pathogen
cell wall but also in the regulation of their virulence [44]. The CIpP components in S. aureus are
responsible for initiating physiological adaptive responses against different external pressures,
including extreme changes in temperature, osmolarity and oxidative stress [45]. In addition, the
ClpP protease presented chaperone-like functions, recognizing and refolding misfolded pro-
teins accumulated or aggregated proteins in the cell, consequently participates in the cell enve-
lope turnover in microbial cells [46, 47].

In various pathogenic microorganisms, such as Listeria monocytogenes, Streptococcus pneu-
moniae and S. aureus, ClpP proteases have been identified in in vivo expression studies as
an important virulence factor [44, 48, 49]. Knockout studies of the clpP ATP-dependent gene
in S. aureus, followed by global transcriptional analysis using DNA microarray technology,
showed that the loss of clpP leads to complete derepression of transcription of the CtsR gene
(or yacG, a polypeptide transcriptional regulator). The ClpP proteins are regulated by the
CtsR heat-shock repressor controlled by HRCA (heat-inducible chaperone, a heat-shock regu-
lon) and a partial derepression of genes involved in response to oxidative stress and DNA
repair system SOS response pathway. Moreover, the expression of genes whose products
are involved in autolysis of microbial cells was unregulated. This culminated in a dramatic
increase in autolysis processes in S. aureus AclpP mutant [46]. In addition, other observations
on the effect of the mutation identified in cIpP system in S. aureus LR5P1-V3 strain indicated
that deregulation is a new mechanism, which can lead to resistance to vancomycin. It was
observed that the LR5P1-V3 mutant, derived from N315LR5P1, exhibited increased resistance
to vancomycin, as MIC values rose from 1 to 8 ug/mL [37].

Recently, a genetic evaluation of vancomycin-intermediate S. aureus (VISA) isolated from the
same patient at different times tightly corroborates an association of this phenotype with evi-
dence mutations in the novel class of genes, encoding LPXTG motif-containing cell wall-anchor-
ing proteins. These proteins contain an LPXTG sequence motif at their C-terminus, which is a
cleavage signal that leads to the covalent binding of the proteins to the cell wall [50]. The presence
of covalently bound LPXTG proteins has been shown to contribute to the regular cross-linked
structure of the cell wall and anchoring of surface proteins to the peptidoglycan layer [51]. It is
hypothesized that the origin of the VISA phenotype may be also related to mutations in the genes
encoding LPXTG-associated proteins, leading to an aberrant peptidoglycan structure [50]. This
new architecture would provide false binding sites for vancomycin, thus reducing the perme-
ation of this antibiotic in to the cell wall [50]. Mutations evidenced in the anchor domain LPXTG
family proteins indicate that the phenotype VISA can have a reduced susceptibility to vanco-
mycin in vivo resulting from spontaneous or induced mutations of little-known character [52].

4. Mechanisms resistant to f-lactam antibiotics associated to penicillin-
binding protein in Staphylococcus aureus

With regard to (3-lactam antibiotics, one mechanism-conditioned resistance to these antibiotics,
mainly to methicillin and others related drugs, is the expression of penicillin-binding protein
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modified (PBP2s). The PBP2 is a bifunctional protein produced by S. aureus and has binding
specificity to [-lactam antibiotics. This protein presented a functional transpeptidase domain
and carboxypeptidase domain; it is directly linked to the cell wall metabolism in bacteria [53]. In
S. aureus, both PBPs and (PBP2) are membrane-associated proteins that catalyze the final step of
peptidoglycan biosynthesis. The transpeptidase and carboxypeptidase activities of PBPs occur
at the D-Ala-D-Ala terminus of a peptidoglycan precursor containing N-acetylglucosamine
and N-acetyl-muramic acid L-Ala-D-Glu-L-Lys-D-Ala-D-Ala (pentapeptide chain) [53].

The p-lactam antibiotics inhibit PBPs by competing with the precursor [undecaprenyl-pyro-
phosphoryl-MurNAc-(pentapeptide)] for binding to the active site of the enzyme. PBP2s
enzymes are associated with decreased bacterial susceptibility to oral cephalosporins and
recently, they have been implicated in the emergence of the “MRSA superbugs” [54]. One
of the most worrisome evidence on MRSA is related to high mortality rates among infected
patients. It is estimated that for MRSA patients, the mortality rate is two to three times higher
than for patients infected with S. aureus susceptibly strains [55].

In methicillin-resistant S. aureus strains (MRSA), the enzymatic function can be replaced
by PBP2 and PBP2s, proteins encoded by the mecA gene, which act as substitutes for the
transpeptidase [56]. The mecA gene is present on the staphylococcal cassette chromosome
(SCC mec), a genomic island in staphylococci and other Gram-positive bacteria that encode
methicillin resistance. Its mobile nature allows it to become widespread among microorgan-
isms [57]. Generally, in susceptible S. aureus cells, the vancomycin molecules bind on the
C-terminal D-Ala-D-Ala, thereby inhibiting the catalytic reactions of the transglycosylation
and transpeptidation, mediated by PBPs. Moreover, PBP2 also plays an important role in the
resistance in MRSA; it is related to expression of high-level resistance to vancomyecin [58]. This
resistance profile is an associated expression of VanA operon, one complex genic in S. aureus
and Enterococcus species designated as vancomycin-resistant enterococci (VRE) [59]. The vanA
operon was acquired by VRSA from serving of the transposon Tn1546 residing on a conjugal
plasmid; possibly, its origin is related to a transfer of the genetic element by association with
Enterococcus faecalis in the same niche located in the host [60].

5. The cell-wall-stress stimulon response in Staphylococcus aureus

Some antibiotics related to cell wall biogenesis and its stability can influence gene expression
and produce a cell-wall-stress stimulon (CWSS) in the S. aureus cells. The oxacillin antibiot-
ics, widely used until recently against S. aureus infections, appear to interfere in transcription
of genes required for the synthesis of peptidoglycan in the bacterial cells. Analysis of the
dynamics of gene expression and proteomic studies using GeneChipsTM approach hypoth-
esized on an upregulation for some proteins and transcription factors involved in cell wall
metabolism and response to stress. The same experimental approach that indicated the main
influence of amoxicillin during cell exposure is related to increased expression of genes
encoding involved in cell wall metabolism, including pbpB, Vras and Murz genes. This pat-
tern of transcriptional response can represent the signature of a stimulon cell wall induced in
response to antibiotics, which interfere with the synthesis and structure of the cell wall [61].
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Recently, by using a reporter gene system based on a highly sensitive luciferase fused with
tcaA and sa0908 genes, it was demonstrated that gene expression in S. aureus occurs in dif-
ferent kinetic patterns [62]. The tcaA and sa0908 genes relate to encoding a membrane pro-
tein related to signature resistance to glycopeptide antibiotics and encoding protein for the
cell envelope (member of the LytR-CpsA-Psr family), respectively. These patterns were
determined from observations of the fluorescence intensity during growth of S. aureus (sus-
ceptible strain BB255) in the presence of various antibiotics at subinhibitory and inhibitory
concentrations. From their results, it was possible to establish that all drugs tested induced
the CWSS and that the induction patterns varied according to the drug. One of the hypoth-
eses raised in this study would be that the standard kinetics observed could perhaps be
related to the specificity or antibiotic mechanism action. These findings are based on fluo-
rescence results obtained for different drug groups such as tunicamycin, flavomycin, oxacil-
lin and fosfomycin, which presented high levels of maximal induction (RLU > 40,000); and
daptomycin and lysostaphin exhibiting fluorescence indices below 10,000. Moreover, some
antibiotics such as fosfomycin and D-cycloserine showed a lag-phase induction for all tested
concentrations of about 30 and 10 min, respectively. Possibly, these antibiotics act in the
early stages of peptidoglycan synthesis, which could be linked to delays in the induction
CWSS in the S. aureus.

6. Conclusion

Multiple mechanisms contribute to the increased antimicrobial resistance in S. aureus, cul-
minating in a more robust cellular adaptation against antibiotics that act on the synthesis
of components of the cell envelope. These multiple mechanisms of adaptation in S. aureus
include heteroresistance or mutational events, make the bacteria to evolve from a suscep-
tible strain in to a resistant clone; thus significantly interfering with the bacterial response
to antibiotics. Finally, further knowledge of these mechanisms may considerably impact
the development of new drugs designed to specific targets in the microbial cell.
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Abstract

Damage in genetic material is induced through the action of several drugs (directly or
indirectly). Specially, antimicrobials from quinolone class (such as ciprofloxacin) induce
DNA damage that promotes the formation of the RecA filament leading to auto-cleavage
of LexA and allows the expression of SOS genes, including the error-prone polymerase
(like umuC). The SOS pathway plays a critical role in the acquisition of mutations that
lead to the emergence of antibiotic-resistant bacteria and the spread of virulence factors.
This chapter provides a comprehensive review about the SOS response of Staphylococcus
aureus and the modulatory effects of new compounds (natural or synthetics) on this path-
way. The effects of some SOS inhibitors are highlighted such as baicalein and aminocou-
marins. Compounds able to prevent SOS response are extremely important to develop
new combinatory approaches to inhibit S. aureus mutagenesis. The study of new SOS
inductors could reveal new insights into the pathways used by S. aureus to acquire drug
resistance; examples of these compounds are the lysine-peptoid hybrid LP5, cyclic pep-
tide inhibitors, etc. These studies can impact the development of new drugs. In conclu-
sion, we hope to provide essential information about the effects of compounds on SOS
response from S. aureus.

Keywords: DNA damage, mutagenesis, virulence factors, small colony variants
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1. Introduction

Drug resistance is a well-known problem involved in the treatment of bacterial infections and
its incidence is escalating in an alarming rate [1-3]. As a result, microbial diseases are still
among the most serious problems to public health system, especially in developing coun-
tries where infectious diseases still represent a major cause of human mortality. Especially
alarming is the rapid global spread of multiresistant bacteria that cause common infections
and that resist treatment with existing antimicrobial medicines [4, 5]. The classical paradigm
suggests that antibiotic resistance emerges by selection of preexisting mutants in the bacterial
population exposed to antibiotics [1]. In contrast, recent data suggested that mutations evolve
after cells encounter antibiotic therapy. This kind of mutation is known as adaptive mutation,
which is activated by the SOS DNA repair and mutagenesis pathways [6, 7].

The SOS system is the bacterial DNA damage response that is activated by DNA damage or
stalled DNA replication caused by the exposure of bacteria to stressful conditions [8] such as
antibiotic treatment [9], starvation [10], and oxidative stress [11]. Repair of damaged DNA is
critical for bacterial survival, and during this process, some mutations may be introduced into
the genome, which may result in bacterial drug resistance [12, 13]. Accumulation of single-
stranded DNA (ss-DNA) is the signal that induces the SOS response by promoting the for-
mation of the RecA filament, which in turn activates the auto-cleavage activity of LexA and
allows expression of several genes [8]. The SOS response is a very orchestrated pathway by
which the bacterial cell improves its capacity to inhibit cell division, repair DNA, and express
error-prone DNA polymerases to replicate noninstructive DNA lesions [14]. This pathway
has been widely studied in Escherichia coli where more than 40 genes are involved [15]. The
first stage of SOS response is the expression of genes related to nucleotide excision repair
mechanisms (uvrA, uvrB, uvrD, polB, ruvA, ruvB, and dinl). If the damaged is not repaired
the genes responsible for recombination repair mechanisms (recA and recN) are expressed.
Finally, if the SOS response is not successful, then the sulA and umuDC genes are expressed.
SulA inhibits cell division and the umuDC operon encodes the error-prone DNA polV crucial
in translesion error-prone DNA synthesis. When sulA is expressed in the late stage of the
SOS gene expression, it arrests cell division by binding FtsZ and provides extra time for the
mutagenic error-prone polymerases to acquire mutations that allow cells to escape from the
metabolic and genomic stress [8, 16-18].

Some difference may be found in the SOS response for each species. For example, this process
in Bacillus subtilis is mediated by a similar number of genes than in E. coli, however, only
seven genes are common for these two bacteria [19]. In the case of Staphylococcus aureus, only
sixteen genes have been identified under the control of LexA, between them one error-prone
polymerase is designated here as umuC (SACOL1400) [9, 20]. The SOS pathway plays a critical
role in several processes related to pathogenesis of S. aureus, such as emergence of antibiotic
resistant strains [21], dissemination of virulence factors [22], and increase of the frequency of
small colony variants (SCVs) [23]. In this sense, this chapter aims to provide a comprehensive
review about the modulatory effects of compounds (natural or synthetics) on SOS response
of S. aureus.



SOS Response and Staphylococcus aureus: Implications for Drug Development
http://dx.doi.org/10.5772/65960

2. Overview of SOS response in Staphylococcus aureus

Since DNA damage may occur as a result of environmental agents and drugs, the role of SOS
pathway in different conditions has been studied in S. aureus [21-23]. Most of these studies
have focused on the effects of clinical relevant antibiotics, especially those from fluoroqui-
nolone class, such as ciprofloxacin. The induction of SOS response in this pathogen has been
associated with mutagenesis, spread of virulence factors, and formation of small colony vari-
ants [22-27]. We discuss some of the papers related to these subjects in the following topics.

2.1. SOS response affects the expression of virulence factors in Staphylococcus aureus

To prove this concept, the effects of SOS response in the dissemination of pathogenicity
island-encoded virulence factors in staphylococci was evaluated [22]. S. aureus pathogenicity
island (SaPI) comprises a large family of highly mobile phage-related chromosomal islands,
which carry a range of virulence genes, for example, TSST1 (toxic shock syndrome toxin),
SEB (staphylococcal enterotoxin B), and other superantigens [28]. SaPI are widely distributed
among Gram-positive bacteria and they are considered as prototypes for the understand-
ing of the mobile mechanisms of pathogenicity islands, since horizontal gene transfer has an
extremely important role in bacterial evolution [29]. It was demonstrated that SOS induction
(by ciprofloxacin) induced SaPI excision and replication with participation of at least three
different temperate phages (80, 11, and 147). SOS pathway also regulates the replication and
high-frequency transfer of this element, as well as of SaPI1. Theses finds suggested that SOS
activation by antibiotics may lead to the spread of staphylococcal virulence genes, an unin-
tended consequence [22].

The influence of subinhibitory concentrations (Sub-MIC) of others antibiotics in the induc-
tion of SOS response and horizontal transfer of virulence factors in S. aureus was also
evaluated [24]. The authors used antibiotics with different action mechanisms such as lac-
tams (ampicillin, penicillin, ceftriaxone, and cloxacillin), macrolide-f lincosamide-strepto-
gramin B antibiotics (erythromycin), aminoglycosides (kanamycin), chloramphenicol, and
tetracycline. From these drugs, only p-lactams induced replication of SOS- inducible pro-
phages 80a and 11¢, resulting in SaPIbov1 transfer. The effects of ciprofloxacin and trim-
ethoprim (a folic acid inhibitor from sulfonamide class) on phage induction and expression
of phage-encoded virulence factors were evaluated using S. aureus strains isolates from
patients with cystic fibrosis [25]. This study analyzed the integration of phages into the
chromosomal gene coding for B-hemolysin (hlb), these phages encode for accessory viru-
lence determinants such as staphylokinase (sak; a plasminogen activator essential for bac-
teria dissemination from clots and abscesses and resistance against human defensins) and
enterotoxins [30, 31]. Sub-MIC of both drugs resulted in delysogenization of strains and
replication of hlb-converting phages in a dose-dependent manner. The involvement of SOS
response in phage mobilization was demonstrated by increase of recA expression. In addi-
tion, induction of 13 was directly associated with phage-encoded virulence gene sak [25].

In another study, the expression of type 5 capsular polysaccharide (CP5) in S. aureus was shown
to be linked to SOS response [32]. CP5 is one virulence factor that is important for protection
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against phagocytes [33] and it is an attractive candidate for the development of immunothera-
pies [34]. The production of CP5 is influenced by various environmental agents (carbon diox-
ide, iron concentration, and specific nutrients) and controlled by a complex regulatory genetic
network [35]. Using a transposon-mediated mutagenesis assay, seven genes were identified
affecting the production of CP5, including sbcD and sbcC genes [35]. These genes are adjacent
forming the sbcDC locus that negatively affects capsule production. Sub-MIC of SOS inducers
(ciprofloxacin or mitomycin C) promoted the transcription of sbcDC locus and consequently
repressed the CP5 production [32]. The authors suggested that this effect of SOS response in
capsule expression could be related to (i) energy saving (the energy needed to capsule biosyn-
thesis would be used for DNA reparation); (ii) improvement of adhesion capability (capsule
absence would unmask the adhesion proteins present in cell membrane, promoting bacterial
infection and thereby avoiding DNA-damaging agents). These results corroborate with pre-
vious study which showed that ciprofloxacin increased the expression of fibronectin-binding
proteins (FnBPs) in fluoroquinolone-resistant S. aureus strains [36].

2.2. SOS response and mutagenesis in Staphylococcus aureus

Apart from its capacity to express virulence factors, S. aureus is extremely able to acquire
resistance to virtually any antibiotic. For example, methicillin-resistant S. aureus (MRSA)
strains are important etiologic agents of both nosocomial and community infections. It
has been shown that Sub-MIC of fluoroquinolone drugs enhances methicillin resistance in
community or nosocomial MRSA isolates [26, 37]. Community-associated MRSA isolates
(CA-MRSA) grown in tryptic soy broth containing sub-MIC of fluoroquinolone (ciprofloxa-
cin or levofloxacin) showed increased resistance in nafcillin agar, and this effect was dose-
dependent. Through microarray analysis it was possible to conclude that alterations-induced
fluoroquinolone drugs were mediated by SOS response [26]. In the same context, a later study
evaluated the effects of Sub-MIC of ciprofloxacin in the development of rifampin resistance
in methicillin-susceptible S. aureus (MSSA) and MRSA strains. Ciprofloxacin induced higher
frequencies of rifampin-resistant mutants. A significant proportion of these mutants exhibited
in-frame deletions or insertions in the rpoB gene at several positions, while those mutants
from ciprofloxacin-free cultures essentially showed single-amino-acid substitutions [27].

2.3. Induction of SOS increases the frequency of small colony variants in Staphylococcus
aureus

Recently, the activation of SOS response was linked with the enhanced incidence of small
colony variants (SCVs) in S. aureus [11, 23]. S. aureus SCVs are marked by small colony with
slow growth phenotype, which is associated with intracellular persistence and reduced anti-
microbial susceptibility [38]. S. aureus switch to SCVs phenotype under the pressure of stress
elicitors such as oxidative stress [11], cold stress [39], and drug treatment [23]. SCVs are fre-
quently associated with latent or chronic infections, including device-associated infections,
bone and tissue infections, and airway infections of cystic fibrosis patients [40].

S. aureus SCVs present mutations in one or few genes related to metabolic pathways result-
ing in atypical biochemical characteristics [41]. The nature of these mutations is directly
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related to the antibiotic resistance profile exhibited by the SCVs. Resistance to trimethoprim-
sulfamethoxazole has been associated to alteration on thyA gene, which encodes thymidylate
synthase [42, 43]. This enzyme is essential for DNA biosynthesis as it converts deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate (dTMP). Diminished concentra-
tions of intracellular dTMP lead to thymidine-dependent SCVs phenotypes (TD-SCVs), which
is associated to trimethoprim-sulfamethoxazole resistance and hypermutability [44, 45].

On the other hand, mutations in genes related to menadione or hemin synthesis result in
electron transport-defective strains as bacteria are unable to produce menaquinone and cyto-
chromes, respectively [46, 47]. SCVs auxotrophic for menadione or hemin are resistance to
aminoglycosides (such as gentamicin) due to a decrease in drug uptake [48]. Fluoroquinolones
and mitomycin C Sub-MIC increased the generation of gentamicin-resistant SCVs with an
increased mutation rate through activation of the SOS response [23]. The SOS response is also
essential for the adaptation of S. aureus to oxidative stress, in this case by producing hydrogen
peroxide-resistant SCVs [11].

3. New compounds able to modulate the SOS response in Staphylococcus
aureus

Given the role of SOS response in S. aureus survival and pathogenesis, the effects of new anti-
microbial candidates on SOS genes have become more frequently evaluated, especially those
which target DNA structure or DNA replication machinery [49, 50]. Gottschalk et al. [49]
reported an easy and inexpensive agar-based assay to detect the expression of recA induced
by a compound. In this assay, a S. aureus 8325-4 derivative strain carrying the recA gene fused
with the reporter gene lacZ (which encodes for [3-galactosidase) is incorporated in agar plates
containing X-Gal (5-bromo-4-f3 chloro-3-indolyl-D-galactopyranoside). X-gal is a chromo-
genic substrate for 3-galactosidase that produces a rich blue color that can easily be detected
visually. The compound to be tested should be added in wells in these agar plates and the
expression of recA is monitored as a blue ring at the point of bacterial growth. Using this
assay, the ability of some compound to active SOS response was revealed, such as the lysine-
peptoid hybrid LP5 [49], some cyclic peptide inhibitors of the p-sliding clamp [50], and the
amphibian peptide fallaxin analogue FL9 [51]. The induction of SOS response was also related
to the anti-S. aureus action of new synthetic bis-indole antibiotics [52]. All these compounds
inhibit the DNA replication of S. aureus.

Special attention has been given to the use of SOS inhibitors as therapeutic adjuvants in com-
bating bacterial infections. These approaches involve inhibiting the SOS-mediated mutagen-
esis induced by drugs and thus improving their long-term viability. In these cases, LexA
and RecA represent potential targets [53, 54]. In fact, the number of SOS inhibitors is still
limited and most of the studies use E. coli as model [55, 56]. Regarding the suppression of
SOS response in S. aureus, a study showed baicalein as a potential compound. Baicalein is
the main component of the Chinese herb Scutellaria baicalensis Georgi (Labiatae), which
shows anti-S. aureus and antioxidant activities [57, 58]. Baicalein inhibited the expression
of some SOS genes (recA, lexA, and LexA-regulated DNA polymerase SACOL1400) and the
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rifampin-resistant mutation ratio induced by Sub-MIC of ciprofloxacin. The authors corre-
lated these effects in SOS response with a decrease in the formation of intracellular reactive
oxygen species and ATP level after baicalein treatment [59].

In a later study, the effects of novobiocin in the SOS response induced by ciprofloxacin were
evaluated. Novobiocin is an aminocoumarin, a class of antibiotics that interferes with ATPase
activity of the gyrase subunit B and the topoisomerase IV subunit ParE without inducing
double-strand breaks [60-62]. Differently from quinolones, aminocoumarin treatment does
not activate SOS response. In fact, novobiocin inhibited the recA expression in a LexA-
independent manner. Novobiocin was also able to suppress the SOS response induced by cip-
rofloxacin: it inhibited recA expression and partially reduced the induction of the error-prone
polymerase umuC (regulated by LexA). These effects resulted in a reduction in the frequency
of recombination, mutation, and the formation of nonhemolytic variants [20].

The concept that SOS response is a potential target was additionally explored using antimicro-
bial photoinactivation. Antimicrobial photodynamic therapy (aPDT) is a promising strategy
for the treatment of localized infections, such as acne inflammation [63], periodontal, and peri-
implant diseases [64]. aPDT consists in the use of three elements (photosensitizer agent, visible
light, and oxygen), where the damage of different bacterial structures (cell envelopes, lipids,
proteins, and DNA) would avoid the development of resistance [65]. The role of DNA dam-
age and SOS response during photoinactivation was recently established. Different exogenous
photosensitizers induced DNA damage and consequently the expression of recA. The repres-
sion of recA by novobiocin or gene deletion resulted in additional susceptibility of S. aureus
toward photoinactivation through increase of DNA damage. These results suggested that the
combination of recA inhibitors and photoinactivation could have a clinical relevance [66].

SOS response in E. coli has been shown to be regulated by ribonuclease E (RNase E), an
enzyme involved in RNA metabolism (global mRNA degradation, maturation of rRNA, and
small regulatory RNA) [67]. RNase E deficient strains exhibit a reduction in SOS activation,
revealing that RNase E inhibitors could be possibly used as drug adjuvants [68]. Although
RNase E orthologs have been identified in a range of other bacteria and in bacteria and chloro-
plasts [69, 70], RNA turnover is not regulated by an RNase E ortholog protein in S. aureus [70].
Instead, S. aureus has an mRNA degradosome complex formed by diverse proteins, including
RNase enzymes (RNase J1, RNase ]2, RNase Y, and RnpA), enolase, phosphofructokinase,
polynucleotide phosphorylase (PNPase), and DEAD box RNA helicase. RnpA, a component
of this complex, has been reported as a target to inhibit bacterial survival and pathogene-
sis [70, 71]. However, the role of mRNA degradosome complex in SOS response regulation
remains to be elucidated in this pathogen.

4. Conclusion
The SOS response is an essential pathway for S. aureus survival and pathogenesis. This

mechanism is activated by different stress situations (such as environmental alteration, drug,
and toxins treatment), which lead to mutagenesis, phenotypical alterations, and spread of
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virulence factors. All these consequences of SOS activation are important to pathogen dissem-
ination and treatment failure. SOS proteins are potential target for therapies, especially those
using quinolones and RecA/LexA inhibitors. These studies have shown that SOS inhibitors
are able to decrease drug-induced mutagenesis in S. aureus. We hope that more researches
will be performed in the future to identify more compounds that are able to modulate SOS
response, as well as deeper in vivo studies to establish the clinical relevance of them.

Author details

Luis Claudio Nascimento da Silva® *, Roseane Costa Diniz!, Isana Maria de Souza Feitosa
Lima', Camilla Itapary dos Santos', Matheus Silva Alves!, Larissa Isabela Oliveira de Souza?
and Andrea de Souza Monteiro'

*Address all correspondence to: luisclaudionsilva@yahoo.com.br
1 Ceuma University, Sao Luis, MA, Brazil

2 Research Center Aggeu Magalhaes, Recife, PE, Brazil

References

[1] Jessica MAB, Mark AW, Alison JB, David OO, Laura JVP. Molecular mechanisms of
antibiotic resistance. Nature Reviews Microbiology. 2015;13(1):42—51. DOI: 10.1038/
nrmicro3380

[2] DamienR, et al. Fitness cost of antibiotic susceptibility during bacterial infection. Science
Translational Medicine. 2015;7(297):297ra114. DOI: 10.1126/scitranslmed.aab1621

[3] Asher B, Ofer F, Orit G, Nathalie QB. Distinguishing between resistance, tolerance and
persistence to antibiotic treatment. Nature Reviews Microbiology. 2016,;14(5):320-330.
DOI: 10.1038/nrmicro.2016.34

[4] World Health Organization. Antimicrobial resistance: global report on surveillance.
World Health Organization; Geneva, Switzerland, 2014. 257 p. DOI: http://www.who.
int/drugresistance/documents/surveillancereport/en/

[5] Oliver W, et al. Colonisation with multidrug-resistant bacteria is associated with
increased mortality in patients with cirrhosis. Gut. 2015;64(7):1183-1184. DOI: 10.1136/
gutjnl-2014-309104

[6] Antoine G, et al. Costs and benefits of high mutation rates: adaptive evolution of bacteria
in the mouse gut. Science. 2001;291(5513):2606—2608. DOI: 10.1126/science.1056421

[7] Clara Torres-Barceld, et al. The SOS response increases bacterial fitness, but not evolv-
ability, under a sublethal dose of antibiotic. Proceedings of the Royal Society Biological
Sciences. 2015;282:1816. DOI: 10.1098/rspb.2015.0885

101



102 The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

8]

%]

[10]

(11]

[12]

[13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

Zeynep B, Didier M. SOS, the formidable strategy of bacteria against aggres-
sions. FEMS Microbiology Reviews. 2014;38(6):1126-1145. DOI: http://dx.doi.
org/10.1111/1574-6976.12077

Ryan TC, et al. Complete and SOS-mediated response of Staphylococcus aureus to the
antibiotic ciprofloxacin. Journal of Bacteriology. 2007;189(2):531-539. DOI: 10.1128/
JB.01464-06

Steve PB, et al. Starvation, together with the SOS response, mediates high biofilm-
specific tolerance to the fluoroquinoloneofloxacin. PLoS Genetics. 2013;9(1):e1003144.
DOI: 10.1371/journal. pgen.1003144

Kimberley LP, et al. Staphylococcus aureus adapts to oxidative stress by producing
H,O,-resistant small-colony variants via the SOS response. Infection and Immunity.
2015;83(5):1830-1844. DOL: 10.1128/IA1.03016-14

Didier H, et al. Evidence for induction of integron-based antibiotic resistance by the SOS
response in a clinical setting. PLoS Pathogens. 2012;8(6):1002778. DOI: 10.1371/journal.
ppat.1002778

Hongan L, et al. Antibiotic treatment enhances the genome-wide mutation rate of target
cells. Proceedings of the National Academy of Sciences. 2016;113(18):E2498-E2505. DOI:
10.1073/pnas.1601208113

Kelsi LA, et al. Characterization of the Staphylococcus aureusheat shock, cold shock,
stringent, and sos responses and their effects on log-phase mRNA turnover. Journal of
Bacteriology. 2006;188(19):6739-6756. DOIL: 10.1128/]B.00609-06

Justin C, et al. Comparative gene expression profiles following UV exposure in wild-
type and SOS-deficient Escherichia coli. Genetics. 2001;158(1):41-64. DOIL: http://www.
genetics.org/content/158/1/41.long

Bénédicte M. After 30 years of study, the bacterial SOS response still surprises us. PLoS
Biology. 2005;3(7):€255. DOI: 10.1371/journal.pbio.0030255

Katharina S, Phuong P, Michael MC, Myron F. Goodman. Roles of DNA polymerase V
and RecA protein in SOS damage-induced mutation. Chemical Reviews. 2006;106(2):406—
419. DOI: 10.1021/cr0404951

Celina J. Inducible SOS response system of DNA repair and mutagenesis in Escherichia
coli. International Journal of Biological Sciences. 2008;4(6):338-344. DOI: 10.7150/
ijbs.4.338

Alexi IG, et al. Characterization of the global transcriptional responses to different types
of DNA damage and disruption of replication in Bacillus subtilis. Journal of Bacteriology.
2006;188(15):5595-5605. DOI: 10.1128/JB.00342-06

Wiebke S, Christiane G, Christiane W. Opposing effects of aminocoumarins and fluo-
roquinolones on the SOS response and adaptability in Staphylococcus aureus. Journal of
Antimicrobial Chemotherapy. 2013;68(3):529-538. DOI: 10.1093/jac/dks456



[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

(32]

SOS Response and Staphylococcus aureus: Implications for Drug Development
http://dx.doi.org/10.5772/65960

Arabela C, Konrad P, Adriana ER. Development of homogeneous expression of resis-
tance in methicillin-resistant Staphylococcus aureus clinical strains is functionally associ-
ated with a B-lactam-mediated SOS response. Journal of Antimicrobial Chemotherapy.
2009;64(1):37—-45. DOL: 10.1093/jac/dkp164

Ubeda C, Maiques E, Knecht, E, Lasa [, Novick RP, Penadés JR. Antibiotic-induced
SOS response promotes horizontal dissemination of pathogenicity island-encoded
virulence factors in staphylococci. Molecular Microbiology. 2005;56(3):836-844. DOI:
10.1111/j.1365-2958.2005.04584.x

Martin V, Wilhelm P, Hanne I. Activation of the SOS response increases the fre-
quency of small colony variants. BMC Research Notes. 2015;8(749):1. DOI: 10.1186/
s13104-015-1735-2

Elisa M, et al. -Lactam antibiotics induce the sos response and horizontal transfer of
virulence factors in Staphylococcus aureus. Journal of Bacteriology. 2006;188(7):2726-2729.
DOI: 10.1128/]B.188.7.2726-2729.2006

Christiane G, Johanna K, Christiane W. Ciprofloxacin and trimethoprim cause phage
induction and virulence modulation in Staphylococcus aureus. Antimicrobial Agents and
Chemotherapy. 2006;50(1):171-177. DOI: 10.1128/AAC.50.1.171-177.2006

Pierre T, Li B, Henry FC . Subinhibitory fluoroquinolone exposure selects for reduced
beta-lactam susceptibility in methicillin-resistant Staphylococcus aureus and alterations
in the SOS-mediated response. Research in Microbiology. 2009;160(3):187-192. DOI:
10.1016/j.resmic.2009.03.003

Jean-Philippe D, et al. Impact of ciprofloxacin exposure on Staphylococcus aureusgenomic
alterations linked with emergence of rifampin resistance. Antimicrobial Agents and
Chemotherapy. 2011;55(5):1946-1952. DOI: 10.1128/AAC.01407-10

Richard PN, Gail EC, Jose RP. The phage-related chromosomal islands of Gram-positive
bacteria. Nature Reviews Microbiology. 2010;8:541-551. DOI: 10.1038/nrmicro2393

Carles U, Marfa AT-M, José RP, Richard PN. Structure—function analysis of the SaPIbov1
replication origin in Staphylococcus aureus. Plasmid. 2012;67(2):183-190. DOL: 10.1016/j.
plasmid.2012.01.006

Douglas RD, Bryan U, Vincent AFi. Uncovering novel mobile genetic elements and
their dynamics through an extra-chromosomal sequencing approach. Mobile Genetics
Elements. 2016;6(4):e1189987 . DOI: 10.1080/2159256X.2016.1189987

Lena T, Olaf S, Dominique M. Pathogenesis of Staphylococcus aureus blood stream infec-
tions. Annual Review of Pathology: Mechanisms of Disease. 2016;11:343-364 . DOL:
10.1146/annurev-pathol-012615-044351

Zhongyi C, Thanh TL, Chia YL. The sbcDC locus mediates repression of type 5 capsule
production as part of the SOS response in Staphylococcus aureus. Journal of bacteriology.
2007,189:343-7350. DOI: 1 0.1128/]B.01079-07

103



104  The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

[33]

[34]

(35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Chia Y L, Jean CL. Staphylococcal Capsule. In: Vicent AF, et al., editor. Gram-Positive
Pathogens. 2nd ed. Washington, DC: American Society for Microbiology; 2006.
pp. 456-457. DOI: 10.1128/9781555816513.ch37

Ivan AG, et al. Synthesis of Staphylococcus aureus type 5 trisaccharide repeating unit:
solving the problem of lactamization. Organic Letters. 2015;17(4):928-931. DOI: 10.1021/
acs.orglett.5b00031

Thanh TL, Chia YL. The arl locus positively regulates Staphylococcus aureus type 5 cap-
sule via an mgrA-dependent pathway. Microbiology. 2006;152(10):3123-3131. DOI:
10.1099/mic.0.29177-0

Carmelo B, et al. Induction of fibronectin-binding proteins and increased adhesion
of quinolone-resistant Staphylococcus aureus by subinhibitory levels of ciprofloxa-
cin. Antimicrobial Agents and Chemotherapy. 2000;44(6):1428-1437. DOI: 10.1128/
AAC.44.6.1428-1437.2000

Richard AV, et al. Selection of high-level oxacillin resistance in heteroresis-
tant Staphylococcus aureus by fluoroquinolone exposure. Journal of Antimicrobial
Chemotherapy. 2001;48(3):375-381. DOI: 10.1093/jac/48.3.375

Richard AP, et al. Small colony variants: a pathogenic form of bacteria that facilitates
persistent and recurrent infections. Nature Reviews Microbiology. 2006,4:295-305. DOI:
10.1038/nrmicro1384

Mousa MA, et al. Metabolomic and proteomic responses of Staphylococcus aureus
to prolonged cold stress. Journal of Proteomics. 2015;121:44-55. DOI: 10.1016/;.
jprot.2015.03.010

Kahl BC, Becker K, Loffler B. Clinical significance and pathogenesis of staphylococ-
cal small colony variants in persistent infections. Clinical Microbiology Reviews.
2016;29(2):401-427. DOI: 10.1128/CMR.00069-15

Kahl BC. Small colony variants (SCVs) of Staphylococcus aureus—a bacterial sur-
vival strategy. Infection, Genetics and Evolution. 2014;21:515-522. DOI: 10.1016/;.
meegid.2013.05.016

Besier S, Ludwig A, Ohlsen K, Brade V, Wichelhaus TA. Molecular analysis of the thymi-
dine-auxotrophic small colony variant phenotype of Staphylococcus aureus. International
Journal of Medical Microbiology. 2007;297:217-225. DOI: 10.1016/j.ijmm.2007.02.003

Chatterjee I, Kriegeskorte A, Fischer A, Deiwick S, Theimann N, Proctor RA, Peters G,
Herrmann M, Kahl BC. In vivo mutations of thymidylate synthase (thyA) are respon-
sible for thymidine dependency in clinical small-colony variants of Staphylococcus aureus.
Journal of Bacteriology. 2008;190:834-842. DOI: 10.1128/]B.00912-07

Zander ], Besier S, Saum SH, Dehghani F, Loitsch S, Brade V, Wichelhaus TA. Influence
of dTMP on the phenotypic appearance and intracellular persistence of Staphylococcus
aureus. Infection and Immunity. 2008;76:1333-1339. DOI: 10.1128/1A1.01075-07



[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

SOS Response and Staphylococcus aureus: Implications for Drug Development
http://dx.doi.org/10.5772/65960

Besier S, Zander ], Kahl BC, Kraiczy P, Brade V, Wichelhaus TA. The thymidine-
dependent small-colony-variant phenotype is associated with hypermutability and
antibiotic resistance in clinical Staphylococcus aureus isolates. Antimicrobial Agents and
Chemotherapy. 2008;52:2183-2189. DOI: 10.1128/AAC.01395-07

McNamara PJ, Proctor RA. Staphylococcus aureus small colony variants, electron
transport and persistent infections. International Journal of Antimicrobial Agents.
2000;14:117-122.

Lannergard ], von Eiff C, Sander G, Cordes T, Seggewiss ], Peters G, Proctor RA,
Becker K, Hughes D. Identification of the genetic basis for clinical menadione-auxotro-
phic small-colony variant isolates of Staphylococcus aureus. Antimicrobial Agents and
Chemotherapy. 2008;52:4017-4022. DOI: 10.1128/AAC.00668-08.

Dean MA, Olsen R]J, Long SW, Rosato AE, Musser JM. Identification of point muta-
tions in clinical Staphylococcus aureusstrains that produce small-colony variants auxo-
trophic for menadione. Infection and Immunity. 2014;82:1600-1605. DOI: 10.1128/
T1AI1.01487-1.

Gottschalk S, Ifrah D, Lerche S, Gottlieb CT, Cohn MT, Hiasa H, Hansen PR, Gram L,
Ingmer H, Thomsen LE. The antimicrobial lysine-peptoid hybrid LP5 inhibits DNA
replication and induces the SOS response in Staphylococcus aureus. BMC Microbiology.
2013;13(192):1-8. DOI: 10.1186/1471-2180-13-192

Kjelstrup S, Hansen PM, Thomsen LE, Hansen PR, Lobner-Olesen A. Cyclic peptide
inhibitors of the 3-sliding clamp in Staphylococcus aureus. PLoS One. 2013;8(9):e72273.
DOI: 10.1371/journal.pone.0072273

Gottschalk S, Gottlieb CT, Vestergaard M, Hansen PR, Gram L, Ingmer H, Thomsen LE.
Amphibian antimicrobial peptide fallaxin analogue FL9 affects virulence gene expres-
sion and DNA replication in Staphylococcus aureus. Journal of Medical Microbiology.
2015;64:1504-1513. DOI: 10.1099/jmm.0.000177

Opperman TJ, Kwasny SM, Li JB, Lewis MA, Aiello D, Williams JD, Peet NP, Moir DT,
Bowlin TL, Long EC. DNA targeting as a likely mechanism underlying the antibacterial
activity of synthetic Bis-indole Antibiotics. Antimicrobial Agents and Chemotherapy.
2016; DOI: 10.1128/AAC.00309-16

CulybaM]J, Mo CY, Kohli RM. Targets for combating the evolution of acquired antibiotic
resistance. Biochemistry. 2015;54(23):3573-3582. DOI: 10.1021/acs.biochem.5b00109

Mo CY, Manning SA, Roggiani M, Culyba MJ, Samuels AN, Sniegowski PD, Goulian
M, Kohli RM. Systematically altering bacterial SOS activity under stress reveals
therapeutic strategies for potentiating antibiotics. mSphere. 2016;1(4). DOI: 10.1128/
mSphere.00163-16

Sexton JZ, Wigle TJ, He Q, Hughes MA, Smith GR, Singleton SF, Williams AL, Yeh
LA. Novel inhibitors of E. coli RecA ATPase activity. Current Chemical Genomics and
Translational Medicine. 2010;4:34—42. DOI: 10.2174/1875397301004010034

105



106  The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

Peterson EJ, Janzen WP, Kireev D. Singleton SF high-throughput screening for RecA
inhibitors using a transcreener adenosine 5-O-diphosphate assay. ASSAY and Drug
Development Technologies. 2012;10(3):260-268. DOI: 10.1089/adt.2011.0409

Fujita M, Shiota S, Kuroda T, Hatano T, Yoshida T, Mizushima T, Tsuchiya T.
Remarkable synergies between baicalein and tetracycline, and baicalein and -lactams
against methicillin-resistant Staphylococcus aureus. Microbiology and Immunology.
2005;49(4):391-396. DOI: 10.1111/j.1348-0421.2005.tb03732.x

Sahu BD, Kumar JM, Kuncha M, Borkar RM, Srinivas R, Sistla R. Baicalein alleviates
doxorubicin-induced cardiotoxicity via suppression of myocardial oxidative stress and
apoptosis in mice. Life Sciences. 2016;144(1):8-18. DOI: 10.1016/;.1fs.2015.11.018

Peng Q, Zhou S, Yao F, Hou B, Huang Y, Hua D, Zheng Y, Qian Y. Baicalein suppresses
the SOS response system of Staphylococcus aureus induced by ciprofloxacin. Cellular
Physiology and Biochemistry. 2011;28(5):1045-1050 . DOI: 10.1159/000335791

Alt S, Mitchenall LA, Maxwell A, Heide L. Inhibition of DNA gyrase and DNA topoi-
somerase IV of Staphylococcus aureus and Escherichia coli by aminocoumarin antibiotics.
Journal of Antimicrobial Chemotherapy. 2011;66(9):2061-2069. DOI: 10.1093/jac/dkr247

Schréder W, Bernhardt J, Marincola G, Klein-Hitpass L, Herbig A, Krupp G, Nieselt K,
Wolz C. Altering gene expression by aminocoumarins: the role of DNA supercoiling in
Staphylococcus aureus. BMC Genomics. 2014;15;291. DOI:10.1186/1471-2164-15-291

Heide L. New aminocoumarin antibiotics as gyrase inhibitors. International Journal of
Medical Microbiology. 2014;304(1):31-36. DOI: 10.1016/j.ijmm.2013.08.013

Jeon YM, Lee HS, Jeong D, Oh HK, Ra KH, Lee MY. Antimicrobial photodynamic
therapy using chlorin e6 with halogen light for acne bacteria-induced inflammation.
Life Sciences. 2015;124:56-63. DOI: 10.1016/j.1fs.2014.12.029

Al Habashneh R, Asa'ad FA, Khader Y. Photodynamic therapy in periodontal and peri-
implant diseases. Quintessence International. 2015;46:677-690. DOI: 10.3290/j.qi.a34078.

Almeida A, Faustino MA, Tomé JP. Photodynamic inactivation of bacteria: finding
the effective targets. Future Medicinal Chemistry. 2015;7(10):1221-1224. DOI: 10.4155/
fmc.15.59

Grinholc M, Rodziewicz A, Forys K, Rapacka-Zdonczyk A, Kawiak A, Domachowska
A, Golunski G, Wolz C, Mesak L, Becker K, Bielawski KP. Fine-tuning recA expres-
sion in Staphylococcus aureus for antimicrobial photoinactivation: importance of photo-
induced DNA damage in the photoinactivation mechanism. Applied Microbiology and
Biotechnology. 2015;99(21):9161-9176. DOI: 10.1007/s00253-015-6863-z

Mildenhall KB, Wiese N, Chung D, Maples VF, Mohanty BK, Kushner SR. RNase E-based
degradosome modulates polyadenylation of mRNAs after Rho-independent transcrip-
tion terminators in Escherichia coli. Molecular Microbiology. 2016,101(4):645-655. DOI:
10.1111/mmi.13413.



[68]

[69]

[70]

(71]

SOS Response and Staphylococcus aureus: Implications for Drug Development
http://dx.doi.org/10.5772/65960

Manasherob R, Miller C, Kim KS, Cohen SN. Ribonuclease E modulation of the bacterial
SOS response. Plos One. 2012;7(6):e38426. DOI: 10.1371/journal.pone.0038426.

Ait-Bara S, Carpousis AJ]. RNA degradosomes in bacteria and chloroplasts: classifi-
cation, distribution and evolution of RNase E homologs. Molecular Microbiology.
2015;97(6):1021-1135. DOI: 10.1111/mmi.13095

Eidem TM, Lounsbury N, Emery JF, Bulger J, Smith A, Abou-Gharbia M, Childers W,
Dunman PM. Small-molecule inhibitors of Staphylococcus aureusRnpA-mediated
RNA turnover and tRNA processing. Antimicrobial Agents and Chemotherapy.
2015;59(4):2016-2028. DOI: 10.1128/AAC.04352-14

Olson PD, Kuechenmeister L], Anderson KL, Daily S, Beenken KE, Roux CM,
Reniere ML, Lewis TL, Weiss W], Pulse M, Nguyen P, Simecka JW, Morrison M,
Sayood K, Asojo OA, Smeltzer MS, Skaar EP, Dunman PM. Small molecule inhibi-
tors of Staphylococcus aureus RnpA alter cellular mRNA turnover, exhibit antimicro-
bial activity, and attenuate pathogenesis. PLoS Pathogens. 2011;7(2): e1001287. DOI:
10.1371/journal.ppat.1001287.

107






Chapter 7

Antimicrobial Activity of Chitosan Membranes against

Staphylococcus aureus of Clinical Origin

Ana A. Escarcega-Galaz, Jaime Lopez-Cervantes,
Dalia I. Sdnchez-Machado, Olga R. Brito-Zurita and
Olga N. Campas-Baypoli

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/65980

Abstract

Healthy human skin has beneficial microflora and many pathogens causing infections.
Staphylococcus aureus is the most prevalent and can have multiresistance to antibiotics.
Chitosan is a polysaccharide composed of glucosamine and N-acetyl-D-glucosamine,
which is biodegradable and has antimicrobial activity. As part of a national scientific
research project for the developmentand application of biomaterials, we decided tostudy
the effect of different membranes based on chitosan against strains of S. aureus isolated
from infected ulcers. The study found that seven of nine strains of S. aureus are sensitive
to rifampin and the least eight of nine strains were multiresistant to more than ten
antibiotics. Allchitosan-based membranesconfirmitsantimicrobialeffectondirectcontact
with anincreaseinits diameter. The contact area of the membranes is increased according
to the concentration of chitosan. The highest average area increase was the chitosan
membranes with honey and glycerin, 88.32%. Chitosan membranes have shown their
effectivenessagainst S. aureus strains of clinical origin. Thus, these materials canbe applied
for the treatment of chronic ulcers without toxic hazards and resistance caused by
antibiotics.

Keywords: chitosan, antimicrobial membranes, ulcer, biomaterials, pathogens

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) X N



110  The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

1. Introduction

Staphylococcus aureus is an infectious microorganism that can be both community- and hospital-
acquired. Among the microorganisms causing nosocomial infections, it is second in prevalence
(10.6%) of infection in surgical areas, intensive care, and pediatric areas [1, 2]. Similarly, this
Gram-positive pathogen is the infectious agent in a broad spectrum of diseases from skin
abscesses, dermatitis, surgical wounds, bacteremia, and osteomyelitis. The antimicrobial
treatmentof S. aureusinfectionshasbecomemore complicated by theincrease ofabroad spectrum
of antibiotics and the development of resistant strains.

Chitosan is a cationic linear polysaccharide composed of glucosamine and N-acetyl glucosa-
mine units linked by (3 (1-4) glucoside bonds [3]. This polymer is biodegradable and has
antimicrobial activity against S. aureus, Escherichia coli, Salmonella typhimurium, and fungi [4].
The antimicrobial effect of chitosan is attributed to positive charges of the polymer chain. Thus,
by increasing the amount of amino groups protonated, antimicrobial activity is enhanced by
affecting the permeability of the bacterial cell wall. Due to its antimicrobial activity, it has been
used in food preservation as antimicrobial coating of bread, fruit, vegetables, eggs, and various
meat products. Because of their lack of toxicity and allergenicity, chitosan is a biomaterial with
pharmaceutical and medical applications. Thus, chitosan has been used in health care products
such as curing agent, dressings, skin grafts [3], hemostat, and drug carrier [5]. These bioma-
terials can be prepared in the form of hydrogels, membranes, and sponges.

The skin surface is characterized by a slightly acidic pH that favors the development of some
bacteria [6]. However, in an open wound, within the first 24-48 h can be found Streptococcus,
S. aureus, and Pseudomonas aeruginosa and then, between days 5 and 7, the bacteria found were
Klebsiella and Escherichia coli [7].

Skin infections affect the epidermis, subcutaneous tissue, and muscle. Some of them require
hospital admission for antimicrobial or surgical treatment. Depending on their severity, they
have been associated with increased hospital stays and medical costs because traditional
antibiotic treatments require long periods [8]. An alternative to antibiotics is curing materials
with bioactive components. These dressings should ideally maintain a moist environment, act
as antimicrobials to prevent secondary infections, remove exudate, and promote tissue
regeneration [9, 10] One group evaluated the antimicrobial action of cotton textile impregnated
with chitosan against bacteria isolated from the skin and found that chitosans of low- and high-
molecular weight showed effective inhibition of S. aureus [11]. Another studied the effect of
chitosan in antimicrobial ultrastructural organization of clinical S. aureus strains and found
changes in its cell and cytoplasmic membrane. Similarly, Woo et al. [12] developed a bilayer
scaffold from chitosan with TiO, that showed high reduction in viable S. aureus. To our
knowledge, there are no studies on the application of chitosan membranes against S. aureus
isolated from infected ulcers of the patients hospitalized. This chapter deals with the prepa-
ration and evaluation of the effect of different membranes based on chitosan against S. aureus
strains of clinical origin. All chitosan membranes were prepared by solvent evaporation and
the antimicrobial activity was evaluated by the agar diffusion technique.
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2. Experimentation

2.1. Chitosan

Chitosan was obtained by thermo-alkaline hydrolysis of chitin, which was recovered by lactic
fermentation of shrimp waste. The chitin was demineralized (0.1 M HCl at 25°C for 4 h) and
deproteinized (4.5% NaOH at 65°C for 4 h). Afterward, purified chitin was deacetylated (40%
NaOH at 110°C for 2 h) to obtain chitosan, according to reported methodologies [13]. Chitosan
was washed until a neutral pH was reached and dried at 50°C. The purity of the chitosan was
verified based on its moisture and ash content by method given in reference [14].

Degree of deacetylation of chitosan was determined by a spectrophotometric method reported
by Liu et al. [15]. Briefly, two standard solutions were prepared; D-glucosamine (7.49 mM) and
N-acetylglucosamine (0.49 mM), from these, working solutions were prepared to obtain a 12-
point line of different concentrations. The absorbance of the standard solutions and samples
were read at 201 nm in a UV-Vis spectrophotometer (Genesys 10 UV, Madison, 1A, USA).
Finally, the degree of deacetylation was calculated with the following equation, %DD = (161.1
x A xV —0.0218m)/(3.361m — 42.1 x A x V), where, A is the absorbance of the sample, V is the
volume of dilution, and m is the amount of sample in mg.

The molecular weight of chitosan was determined as proposed by Solis et al. [16], based on the
intrinsic viscosity, according to Mark-Houwink’s equation n = KM,*. Where, the reported
values of K and a for chitosan in HAc 0.3 M and NaAc 0.2 M at 30°C are 0.074 and 0.76 mg,
respectively. An Ubbelohde capillary viscometer immersed in water bath at 30 + 0.01°C was
used. The falling time of solvent (¢,) and of five polymer solutions of known concentrations
() was measured.

Chitosan was identified by Fourier Transform Infrared Spectroscopy (FTIR) according to the
methodology given in reference [17], with some modifications. The spectral resolution was
of 4 cm™ with 64 scans in a range of 600—4000 cm™ using a Thermo Scientific (Nicolet5s,
Madison, IA, USA) infrared spectrometer.

2.2. Chitosan membranes

Six chitosan based formulations using 1% acetic acid were prepared. Three pure chitosan
solutions (1, 2, and 3%), another of 2% chitosan with glycerin (five drops per 100 ml) and
two more solutions of 2% chitosan using honey (95:5, v/v) with and without glycerin. For
the last two solutions, honey was diluted in distilled water (80:20, v/v) and homogenized by
stirring.

All chitosan membranes were prepared by solvent evaporation. For this, solutions of each
formulation were poured into polypropylene plates (10 ml in each mold) and dried at 40°C for
24 h in an oven (Felisa, Zapopan, Jalisco, Mexico). Lastly, the films were removed from the
mold and stored in sterile plastic bags until use.
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2.3. Collection and conservation of the sample

Between June and December 2015, a descriptive and cross-sectional study was conducted in
order to evaluate the effect of chitosan membranes against S. aureus strains isolated from skin
ulcers. Patients and involved personnel confirmed their participation by giving their consent.

The samples were obtained from the center of the ulcer by a medical epidemiologist. For this,
a Stuart medium swab collection system (COPAN Transystem, Brescia, Italy) was used. The
labeled samples were transported in a container to a certified microbiology laboratory for
processing within the same hour.

2.4. Phenotypic identification and sensitivity tests

For microbial isolation and identification, the samples were inoculated by cross-streaking on
MacConkey agar for Gram-negative bacterium and trypticase soy agar (TSA) for culture
collection. Mannitol salt agar was used for Gram-positive bacterium and Biggy agar for fungi
inoculated by streaking. Next, the plates were incubated at 37°C for bacteria and 30°C for fungi
for 24 h. Later, macroscopic characteristics of colony-forming units (CFU) were analyzed.

For the identification of microorganisms, a broth microdilution method was used, with an
inoculation Prompt™ system precision wand. Isolated colonies were emulsified in Prompt™
innoculation bottles for an equivalent concentration of 0.08 with the McFarland standard. Next,
100 ul per well were deposited in the SIEMENS microplates from a MicroScan RENOK panel
which was incubated at 37°C for 24 h. Specifically, type 33 plates (B1017-211) were used for
Gram-positive bacteria and type 44 (B1017-305) for Gram-negative bacteria. Later, each plate
was read for the identification of studied microorganisms using a LabPro Command Center
software. Antibiotic sensitivity was performed simultaneously with phenotypic identification
using a RENOK MicroScan panel. The MIC (Minimum Inhibitory Concentration) was deter-
mined according to the CLSI (Clinical and Laboratory Standards Institute) criteria for each
antibiotic. The studied antibiotics were oxacillin, gentamicin, tetracycline, daptomycin,
ampicillin, erythromycin, penicillin, nitrofurantoin, vancomycin, levofloxacin, moxifloxacin,
ciprofloxacin, linezolid, ceftriaxone, Sinercid, clindamycin, rifampin, amoxicillin/clavulanate
k, trimethoprim/sulfamethoxazole, and ampicillin/sulbactam.

2.5. Sensitivity tests with chitosan membranes

The sensitivity test for S. aureus was performed by Kirby-Bauer’s agar diffusion method [18].
From each of the identified bacterial isolates a micro-dilution was prepared in Prompt™
inoculation bottle. Afterward, plates with Muller Hinton agar were inoculated with a sterile
swab and dispersed by streaking.

Chitosan based membranes were cut into 16 mm diameter discs and placed in triplicate on the
inoculated agar with sterile forceps, ensuring direct contact between both surfaces. Each agar
also included two blank controls that consisted of Whatman # 1 paper; one was impregnated
with 1% acetic acid and the other with 0.9% sodium chloride. Plates were incubated at 37°C
for 24 h. Lastly, the antimicrobial effect of chitosan was evident by observing the existence of
inhibition zones below the membranes and inhibition halos around each membrane.
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3. Results and discussion

3.1. Chitosan characterization

The ash content of chitosan is an indication of its purity. For chitosan with 9.42 +0.07% moisture,
the average ash contents are 0.37 + 0.02%. The range of ash content is 0.08% for langoustine
obtained chitosan [19] and 4.0% to crab obtained chitosan [20], whereas for chitosan obtained
from shrimp, the range is from 0.070 [21] to 0.832% [22]. Variations in ash content are due to
the location of origin, as well as the purification and thermos-alkaline hydrolysis of chitin.

The molecular weight of chitosan determines its functional properties and its antimicrobial
activity. This study found that the average molecular weight of chitosan was 119.48 kDa,
estimated based on the intrinsic viscosity. With this value, chitosan can be classified as a low
molecular weight (50-190 kDa) material. Therefore, the molecular weight is a reflection of the
process conditions used to obtain chitosan from the purification and thermo-alkaline deace-
tylation of chitin. Other investigations have reported molecular weights for shrimp obtained
chitosan of 136 [23], 180 [24], and 1260 kDa [25]. While the values reported for chitosan obtained
from crab shells vary from 1240 [26] to 483 kDa [27]. For fungal chitosan, reports show low
molecular weight, from 41 [24] to 110-150 kDa [25]. Davoodbasha et al. [28] conducted
antimicrobial tests with commercial chitosan 100-300 kDa. Hernandez-Ochoa et al. [29] also
studied the antimicrobial activity of commercial chitosan with different molecular weight (low:
50-190 kDa, medium: 190-310 kDa and high: 310-375 kDa) finding satisfactory results with
the lower molecular weight.

For the degree of deacetylation of chitosan, an average value of 84.59 +0.87% (1 = 6) was found,
similar to that reported in other studies; 85 [30], 82 [31], 83 [20], and 73.52% [32] varying
depending on the source of chitin and the deacetylation conditions. To determine the degree
of deacetylation, a variety of methods have been employed; however, among the most
repetitive are the spectrophotometric and potentiometric methods and FTIR [27]. The degree
of deacetylation has a strong impact on the antimicrobial activity of chitosan, mostly because
its increase raises its solubility. Therefore, a greater number of amino groups with positive
charge can be obtained, which are responsible for interacting with the cell wall charge of
microorganisms [33].

The FTIR technique made it possible to identify the functional groups in the chitosan molecule
(Figure 1). At 881.96 cm™, a characteristic band of the stretching of the glycosidic bond can be
observed; also at 1055.62 and 1028.60 cm™ the stretching of C—O can be seen. It is possible to
observe the bending band N—H of the primary amide formed during deacetylation at 1545.72
cm' and the amine group at 1626.76 cm™. At the position of 2884.84 cm ™ the stretching of C—H
and at 2962.02 cm™ the tense vibration from group C—H can be observed. Ultimately, OH and
N—H were identified at 3274.61 and 3359.51 cm ™, respectively. These results are similar to those
reports given by references [32, 34]. As reported by Shigemasa et al. [35], errors in band
intensity can occurred at positions 1640 and 3450 cm™ due to the effect of water absorption.
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Figure 1. FTIR spectra of powdered chitosan.

3.2. Preparation of chitosan membranes

Dissolved chitosan is capable of forming a membrane due to the evaporation of the solvent, as
well as forming intra and intermolecular hydrogen bonds between the chitosan polymer
chains [36]. Chitosan membranes were prepared using pure chitosan and a mix of chitosan
with glycerin or honey. All membranes were transparent, uniform, and smooth at the surface
and with hard texture when chitosan concentration was increased. Pure chitosan membranes
show a very pale yellow color and membranes containing honey show a brown tone. All
membranes were easily removed from the polyethylene plates with 9.5 cm in diameter, and
thickness depending on the concentration of chitosan, found in the range of 0.0131 + 0.0021
and 0.0339 + 0.0034 mm for 1 % and 3 %, respectively.

3.3. Phenotypic identification of microorganisms

From patients hospitalized for various reasons in a regional hospital located in northwestern
Mexico, 23 infected skin ulcers derived from toes, sacral parts, coccyx, arm, and leg stumps
were analyzed. The age range of the patients was from 43 to 96 years. Among the isolated and
identified strains were S. aureus, Proteus mirabilis, Candida albicans, E. coli, Enterobacter aerogenes,
Morganella morganii, P. aeruginosa, and Klebsiella pneumoniae. From all identified strains nine
(29.03%) were S. aureus. The incidence of S. aureus in ulcers with mild type infection is 80-90%
and in moderate to severe infections, it is 66% [37]. According to Barberan and Farifas [38],
S. aureus has been the cause of 40% of infections in skin and soft tissue [8]. Mention that the
microorganisms with higher incidence in skin lesions and that increase resistance to antibiotics
are E. coli, K. pneumoniae, P. mirabilis, Enterobacter cloacae, Serratia marcescens, M. morganii,
Acinetobacter baumannii, and P. aeruginosa. Barberan and Farifias [38], report that Propionibac-
terium acnes and S. aureus are some of the most common skin pathogens. Figure 2, left, shows
the development of S. aureus on mannitol salt agar, medium that enables the growth of Gram-
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positive bacteria and inhibits the growth of Gram-negative. Figure 2, right, presents a
microplate which includes the identification phase and the antibiogram phase with dilutions
of the antibiotics.

Figure 2. S. aureus growth in mannitol salt agar and microplate for identification with antibiogram.

Antibiogram UD-001 UD-002 UD-020 UD-021 UD-023 UD-024 UD-025 UD-029 UD-030

Oxacillin R>2 5<0.25 5<025 R>2 R>2 R>2 R>2 R>2 R>2
Gentamicin S<4 S<4 S5<4 R>8 R>8 S<4 R>8 S<4 S<4
Tetracycline S<4 S<4 S<4 R>8 R>8 R>8 S<4 S<4 S<4
Daptomycin R>4 R>4 R>4 R>4 R>4 R>4 5<05 R>4 5<05
Ampicillin R>8 R>8 S<2 R>8 R>8 R>8 R>8 R>8 R>8
Erythromycin R>4 R>4 R >4 R>4 R>4 R>4 R>4 R>4 R>4
Penicillin §<0.03 R>8 R>8 R>8 R>8 R>8 R>8 R>8 R>8
Nitrofurantoin R > 64 S$<32 §<32  S<32 R>64 R>64 S<32 S<32 S<32
Vancomycin 5<0.25 5<0.25 R>16 5<025 S<32 R>16 R>16 R>16 R>16
Levofloxacin R>4 S<1 R>4 R>4 R>4 R>4 R>4 R>4 R>4
Moxifloxacin R>4 S$<05 R>4 R>4 R>4 R>4 R>4 R>4 R>4
Ciprofloxacin R>2 S<1 R>4 R>2 R>2 R>2 R>2 R>2 R>2
Linezolid S<1 S<1 R>4 R>4 R>4 S<1 S<1 R>4 R>4
Ceftriaxone R>32 S<8 S<8 S<8 R>32 R>32 R>32 S<8 R>32
Synercid 5<0.5 §<0.5 R>2 R>2 R>2 5<0.5 5<05 S<05 S<05
Clindamycin R>4 5<0.5 5<05 R>4 R>4 R>4 R>4 R>4 R>4
Rifampin S<1 S<1 S<1 R>2 R>2 S<1 S<1 S<1 S<1

Amoxicillin/K R>4/2 S<4/2 R>4/2 R>4/2 R>4/2 R>4/2 R>4/2 R>4/2 R>4/2
clauvulanato

Trimethoprim/ $<0.5/9.5 $<05/9.5 R>2/38 R>2/38 R>2/38 S5<0.5/9.5 R>2/38 R>2/38 S5<0.5/9.5
sulfamethoxazole

Ampicillin/ R>16/8 R>16/8 S<8/4 R>16/8 R>16/8 S<8/4 S<8/4 S<8/4 S<8/4
sulbactam

R, resistant; S, sensitive.

Table 1. Antibiogram of chronic ulcers from S. aureus isolates.
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3.4. S. aureus sensitivity to antibiotics

Table 1 shows the minimum inhibitory “in vitro” amount of twenty antibiotics against nine
strains of S. aureus studied with a RENOK MicroScan panel. Specifically, seven of the nine
S. aureus strains are sensitive to rifampin (MIC < 1 p/ml), while the least effective antibiotics
were ampicillin (MIC > 8 p/ml), erythromycin (MIC > 4 p/ml), penicillin (MIC > 8 p/ml),
levofloxacin (MIC > 4 p/ml), moxifloxacin (MIC > 4 p/ml), ciprofloxacin (MIC > 2 p/ml), and
clavulanate amoxyecillin (MIC > 4/2 p/ml). In addition, eight of the nine strains were detected
to be multiresistant to more than ten antibiotics. Additionally, one isolated showed sensitivity
to vancomycin, while another was sensitive to 15 of the 20 studied antibiotics.

Figure 3 shows that most strains are resistant to the most commonly used antibiotics. All
isolates were resistant to erythromycin. Only one of the nine strains showed sensitivity toward
ampicillin, penicillin, levofloxacin, ciprofloxacin, and amoxicillin.

10
W Resistant

9
. = Sensithe

FEELSFFEFIF L LIPS FE

Antibictic

Figure 3. Antibiotic sensitivity and resistant toward S. aureus.
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The most commonly used antibiotics for S. aureus treatments are vancomycin, linezolid,
daptomycin, tigecycline, rifampin, clindamycin, cloxacillin, clindamycin, cotrimoxazol, and
doxycycline [1]. Daptomycin has superior bactericidal action than other drugs against S. aureus
[38]. Chirinos-Saldana et al. [39] found that S. aureus isolated from conjunctivitis shows high
sensitivity toward vancomycin, ciprofloxacin, and gentamicin. Antibiotic resistance is gener-
ated due to prolonged and inappropriate use of antibiotics [39]. Furthermore, if the bacterial
population density in the infection is high, S. aureus can become resistant to most antibiotics
used in monotherapy [40].

3.5. S. aureus sensitive chitosan membranes

The “in vitro” antimicrobial activity assays with chitosan membranes for S. aureus were carried
out by the agar diffusion method. Figure 4 presents the absence of microbial growth below the
membranes. It was also observed that no inhibition halo or clear zones were formed around
the membrane explained because chitosan is unable to diffuse through agar. However, chitosan
membranes added with honey presented a small zone of inhibition, confirming that chitosan
only has antimicrobial effect by direct contact and cannot migrate into the agar. Likewise,
microbial growth occurred in both blank controls with acetic acid and sodium chloride, which
means that the antimicrobial effect cannot be attributed to these chemicals.

Figure 4. S. aureus susceptibility to chitosan membranes by agar diffusion method. Chitosan 1% (a), chitosan 2% (b),
chitosan 3% (c), chitosan 2% + gly (d), chitosan 2% + honey (e), and chitosan 2% + honey + gly (f).

In a study by Hernandez-Ochoa et al. [29], with S. typhimurium, S. aureus, and Listeria mono-
cytogenes, results reported that chitosan membranes with essential oils (Cuminum cyminum and
Eugenia caryphyllata) can present inhibition halos, while for pure chitosan membranes, the
effect is shown only by direct contact.

The antimicrobial properties of chitosan mainly depend on the degree of deacetylation and
molecular weight, as well as pH and ionic strength of the medium [41]. El-tahlawy et al. [42]
and Hosseinnejad and Jafari [43] reported that low molecular weight chitosan can penetrate
into the cell and inhibits mRNA and protein synthesis. Chitosan oligomers have higher
antimicrobial effect due to their shorter chain and free amino groups from D-glucosamine [44].
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Similarly, Champer et al. [45] reported that the amount of free amino groups influence the
antibacterial properties of chitosan. Likewise, Wang et al. [46] state that all bacteria possess
negative charges; therefore, they are easily captured by the protonated amine groups of
chitosan and lose their reproductive functions and bioactivity. Acetic acid has an effect on the
solubility of the polymer and on the protonation of the amino groups.

Kim et al. [47] evaluated the antimicrobial activity of chitosan membranes of different molec-
ular weights with L. monocytogenes, E. coli, and Salmonella typhimutium and found that chitosan
with low molecular weight has better effect. No et al. [48] reported that chitosan (1671, 746,
224, and 28 kDa) and chitosan oligomers (22, 10, 7, 3, 2, and 1 kDa) can inhibit the growth of
L. monocytogenes, Bacillus megaterium, Bacillus cereus, S. aureus, and Lactobacillus bulgaricus.

Additionally, it was observed that the membranes tend to increase their diameter by staying
in contact with the agar, thus increasing the antimicrobial effect by contact. Table 2 presents
the increase in diameter and area of the membranes at the end of agar diffusion assay. For pure
chitosan membranes, it was found that an increase in size is directly proportional to its
concentration. It was also observed that the addition of glycerin or honey increases the size of
the chitosan membranes by 2%. The 2% chitosan membranes mixed with honey and glycerin
showed the greatest increase, however, bacterial growth was observed.

Membranes Increased radius (mm)? Increase in contact area (%)°
Qo 1% 9.01 +4.97 20.03 +14.90
Qo 2% 9.39 +6.48 30.61+17.33
Qo 3% 9.70 +9.58 39.80 +25.80
Qo 2% +gly 9.74 +6.34 40.34 +17.38
Qo 2% + miel 11.20 £ 4.65 65.38 +20.29
Qo 2% + miel + gly 11.20+4.53 88.32+21.73

28.25 mm initial radius.
v213.82 mm? initial area.

Table 2. Comparison of the increase in radii and areas of chitosan membranes.

Vlacha et al. [49] reported that free hydroxyl groups from chitosan interact with the moist
atmosphere increasing the diameter of the membrane. Also, Zamora-Mora et al. [50] men-
tioned that pure chitosan membranes show a higher water holding capacity due to the
hydrophilicity of the chitosan. According to Estrada et al. [51], honey potentiates the antimi-
crobial activity of chitosan due to chemical action of its components; hydrogen peroxide,
organic acids and flavonoids, nectar, pollen, and propolis. For Grade et al. [52], plasticizers
provide flexibility to the membranes, but weaken the intermolecular forces and cause the
penetration of water through the membrane increasing its size [23].
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4. Conclusion

Different types of chitosan-based membranes mixed with glycerol and honey were developed
and characterized. These membranes showed antimicrobial activity against S. aureus of clinical
origin. Additionally, strains of S. aureus isolated from infected ulcers were found to have
multidrug resistance to antibiotics. For future research where these materials will be applied
in the treatment of chronic ulcers, it is important to recognize that the antimicrobial effect is
given by direct contact in order to ensure that ulcers are completely covered with the mem-
branes. These materials are an alternative for controlling intrahospital microorganisms
without toxic hazards from antibiotics.
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Abstract

Virulent strains of Staphylococcus aureus secrete exfoliative toxins (ETs) that cause the loss
of cell-cell adhesion in the superficial epidermis. S. aureus ETs are serine proteases, which
exhibit exquisite substrate specificity, and their mechanisms of action are extremely com-
plex. To date, four different serotypes of ETs have been identified and three of them (ETA,
ETB and ETD) are associated with toxin-mediated staphylococcal syndromes related to
human infections leading to diseases of medical and veterinary importance.

Keywords: epidermolytic diseases, Staphylococcus aureus, exfoliative toxins, Desmoglein 1,
keratinocytes

1. Introduction

Staphylococcus aureus, a commensal and opportunistic microorganism, is capable of colonizing
the skin and mucous of individuals and represents a global public health problem [1-3]. It has
been described as the etiological agent of various diseases both in humans and animals and is
the main representative bacteria of the genus Staphylococcus [4]. S. aureus is a versatile micro-
organism and is capable of quickly adapting to different environmental conditions [5, 6]. This
microorganism secretes several virulence factors that are associated with its pathogenesis [2]
and in facilitating access to sites in the host that are normally sterile [7]. Diseases caused by
S. aureus do not necessarily originate only by direct tissue invasion, but may be due to the
action of more than 30 exoproteins codified by the pathogen [8, 9].

The exfoliative toxins (ETs) also known as epidermolytic toxins, are serine proteases secreted
by S. aureus that recognize and hydrolyze desmosome proteins in the skin. ETs have been
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described as exotoxins produced by certain S. aureus strains, in the epidermis of the host, that
have been associated with the loss of keratinocytes and with the cell-cell adhesion, inducing
peeling of the skin and blister formation [10-13].

In 1878, Baron Gottfried Rotter Von Rittershain described the clinical features of epidermal exfo-
liation in newborns [14]. The relationship between skin exfoliation and S. aureus was established
in 1967 by Lyell [14-16] and in 1972 [17] epidermal detachment at the stratum granulosum was
established by electron microscopy. The pathogenic role of those toxins was demonstrated in
1970 by Melish and Glasgow by using newborn mice as experimental models [18]. However, the
protein capable of causing generalized exfoliation in mice, denominated as exfoliatin, was not
isolated and purified until 1971 [19] and subsequently serotypes have been identified [20, 21].

The principal isoforms of exotoxins implicated in human skin damage are exfoliative toxin A
(ETA) and exfoliative toxin B (ETB) [22]. Exfoliative toxin C (ETC) isolated from a horse infec-
tion has not been associated with human disease. In 2002, a new exfoliative toxin (ETD) was
identified in a clinical sample of S. aureus [13]. Recent crystallographic studies indicated that
the ETD-like protein isolated from ewe mastitis [23] is structurally homologous to ETA and
ETB [24]. ETA is codified by the eta gene on chromosomal DNA, carried on the genome on a
temperate phage, and ETB by the etb gene on a large plasmid DNA [22, 25, 26]. ETD is codified
by the etd gene which is located chromosomally on a pathogenicity island [13].

The ETA and ETB serotypes are homologous, have molecular masses of approximately
27 kDa, and contain 242 and 246 amino acids, respectively [22] and present identical dermato-
logic symptoms [26, 27].The ETA serotype was described as being heat stable whereas the ETB
serotype has been demonstrated to be heat labile. The ETC serotype with a molecular mass of
27 kDa is also heat labile and causes exfoliation in mice and chickens [28].

2. Exfoliative toxins and associated diseases

ET-producing strains of S. aureus are related to localized epidermal infections such as bul-
lous impetigo and generalized diseases like Staphylococal scalded skin syndrome (SSSS).
Approximately 5% of all S. aureus strains produce exfoliative toxins, with ETA being most
prevalent in Europe, Africa, and America and ETB being more common in Japan [26]. Most
strains of S. aureus associated with SSSS in Europe and the United States belong to the type
II phage group, such as 71 and 55/71, however, in Japan; most of the strains belong to other
groups [15, 29]. In France, based on a retrospective study conducted between 1997 and 2007
[30], the mean incidence of SSSS cases was estimated to be 0.56 cases/year/million inhabitants.

Both ETA and ETB are distinguished by the extent of the damage caused in the epidermis
[29, 30]. SSSS clinical manifestations involve fever, skin hypersensitivity, and erythema followed
by superficial blister formation and skin separation, leaving long areas of denuded skin [10, 31].
In the localized form, toxin production and formation of flaccid blisters with purulent fluid
occur [12, 30]. SSSS occurs mainly in newborns and children with occurrences in adults being
rare [11, 32]. The mortality rate in children submitted to immediate treatment is low [33].
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The greater susceptibility of children has been attributed to the immature immune system,
weak renal clearance of the toxin, and the fact that children are common carriers of microor-
ganisms [30]. In the most severe cases, exfoliation may affect the entire corporal surface [33].
The quick and sensitive diagnosis of those infections may be performed using radioimmuno-
assays, enzyme-linked immunosorbent assays, the reverse passive latex agglutination assay
[26] as well as the polymerase chain reaction (PCR) to amplify the genes that codify ETs.

When the ET serotypes and the clinical forms of the disease were correlated, the ETA toxin
was found to be associated with bullous impetigo formation, whereas ETB was found to be
associated with SSSS, a generalized manifestation [34]. The ETB plasmid has multiple genes
that confer antibiotic resistance, which contributes to the increased resistance of etb-positive
S. aureus strains [35]. The efd-positive strains have been isolated mainly from patients with
deep pyoderma [12].

In addition to S. aureus, Staphylococcus hyicus and Staphylococcus chromogenes are also associ-
ated with skin infections and produce exfoliative toxins [36]. In S. hyicus, ET production has
been associated with exudative epidermitis (EE) in pigs [37]. The toxin also has the capacity
to cleave swine desmoglein [38, 39]. Clinical manifestations are characterized by exfoliation
accompanied by epidermal cell separation, erythema, and serous exudation [40]. The isolated
toxins of these clinical manifestations have been denominated as SHETA and SHETB [41]
and ExhA, ExhB, ExhC [41], and ExhD [38, 42]. In 2007, a Staphylococcus sciuri strain, highly
pathogenic and ExhC-positive, was described as the etiological agent of EE in pigs in China
[43]. The ExhC recombinant protein (rExhC) has induced necrosis in vitro and has caused skin
lesions in newborn mice [44].

Currently many phylogenetically distant hosts are described as being susceptible to exfoliation
caused by the same isoforms of ET, revealing a certain specificity for various host organisms [29].
Among six different ETs (SHETA, SHETB, ExhA, ExhB, ExhC, and ExhD) codified by S. hyicus,
SHET toxins caused exfoliation in piglets and chicks, but not in mouse, rat, guinea pig, hamster,
dog, or cat [30]. All four Exh toxins cause exfoliation in pigs, but only ExhA and ExhC cause it in
neonatal mice [40, 42]. SCET exfoliative toxin of Staphylococcus chromogenes also induces exfolia-
tion in two different hosts; pigs and chicks. Different hosts are also susceptible to EXI exfoliative
toxin of Staphylococcus pseudintermedius that induces exfoliation in dogs and mice.

Infections by et-positive Staphylococcus intermedius in dogs can also cause a pathology that
resembles SSSS and EE [45]. A previous study described the distribution of toxin genes
among phage types of animal isolates of S. aureus and the canine isolates of phage group II
that harbored the eta gene [46].

In Japan, hospital-acquired methicillin-resistant S. aureus (HA-MRSA) strains frequently carry
the etb gene [47] and, isolated samples of etb-positive S. aureus have been encountered in
strains with mecA, contrary to the isolated samples of eta-positive S. aureus [48].

ET-producing S. aureus strains (eta and etb) are related to the clonal complex CC121 [49].
Infections with Staphylococci of this complex are associated with clinical features like impe-
tigo, staphylococcal scalded skin syndrome, conjunctivitis, and exfoliative dermatitis [50].
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3. Structural biology and mechanism of exfoliative toxins

The crystal structure of ETA was the first to be determined in atomic detail [51], followed by
ETB [52] and by ETD [24] and currently, the atomic coordinates of six ET structures have been
deposited with the Protein Data Bank (www.rcsb.org). The crystallographic structures of ETs
have revealed much about their mechanisms of action, lack of hydrolytic activity against sub-
strates in the native state, and the susceptibility of certain constituent layers of the epidermis
to disruption by ETs.

4. Similarities and differences among ETs and other serino proteinases

Exfoliative toxins are glutamic-acid specific trypsin-like serine proteinases that share 50%
sequence identity but display very low sequence identity with other serine proteases. The
significant sequence identity of ETs is also reflected in the high structural similarity as evi-
denced by the low RMSD values of the superposed structures (ETA-ETB: 0.9, ETA-ETD:
1.3, and ETB-ETD: 0.6). Similar to other trypsin-like serine-proteinases, the three-dimen-
sional structures of ETs are characterized by two six-stranded -barrels domains, S1 and
S2, whose axes lie roughly perpendicular to each other, a Greek key motif consisting of
four antiparallel strands and N- and C-terminal extensions. The amino acids constitut-
ing the catalytic triad (His-Ser-Asp) and Thr190 and His213 which are characteristic of
glutamate-specific serine proteinases are located at the junction of the S1 and S2 domains
[51, 53].

ETs specifically cleave both mouse and human desmoglein 1 following glutamic acid 381,
however only the presence of the Glu*-Gly*? bond, highly conserved in desmogleins, does
not guarantee hydrolysis. The prerequisites for the exquisite specificity exhibited by ETs
involves not only the presence of this cleavage site, but, also (1) the presence of the highly
charged N-terminal alpha-helix, (2) the calcium dependent conformation of its substrate
Dsg-1, and (3) existence of a specific sequence 110 residues upstream of the cleavage site of
the substrate Dsg-1, characteristics that differentiate them from other typical glutamic-acid-
specific serine proteinases of the chymotrypsin family.

(1) The highly charged N-terminal alpha-helix of ETs: The charge profile of N-terminal
alpha-helix is significantly different, principally between ETD/ETA and ETB (Figure 1D) and
its size also varies, containing 15, 11 and 12 residues in ETA, ETB and ETD, respectively.

This N-terminal extension which is unique to ETs and its deletion results in an inactive
protein [53, 54] that interacts with residues in loop 2 thereby coordinating and deter-
mining the architecture of the S1 pocket and hence contributing to substrate specificity
[61-53] by modifying the pocket entrance. The amino acid sequences (Figure 1D) and the
conformations in loop2 (Figure 1E) are different in the ETs. In ETA (Figure 1E), this loop
is longer than in ETB and ETD, additionally its Trp14 and Tyr18 present in the N-terminal
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Figure 1. Results of superpositioning of the three-dimensional structures: (A) ETD in green and a serine proteinase
[PDB:2AIP] of the trypsin subfamily in pink. The loop 2 is dark blue in ETD, and the equivalent loop of serine proteinase
islight blue. (B) ETA (blue), ETB (yellow) and ETD (green); amino acid sequences (C) and charge profile of the N-terminal
helices (D) and its variation in the amino acid sequences. (E) The lengths of loop 2 in ETA (blue), ETB (yellow) and ETD
(green) and its variation in the amino acid sequences (F).

helix are buried deeper in the S1 pocket than in ETB which contains Lys and Glu and
in ETD with Arg and Lys at these equivalent positions. In the other trypsin-like serine
proteinases, the presence of a disulfide bridge determines the conformation of the pocket
(Figure 1A).

(2) Calcium dependent conformation of Dsg-1: Dsgl is a member of the cadherin super-
gene family [55] and most of these proteins require calcium to promote cell-cell adhesion and
to ensure the proper conformation [56, 57]. Unlike trypsin, ETs are not capable of cleaving
heat-denatured Dsgl or Ca* depleted Dsg1 [58] and circular dichroism demonstrates that ET
specificity is dependent on calcium-stabilized conformation of Dsg1.

(3) Residues upstream of the Dsg-1 cleavage site are critical for its hydrolysis by ETA:
ETA is able to bind but is unable to cleave canine Dsgl and a sequence of 5 amino acids 110
residues upstream of the cleavage site are essential for the hydrolysis of Dsgl by ETA [59].
Four of five of these critical residues are identical in human and mouse Dsg-1(Figure 2) and
when replaced in canine Dsg-1 at its same position, the cleavage by ETA becomes suscep-
tible. The recognition of this peculiar sequence (Q271-x-x-Y274-T275-1276-E277) is one of the
factors that make ETs highly specific in Dsg cleavage, even among homologous Dsg-1s. This
also demonstrated that E5 and EC4 do not exert any influence on the cleavage of the sub-
strate and the chimeric human Dsg-3 containing swapped amino acids 214-398 of Dsg-1was
cleaved by ETA.
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hDsgl: Q271-x-x-Y274-T275-1276-E277
mDsgl: Q271-x-x-Y274-D275-1276-T277
cDsgl: P271-x-x-H274-M275-V276-R277

Figure 2. Results of superpositioning of the structural model of human Dsgl(orange), canine Dsgl (green) and mouse
Dsgl (blue), purple spheres represent bound Ca2+, the susceptible glutamic acid is indicated by an arrow; amino acids
sequence of the human, mouse, and canine Dsgls upstream of the cleavage site; upstream location of the recognition
sequence and the susceptible glutamic acid.

5. Tyrosines 157 and 159 are essential for ETB activity

Based on the results of site-directed mutagenesis, Sakurai et al. [60] concluded that the substi-
tution of either Tyr 157 or 159 in ETB decreased exfoliative activity and the double mutation
resulted in the complete loss of exfoliative activity and antigenicity. Interestingly, ETA does
not possess either one of these tyrosines but contains Phe and His at these positions and in
ETD these positions are occupied by Tyr and Thr.

6. Why are the exfoliative toxins inactive in the native states?

Gly193 is highly conserved in serine proteinases, however, in structures of ETs the pep-
tide bond between residues 192 and 193 (chymotrypsin numbering) is flipped 180° relative
to the other serine proteases. Pro192 in ETA and ETD and Val192 (ETB) form hydrogen
bonds with both the amide nitrogen atoms and the hydroxyl oxygen atoms of the cata-
lytic serine residues interrupting the charge-relay-network. These enzymes can only be
functional if this bond is ruptured and the conformation is restored as in other serine
proteinases.
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7. Molecular mechanisms of the S. aureus exfoliative toxin

7.1. S. aureus exfoliative toxins selectively and directly solubilize mouse
and human desmoglein 1

In 1970, Melish and Glasgow first investigated mechanisms of action of the exfoliative toxin
(ET)-producing S. aureus in SSSS [11]. When the organisms isolated from SSSS patients
were injected into neonatal mice, they cause epidermal blisters resembling those in the
naturally occurred human disease. Several years later, two serotypes of ETs, ETA and ETB,
which are capable of inducing epidermal blisters, were identified [21]. However, the exact
molecular mechanisms of ET-causing epidermal blisters had long been unknown over the
three decades.

In 2000, Amagai and colleagues established desmoglein 1 (Dsgl), a desmosomal cadherin-
type adhesion molecule and also known as pemphigus foliaceus autoantigen, as the target
of S. aureus ETs [61]. They advocate this hypothesis based on the fact that histopathology
of superficial epidermal blisters created by ET injection in mice resembles to those cre-
ated by pemphigus foliaceus IgG. They revealed that immunostaining for the extracellular
domain of Dsgl, but not that for Dsg3, is abolished in ETA-injected mouse skin. Moreover,
an in vitro analysis revealed that ETA selectively solubilize the recombinant extracellular
segments of human and mouse Dsgl (a) produced by baculovirus. The same group also
identified that S. aureus ETB and a newly identified ETD have similar enzymatic activity to
solubilize Dsgl [10, 12].

The site of blister formation by ETs could be explained in the context of tissue distribution of
desmosomal cadherins (Figure 3) [13, 62].

Tight Desmosome
Junction Dsgl Dsg2 Dsg3 Dsgd Dscl Dsc2 Dscd

DODO000

Figure 3. Distribution of functional tight junction and desmosomalcadherins in the epidermis. Dsg, desmoglein;
Dsc, desmocollin. Functional tight junctions are located in the upper granular layer. Expression pattern of four
isoforms of desmogleins (Dsg) and three isoforms of desmocollins (Dsc) is associated with differentiation level of
keratinocytes.

T
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In humans, there are four subclasses of Dsg with different tissue distributions. Among them,
Dsg2 is expressed in all desmosome-bearing tissues, whereas Dsgl and Dsg3 are expressed
preferentially in stratified squamous epithelia [63]. Dsgl and Dsg3 are hypothesized to have
compensatory effects [64]. For example, if both Dsgl and Dsg3 express in the same epithelial
cells, and adhesive function by Dsgl is abolished, the loss of adhesive function can be com-
pensated by intact Dsg3. In the epidermis, Dsgl is expressed in the whole layers, whereas
Dsg3 is expressed in basal and immediate suprabasal layers [65]. In contrast, in oral mucous
membrane, both Dsgl and Dsg3 are expressed in the whole layer, but the expression level
of Dsgl is relatively low compared with that of Dsg3 [63]. As Dsg2 and Dsg4 are expressed
weakly in basal and upper granular layers, respectively [65], these molecules may have less
ability to compensate the loss of Dsgl function.

Desmocollin (Dsc) 1, another desmosomal cadherin is also expressed in superficial epidermis.
It is hypothesized that Dsgl and Dscl may have combinational effect on integrity of keratino-
cyte cell adhesion [66]: Abolishment of either Dsgl by ETs or genetic ablation of Dscl causes
dissociation of keratinocytes in the superficial layer of mouse epidermis [10, 13, 59, 67]. If
adhesive function of Dsgl is abolished by ETs, it may cause keratinocyte separation only in
spinous-to-granular layers of epidermis, in which loss of adhesive function by Dsg1 could not
be compensated by other Dsgs. This could be a reasonable explanation why ETs cause only
superficial epidermal blisters in SSSS patients, although ETs produced in upper respiratory
organs (e.g., tonsils), enter the circulatory system and induce toxemia [27].

7.2. S. aureus ETs are unique glutamate-specific serine proteases that hydrolyze a single
peptide bond within the extracellular segment of Dsgl

Hanakawa et al. demonstrated that substitution of catalytic serine in ETA, ETB and ETD to ala-
nine causes loss of their functions to solubilize Dsg1 [59]. Kinetic analysis of three ETs revealed
kcat/Km values in the range of 2-6 x 104 M s, suggesting their efficient enzymatic activity to
digest relatively large molecules. These findings indicate that three known S. aureus ETs are ser-
ine proteases that efficiently solubilize the extracellular segment of Dsg1.

The same group also investigated substrate-specificity of S. aureus ETs [58]. All three ETs
cleave human and mouse Dsgl (a) into two segments. Moreover, mouse has three isoforms
of Dsgl (Dsgl-a, -B and -y) [65, 68], and ETA solubilize the extracellular segments of mouse
Dsgl-a and -3, but not that of Dsgl-y in which glutamic acid residue 381 is substituted by
lysine [66, 68]. These findings indicate the specificity of the glutamic acid residue as the cleav-
age site of Dsg1 by ET.

S. aureus ETs are unique serine proteases that specifically and efficiently cleave only one
peptide bond in the extracellular segment of Dsgl. The enzymatic properties of S. aureus ETs
cause efficient and specific abolishment of a major epidermal adhesion molecule in selected
mammalian species.

7.3. Possible mechanisms of ET-associated keratinocyte dissociation

Desmosomes composed of two major transmembrane cadherin-type adhesion molecules
(Dsg and Dsc) and cytoplasmic plaque proteins that link between desmosomal cadherins and
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intracellular cytoskeletons. It has been long debated questions whether disruption of Dsgs
alone by pemphigus autoantibodies is sufficient to cause keratinocyte dissociation, or subse-
quent disorganization of other desmosomal consituents in plasma membrane of keratinocytes
is necessary [69].

To determine whether cleavage of the extracellular segment of Dsgl by S. aureus ETs is suf-
ficient to cause keratinocyte dissociation, our group has investigated the fate of desmosomal
constituents in ETA-injected mouse skin [66]. We found that the amino-termini of Dsgl is
abolished in plasma membrane of murine epidermal keratinocytes, whereas cleaved car-
boxyl-termini of Dsg1 and the extracellular segment of Dscl remained on the surface of kera-
tinocytes faced to blister cavity in the early phase of keratinocyte dissociation. Based on these
findings, we proposed a theory that removal of the amino-termini of Dsgl by ETs is sufficient
to initiate in vivo keratinocyte dissociation.

Meanwhile, Simpson et al. proposed another theory for ET-induced keratinocyte dissocia-
tion through sequestration of plakoglobin (PG), a member of catenin family cytoplasmic pro-
tein, by ectodomain-deleted Dsgl [70]. When truncated Dsgl, in which amino acids 1-381
were spliced to mimic ET-cleaved carboxy-termini of Dsgl, was expressed in primary human
keratinocytes, it reduced mechanical strength of keratinocyte sheets in a dose-dependent
manner, implicating a dominant-negative effect by truncated Dsgl. Truncated Dsgl local-
ized in close to intercellular borders and reduce endogenous desmosomal cadherin Dsc3 and
desmosomal plaque protein desmoplakin in intercellular borders. In the same cells, PG local-
ized in intercellular borders and seem to be associated with truncated Dsgl. Remarkably,
triple-point mutation of the PG-binding region in the truncated Dsgl restored mechanical
integrity of keratinocyte sheets, implicating that PG binding to truncated Dsg1 is essential in
disruption of desmosomes and subsequent keratinocyte dissociation.

Putting all these findings together, the authors advocate a theory that cleavage of Dsgl by ETs ini-
tiate keratinocyte dissociation, while subsequent PG sequestration may contribute to the expan-
sion of intercellular spaces between keratinocytes (Figure 4). Further accumulation of in vivo
evidences to elucidate the role of PG in ET-inducing keratinocyte dissociation will be expected.

7.4. How ET-producing S. aureus penetrate the epidermis through firm keratinocyte
adhesion in the upper stratum granulosum?

The aforementioned theory can satisfactorily explain how ETs cause blistering in SSSS, in
which ETs access to the skin from dermal side. However, this theory cannot explain the mech-
anisms of blistering in bullous impetigo, in which ET-producing S. aureus enter the epidermis
from the skin surface. It has been reported that ETs do not penetrate tight junction, an occlu-
sive adhesive structure located at the upper granular layer (Figure 5) [71]. Then the question
arises how ET-producing S. aureus invade the epidermis apart from a route of microwounds
on the skin.

To address this issue, we recently established a mouse model of bullous impetigo [72]. S.
aureus harboring etb gene was inoculated epicutaneously to murine inner pinnae after the
stratum corneum was partially removed by tape stripping. Intraepidermal neutrophilic pus-
tules containing intercellular staphylococci were successfully created in the mouse skin by 6

135



136 The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

1. Intact desmosome

Figure 4. Possible mechanisms of ET-induced keratinocyte dissociation. PG, plakoglobin. Cleavage of the extracellular
segment of Dsgl initiates keratinocyte separation. Sequestration of PG by truncated Dsgl and disintegrity of other
desmosomal components are associated with expansion of the intercellular spaces between keratinocytes.
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1, 5 aureus adhere 2. Neutrophilic recruitment 3, Penetration of 5, oureus 4, Expansion of biisters
to the living epidermis to the epidermis through neutrophil-created by ET cleavage of Dsgl
intercellular gap in superficial epidermis

Siele |

Figure 5. Proposed theory for bacterial cutaneous invasion and blistering in bullous impetigo. S. aureus harboring at
gene adhere to the living epidermis recruits neutrophils. When neutrophils create intercellular gap between superficial
keratinocytes, S. aureus produce ET to expand the blisters by cleavage of Dsgl.

hours after the inoculation. The size of intraepidermal pustules created by etb gene-harboring
strains was significantly larger than those created by et gene-negative strains. Chronological
study revealed that staphylococci invaded the epidermis after neutrophils infiltrated the skin.
Moreover, if the neutrophilic infiltration was blocked by injection of cyclophosphamide,
staphylococci in the epidermis were not recognized at all.

Based on these findings, we propose a novel hypothesis for percutaneous entry of ET-produc-
ing S. aureus in bullous impetigo. These strains may invade the epidermis through intercel-
lular spaces created by skin-infiltrated neutrophils. In addition, once S. aureus invade the
epidermis, ETs expand the interkeratinocyte spaces, which allows bacteria to skew neutro-
phils attack in blister cavity. Future studies to elucidate the molecular interactions that under-
lie neutrophilic epidermal infiltration in response to S. aureus adhere to living keratinocytes.
In addition, the mechanisms how ET-producing penetrate the stratum corneum remains to
be elucidated.
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Abstract

Staphylococcal enterotoxins (SEs) and SE-like toxins (SEls) are the most notable virulence
factors associated with Staphylococcus aureus. They are involved in food poisoning, toxic
shock syndrome and staphylococcal infectious diseases in human. In dairy practise, the
initial numbers of S. aureus play an important role especially at the beginning of the milk
fermentation within the first 6 h or in 24-h-old cheese. As we presented in our previous
works, one of the most effective tools to inhibit S. aureus growth is by adding a sufficient
amount of active dairy starters, which are able to produce lactic acid very rapidly. Thus,
by inhibiting the growth of S. aureus the production of SEs may be reached. Based on this
study focusing on the effect of temperature, pH, water activity and initial numbers of
lactic acid bacteria on the growth and the ability of S. aureus 14733 to produce SED, we
consider it as a strong SED producer. The SED production was not limited with the incu-
bation temperatures and the NaCl addition related to traditional cheese manufacture. As
this isolate comes originally from such an artisanal cheese production, we can expect that
other strong SE producer could be present in milk or environment. Besides strict prereq-
uisites approach in production hygiene, it is necessary to add the starters ensuring the
initial dominance of lactic acid bacteria (LAB) and supporting the growth of the natural
LAB present in raw milk.

Keywords: staphylococcal enterotoxins, growth inhibition, water activity, lactic acid
bacteria, predictive microbiology

1. Introduction

In Slovakia, the manufacture of “Bryndza” cheese from ewes’ lump cheese is of great impor-
tance to preserve the national gastronomic heritage. In the traditional way of production, it is

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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produced immediately after milking from raw milk in upland cottages. The cheese is curdled
with rennet, fermented by native lactic acid bacteria (LAB) and ripened for 7-10 days. Then,
it is usually sent to a cheese factory, where the next technology processes (including salting)
take part resulting in the production of the final soft “Bryndza” cheese [1, 2].

As coagulase-positive staphylococci are ubiquitous in milk, the control of Staphylococcus
aureus growth during the fermentation of young raw milk cheese means prevention against
staphylococcal enterotoxins (SEs) production. During milk fermentation and cheese produc-
tion, S. aureus is exposed to growth competition with LAB and the effect of their metabolites
during artisanal raw milk cheese manufacture. However, S. aureus is competitive in milk and
dairy products; it is quite sensitive to higher lactic acid concentration.

The growth of S. aureus and potential production of heat-stable staphylococcal enterotoxins
(SEs) with respect to the food matrices and conditions of food preparation represent a poten-
tial, even actual threat of a public health menace residing in food-poisoning outbreaks. From
the food point of view, the production of one or more SEs is the most crucial, because they are
causative agents of staphylococcal food-poisoning outbreaks.

As a pathogen, S. aureus disposes of remarkable wide range of virulent factors causing differ-
ent infectious and food-borne outbreaks. Due to the production of surface-associated factors,
S. aureus can avoid opsonophagocytosis, form biofilm and adhere to the host cell matrix [3, 4].
Following colonization, S. aureus secretes various toxins and enzymes that are responsible for
the lesions. Once S. aureus penetrates the subcutaneous tissues and reaches the blood stream,
it can infect almost any organ, most notably bone tissue and cardiac valves [4]. The role of
enzymes is to disrupt cell structure, degrade cell lipids and hyaluronic acid, and to convert
fibrinogen to fibrin. All those activities promote S. aureus to affect leukocytes, sebaceous
glands, subcutaneous tissues and to increase propagation of infection [3, 5]. On the other
hand, toxins (leukocidins, haemolysins and epidermolytic toxin) are able to paralyse smooth
and skeletal muscles, damage blood vessels, cause extensive lesions on the skin and reveal a
moist glistering surface and finally have a toxic effect on the central nervous system [3, 6, 7].

In addition, some strains of S. aureus are also equipped with superantigenic toxins, including
shock syndrome toxin-1 (TSST-1) and SEs. They not only modulate host immune response but
are also able to cause food poisoning in human [3]. The release of TSST-1 into a bloodstream
may give rise to a variety of severe clinical difficulties, such as toxic shock syndrome and
sudden infant death syndrome [8]. Besides S. aureus, also some other staphylococcal species,
including S. intermedius, S. hyicus, S. xylosus and S. epidermidis, are able to produce SEs [9].

1.1. Biological characteristics of staphylococcal enterotoxins

To date, 23 SEs and enterotoxin-like (SEls) types have been described based on their antigenic-
ity. They have sequentially been assigned a letter of the alphabet in order of their discovery
(SEA, SEB, ....., SEIX) [10-12]. SEA and SEB were the first one SEs characterized by Casman
and Bergdoll in 1959 and 1960. From the late 1990s, new toxins were discovered one after
another by sequencing the entire genome of S. aureus, genomic DNA library screening and
genetic analysis of plasmids and pathogenicity islands [10]. Besides classical enterotoxins



Staphylococcus aureus Enterotoxin Production in Relation to Environmental Factors
http://dx.doi.org/10.5772/66736

with emetic activity (SEA to SEE, SEG to SEI and SER to SET), there are also staphylococcal-
like (SEl) proteins that exhibits vomiting activity in oral primate model (SEIL and SEIQ) or
SEl], SEIK, SEIM-SEIP, SEIU-SEIX that have not been tested yet [10, 12-15].

SEs and SEls proteins are globular, single peptides with molecular weights ranging from
19 to 29 kDa [16, 19]. Their molecular composition is characterized by containing only two
residues of half cystine and one or two residues of tryptophane [20]. They are rich in lysine,
aspartic and glutamic acids and tyrosine. Most of them possess a cysteine loop required for
proper conformation and which is probably involved in the emetic activity [21]. Overall, 15%
of amino acid residues are entirely conserved in SEs and occurred in four stretches of primary
sequence located either centrally or at the C-terminus [9].

As it is seen in Table 1, all genes for SEs and SEls are located on mobile genetic elements,
including plasmids, transposons, prophages, S. aureus pathogenicity islands (SaPI), variable
genomic region vSaf, or next to the staphylococcal cassette chromosome (SCC) elements.
Only the staphylococcal gene cluster egc is organized as an operon. Most of these are mobile
elements, thus horizontal transfer between strains is not rare [15, 16, 18, 22].

Distribution of superantigens (SAg) gene is strain dependent. As reported by Jin and Yamada
[17], 80% of human isolates contain at least one of these genes, including 50% which contain
the egc cluster. In animal isolates, 57% contain at least one of the SAg genes and the egc cluster
was detected in 30% of isolates [21]. No single SAg is encoded by more than 50% of strains
and that some strains may not have superantigenic capacity at all [15]. Moreover, the produc-
tion of specific SEs may depend on the host environment [17].

Staphylococcal enterotoxins (SEs) and SE-like toxins (SEls) are the most notable virulence
factors associated with S. aureus and they are involved in food poisoning, toxic shock syn-
drome and staphylococcal infectious diseases in human. They belong to the broad family of
pyrogenic toxin superantigens that stimulate non-specific T-cell proliferation. As superanti-
gens, SEs bind directly to the outside of the major histocompatibility complex (MHC) class
II molecules on antigen-presenting cells and cross-link it to T-cell antigen receptor variable 3
(VPB)-chain, which initiates non-specific activation of the T-cell without proteolytic processing
in antigen-presenting cells. Thanks to it, the massive release of chemokines and pro-inflam-
matory cytokine is followed after T-cell proliferation, resulting in systemic shock [12, 15, 19,
23, 24]. The interaction activates as many as one in five T-cells, whereas the conventional
antigen presentation activates on in 10,000 T-cells [21].

Besides superantigen activity, SEs (but not SEls) act also as a potent gastrointestinal toxins
causing emesis. SEs can penetrate the epithelium, accumulate in the submucosa, enter the
blood stream and circulate through the body allowing activation of local and systemic
immune response by their interaction with antigen-presenting- and T-cells [16, 25]. SEA
binds in submucosa to the submucosal mast cells or directly to neuron cells [10, 26]. The
binding of SEA to an unidentified receptor expressed on the surface of these cells induces
the degranulation, resulting in the release of 5-hydroxytryptamine (5-HT). This stimulates
5-HT receptor on adjacent vagal afferent nerves in the intestine resulting in depolarization
of the vagal nerves and stimulation of the vomiting centre in the brain [10, 16]. The release
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Toxin Molecular Emetic activity Super-antigenic gene Genetic element Accessory genetic element
weight (kDa) activity
SEA 27.1 + + sea prophage ®Sa3ms; PSa3mw; D252B;
ONM3; dPMu50a
SEB 28.4 + + seb chromosome, PZA10; SaPI3
SaPI, plasmid
SEC1-SEC3 27.5-27.6 + + sec SaPI SaPIn1; SaPIm1; SaPImw?2;
SaPIbov1
SED 26.9 + + sed  plasmid (pIB485) pIB485-like
SEE 26.4 + + see  prophage DSa
SEG 27.0 + + seg  egc, chromosome egcl(vSap I); egc2(vSaf III);
egc3; egc4
SEH 25.1 + + seh  transposon MGEmw?2/mssa476
seh/Aseo
SEI 24.9 + + sei egc, chromosome  egcl(vSap I); egc2(vSaf3
I1I); egc3
SElJ 28.6 n, + selj  plasmid (pIB485, pIB485-like; pF5
PF5)
SEIK 25.3 n, + selk  SaPl ®Sa3ms; ®Sa3mw; SaPI1;
SaPI3; SaPIbov1; SaPI5
SEIL 24.7 - + sell SaPI SaPInl; SaPIm1; SaPImw2;
SaPIbovl
SEIM 24.8 n, + selm  egc, chromosome egcl(vSap I); egc2(vSaf III)
SEIN 26.1 n, + seln  egc, chromosome egcl(vSaf I); egc2(vSaf III);
egc3; egc4
SEIO 26.8 n, + selo  egc, chromosome egcl(vSap I); egc2(vSaf
111); egc3; egc4; MGEmw?2/
mssad76 seh/Aseo
SEIP 26.7 n, + selp  prophage (Sa3n) ®N315; DMu3A
SEIQ 25.2 - + selg  SaPlI ®Sa3ms; PSa3mw; SaPIl;
SaPI3; SaPI5
SER 27.0 + + ser  plasmid (pIB485, pIB485-like; pF5
PF5)
SES 26.2 + + ses  plasmid (pF5) pF5
SET 22,6 + + set  plasmid (pF5) pF5
SEIU 27.2 n, + selu  egc, chromosome egc2(vSaf III); egc3
SEIV 27.6 n, + selv  egc, chromosome egc4
SEIW 23.2 n, n, chromosome
SEIX 19.3 n + selx  chromosome oriC

d

Source: Argudin et al. [15], Hu et al. [10], Omoe et al. [16], Jin and Yamada [17].

Table 1. General properties of SEs and SEls and genomic location of the encoding genes.
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of 5-HT can be direct after interaction of SEA with enterochromaffin cells or neurons or
indirect through the release of pro-inflammatory molecules or free-radical formation [13,
26]. It appears that besides 5-HT, also the serotonin pathway is involved in emesis, since
serotonin is an important signalling mediator in the gastrointestinal tract and can acti-
vate enteric neurons, stimulate muscle responses and enhance secretion [23]. Release of
inflammatory mediators (histamine, leukotrienes and neuroenteric peptide substance P)
is responsible for local damage of gastrointestinal tract. The most severe lesions appear in
the stomach and the upper part of the small intestine. Due to the inhibition of water and
electrolyte reabsorption in small intestine, diarrhoea may occur [16, 25]. The dose of SEs
inducing emetic activity in monkeys after oral administration ranged from 5 to 600 pg/
animal [10]. The minimal dose required for intoxication in human is 144 + 50 ng/humans
for SEA and 0.4 pg/humans for SEB. All the SEls that were tested induced emetic reaction
in monkeys at a dose of 100 pg/kg [11].

Although emetic and superantigenic activities are two separate functions localized on sepa-
rate domains of the proteins, there is a high correlation between these activities and in most
cases a loss of superantigen activity results in loss of emetic activity as [11, 18]. However, the
role of SEls in human food-poisoning outbreaks currently remains unclear [12].

1.2. Prevalence of staphylococcal enterotoxins in humans and animals

Approximately 20-60% of humans are permanent or intermittent carriers of S. aureus, which
harbours SE genes in one- to two-thirds of cases [17]. Among SEs, SEA and SED are the most
frequent agents in food-borne intoxications [27, 28]. The regulation of production of SE is
SE-dependent, as well as strain- and environment-dependent. Under the same conditions,
different strains may produce different amounts of SE and in different growth phases. This
reflects also in considerable variability in amounts and types of SEs produced by S. aureus
growing under optimal conditions.

For SEB and SEC, the amounts may exceed 100 ug/ml, compared with 1-10 ug/ml for SEA
and SED. Some indications exists that low amounts of SEB are produced already in early
exponential growth phase and it can appear in cultures as early as 4-6 h. However, SEA and
SED are produced in foods under a wider range of pH, redox potential (E,) and water activ-
ity (a,) than are the other SEs, which explain why SEA and SED are principal toxins involved
in staphylococcal food poisoning [11]. SEA is expressed from the mid-exponential growth
phase, but is not regulated by the accessory gene regulator agr, unlike seb, sec and sed, which
require a functional agr for maximal expression [18].

The sea gene was the most predominant (41%) among isolates from raw and pasteurized milk
studied by Rall et al. [29]. In food samples analysed by Aydin et al. [30], the SEA was found in
38%. Also, SEA and also SEB were presented in bovine isolates in 5-19%, in ewes’ and goats’
isolates in about 2-11% [21]. SEA is predominantly produced by human strains, so the con-
nection with food contamination during the manufacture is possible [31]. On the other hand,
SEC is considered the most important cause of staphylococcal food poisoning associated with
the consumption of dairy products [27]. In dairy goat herds, the most prevalent was SEC
(71%), with overall 72% prevalence of enterotoxinogenic isolates [32]. Also in 152 S. aureus
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strains isolated from cheese samples, the SEC was detected in 44% [28]. In food samples, the
SEC was the most prevalent (52%) [30]. In bovine isolates, the SEC occurred in 1-27%, 22-42%
in ewes’ isolates and 23% in caprine isolates. SED was produced by 6-35% of bovine isolates,
by 2-35% of ewes’ milk isolates and by 2% of caprine isolates [20].

1.3. Resistance of staphylococcal enterotoxins to environmental factors

SEs are highly stable, resist most proteolytic enzymes (pepsin or trypsin) thus keeping their
activity in the digestive tract after ingestion. They are also resisting chymotrypsin, rennin and
papain. Based on the poor ability of proteolytic enzymes to affect the biological activity of
SEs, it is not surprising that SE levels are unaffected by proteolytic or enteric bacteria. Lactic
acid bacteria (LAB), however, do decrease SE concentrations. It could not be accounted for the
addition of lactic acid alone, suggesting the involvement of specific enzymes of other metabo-
lites. Alternatively, selective physical adsorption of toxin to LAB may have occurred during
removal of cells to obtain supernatants from toxin assays [9].

1.3.1. Heat resistance

SEs are in general produced in a temperature range of 10-46°C, with the optimum at 40-45°C.
Their production is substantially reduced at 20-25°C and it is unlikely that they are produced
at temperatures below 10°C [19, 33, 34]. They can resist both the process of milk pasteuriza-
tion and sterilization of canned foods [20, 36]. The heat stability of SEs is not the same for all
of them and depends on the food matrix and toxin concentration. It decreases in the order
SEC>SEB>SEA and significantly reduces in acidic conditions [3].

The thermal inactivation can generally be described by D- and z-values representing the time
(at certain temperature) and the increase of temperature responsible for decimal reduction
of their activity, respectively. They are for SEs as follows: D, ... ranges from 8.3 to 34 min or
D, :c is about 70 min and z-value is 25-33°C, with some differences among specific SEs [9, 36,
37]. The biological activity of SEB retains after heating at 60°C for 16 h and pH 7.3. Heating
of SEC for 30 min at 60°C did not result in any change in serological reactions. However, the
loss of serological reaction of SEA was noticed after its heating for 3 min at 80°C or for 1 min
at 100°C. It should also be mentioned that even after SEs lose serological activity in detection
of immunological assay, they can remain biologically active [11]. Heat stability seems to be
dependent on the media the toxin is in, the pH, salt concentration and other environmental
factors related to the level of toxin denaturation [18].

1.3.2. Acid tolerance

The pH range allowing the production of SEs is limited in higher degree as the growth of
a producing strain. Optimum enterotoxin production occurs at pH 6-7 and it is influenced
by environmental conditions, carbon and nitrogen source and salt level [33]. Already pH
5.0 is generally considered as a lower limit pH value. The SEA is produced under a wider
range of pH than SEB or SEC [19, 38]. SEB can be destroyed by pepsin digestion at pH 2
but it is resistant at higher pHs, which are normal conditions in the stomach after food
ingestion [9].
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1.3.3. Salt resistance

A characteristic feature that distinguishes S. aureus from other pathogenic bacteria is its high
tolerance to NaCl concentrations up to 20% which means high osmotic pressure and low
water activity values. Generally, it is reported that the minimal water activity for the S. aureus
growth is in the range of a_ from 0.83 to 0.86 [33-36].

With respect to enterotoxins production requirements, values of water activity for their
production are mostly in the same range as for the growth of the producer. In food with
decreased water activity and at aerobic conditions, the enterotoxins can be produced even
if the a  value is from 0.86 to 0.89 (at 22-17% NaCl). The production of SEB appears to be
more sensitive to reduced water activity than SEA production. Whereas SEA is produced up
to a  0.87-0.89 (20-17% NaCl), SEB is produced only in the narrow range of 2-5% NaCl (a_
0.99-0.97) [34, 39].

2. Effect of intrinsic and extrinsic factors on the growth dynamics
of S. aureus and enterotoxin D production

Many intrinsic and extrinsic factors affect not only the growth of food-borne microbial patho-
gens but also metabolism and production of toxins. As SEs are extremely heat-stable and
cannot be inactivated by measures such as heating of food, it is crucial to prevent their forma-
tion by preventing S. aureus growth in food matrix. In this term, NaCl addition (expressed as
water activity) and LAB are suggested as the most frequent, not only during the production of
cheese. The inhibition of staphylococci by LAB is related to the poor competition of S. aureus
with antagonistic activities of indigenous bacteria in raw milk.

2.1. Effect of temperature and water activity on the growth dynamics of S. aureus and
enterotoxin D production

The growth of S. aureus 14733 isolate in nutrient broth in dependence on mutual effect of
temperature and water activity in the range from 1.0 to 0.84 (adjusted by NaCl addition) is
demonstrated in Figure 1. Corresponding growth parameters were calculated using DMFit
tool [40] and further analysed by secondary models (Figure 2, Table 2). Characterization of
S. aureus ability to grow and to produce SEs at such low water activity values is important
in respect to cases when the competitive microbiota is inhibited by a  down to 0.92 and the
monoculture S. aureus growth may still occur following SEs production.

In general, a decrease of water activity prolonged the lag-phase duration and slowed down
growth rate, until the minimal water activity was reached. At 18°C and a = 0.869 (18.17% NaCl),
there was no upgrowth observed and even more, the slow reduction (1 =-0.007 h™) of S. aureus
counts was noticed. Similar effect was observed also at 21°C as the isolate could not withstand the
same a_ value of 0.869 and started to decline with specific rate 1 =-0.023 h™. On the contrary, the
growth of S. aureus at a = 0.867 and 19°C was noticed with the high probability that highlights
the differences between strains [41]. At 37°C, S. aureus was able to grow up to almost 20% of NaCl
(a,=0.860) in the nutrient media. Only if the water activity reached 0.855, the decline of S. aureus
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Figure 1. Growth dynamics of S. aureus 14733 in nutrient broth at 18, 21 and 37°C in dependence on water activity

(o, m, A, ® counts of S. aureus 14733, no SED; 0, o, A, O counts of S. aureus 14733, SED detected).
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was observed with rate ;1 =-0.025 h™. It grew at 37°C much faster compared to strain ATCC 13565
in BHI broth [42]. Specific growth rates of isolate 14733 and strain ATCC 13565 at a = 0.997 were
1.796 h™ and 0.970 h™", respectively. At a = 0.960, the following specific growth rates were calcu-
lated, 1.558 h'! and 0.240 h', respectively. On the other hand, the growth rates of 14733 isolate in
nutrient broth at 18, 21 and 37°C were comparable with isolates 2064 and D1 grown in both milk
and nutrient broth [43] and also with the isolate used by Fujikawa and Morozumi [44]. The aver-
age values of growth rates of S. aureus 14733 were slightly lower than those predicted by Combase
Predictor or Pathogen Modelling Program [45, 46].

It was also noticed that except for cases when S. aureus 14733 population was inhibited by high
salt amounts, it reached 7 log counts in stationary phase. At all studied temperatures, counts
higher than 7 log were reached up to a  0.890 (approx. 13% NaCl). Thirty per cent glucose in LB
broth resulted in a decreased maximal cell densities in stationary phase of about 0.5-1 log [47].

The range in which the SED was (full markers) or was not (empty markers) detected during
the growth of S. aureus 14733 in nutrient broth at 18, 21 and 37°C is also shown in Figure 1.
It is assumed that the minimal concentration of S. aureus of 10° CFU/ml is needed for SEs
production [35, 48, 49]. However, in our case, S. aureus 14733 was able to produce SED also at
lower cell counts. At 18°C, the SED was detected at a  0.995 after only 9 h, even if the S. aureus
concentration was 4.6 x 10° log CFU/ml. Surprisingly, also at such a low water activity value
as a_0.907 (13.05% NaCl), the SED was detected after 73 h if the S. aureus concentration was
only 3.6 x 10° log CFU/ml. Although the isolate was able to grow at a  0.887 with the specific
growth rate of ;1 =0.025 h, the SED was detected only after 11 days of incubation and counts
higher than 6 log CFU/ml. There were also some evidences of lack of the SEs production at
counts higher than 10° CFU/ml [11].

At 21°C, the SED was not produced as sooner as after 24 h of incubation and even not at
almost optimal water activity value (a2, 0.988) and S. aureus densities of 2.8 x 10* log CFU/
ml. On the other hand, at a, 0.946 the SED was detected in 24 h at 1.4 x 10* log CFU/ml
and also at 1.4 x 10° log CFU/ml at a, 0.899 after 121 h of incubation. Production of SEA
seems to be more dependent on S. aureus counts [50]. They detected SEA in tryptone soy
(TSB) broth at 20°C after 30 h of incubation and if S. aureus counts were higher than 6.04
log CFU/ml.

The most rapid SED production was naturally observed at 37°C. At the higher water activity
values, a  0.996 and 0.989, the SED was produced after only 4 h of incubation. The S. aureus
counts needed for the SED production reached concentrations of 2.0 x 10° log CFU/ml and 5.9
x 10*log CFU/mL, in order. Also at a,=0.949, 0.932 and 0.913, the SED was produced when S.
aureus 14733 reached minimal counts of 4 log CFU/ml. Moreover, at 37°C the SED was also
detected at such low water activity values as a  0.857 or 0.842, when S. aureus counts were
only 5 log CFU/ml. Higher minimal S. aureus counts (5.65 log CFU/ml) were needed for SEA
production in TSB broth that was detected after 9 h of incubation [50].

Further, the Gibson’s model secondary model Gibson et al. [51] was used to characterise the
influence of water activity and temperature on the specific growth rate of S. aureus 14733.
Growth of S. aureus 14733 in nutrient broth was positively determined with the increasing
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value of water activity, resulting in shortening of the lag phase duration and more intensive
growth in exponential phase. The growth of S. aureus in dependence on water activity at
18, 21 and 37 °C can be characterised by equations summarised in Table 2 and it is depicted
in Figure 2a. The lag phase was described by means of the model by Daughtry et al. [52]
according to equation summarised in Table 2 which graphical representation is shown in
Figure 2b.

For the Gibson’s model, the discrepancy factors ranged from 9.6% to 17.5%, so the model
can be considered as very consistent. This model can be also used for the determination of
optimal water activity value at each temperature. So, the optimal growth of S. aureus 14733
in nutrient broth at 18 °C can be expected at aw = 0.994, at 21°C at aw = 0.980 and at 37°C at
water activity value of 0.986. The prediction of lag phase duration would be estimated with
22-33 % error according to Davey’s model. Taking into account that 12-37% of the bound of
reliability during cultivation methods is tolerable; these finding demonstrate that the dura-
tion of lag phase and also the growth rate of S. aureus can be predicted with a defined degree
of reproducibility.

With regard to the EU Commission Regulation 1441/2007 [53], the total S. aureus numbers in
raw milk cheese should not exceed the process hygiene criterion of 4 log CFU/g. Based on
a total of 23 examinations of SED presence in nutrient broth with different NaCl concentra-
tion at temperatures 18, 21 and 37°C, in 8.7% of cases S. aureus 14733 was able to produce
SED even if the cell concentration was lower than 4 log CFU/ml. In further 22% of cases, the
SED was detected if the S. aureus 14733 counts were lower than 5 log CFU/ml, considered as
a safe limit of mentioned EU regulation. It is well documented in Figure 3, where the pro-
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Figure 2. Plots of natural logarithm of specific growth rate (2a; In u) and reciprocal lag phase (2b; In 1/lag) of S. aureus
in nutrient broth at 18 (m), 21 () and 37°C () in dependence on water activity. Symbols indicate values calculated
from growth curves at each incubation conditions. The continuous lines indicate the fitted of In u (or In 1/lag) versus
a, function, where Iny = A.bw?2 +B.bw+C, In Vig = L2t Ba + Cand b, = \jl——%; A, B and C are the estimated
parameters.
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Model equation/validation coefficients

A, B, %D, R? %V RSS RMSE %SEP
Inu = -32829-b’+4961-b ~1338

1117 1.001 117 0.974 96.9 0.0038 0.0142 9.2
Inp = -59.491 -b*+16.983-b -2.048

1.175 1.000 175 0.942 93.0 0.0121 0.0252 12.8
Inp_ =-35936-b’+8.010-b +0.159

1.096 0.999 9.6 0.988 98.6 0.0782 0.0538 8.2
In(1/lag ) = -24.835-a’+29.858-a -7.068

1327 1.003 327 0.921 90.3 1.4436 0.2832 0.8
In(1/lag ) = -49.760-a’+ 76322-a -27.672

1217 0.999 217 0.980 97.7 0.8456 0.1961 13
In(1/lag ) = ~129.915-a’+ 255970 -a ~126.570

1.246 0.999 24.6 0.973 96.9 1.3102 0.2203 5.1

Table 2. Result of validation of Gibson’s model describing the effect of water activity on specific growth rate and Davey’s
model describing lag phase duration of S. aureus 14733 in nutrient broth.

M [log CFUSmI)

Figure 3. Mutual effect of water activity and temperature on the production of SED in nutrient broth in dependence to S. aureus
14733 counts. The green dots represent samples negative for SED presence and blue dots represent positive SED samples.
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cess hygiene criteria are depicted with the red net, green dots represent samples negative
for SED presence and blue dots represent positive SED samples at each water activity and
temperature.

Based on the results, S. aureus 14733 can be considered as a strong SED producer, and the
SED production is not limited with the incubation temperature and the NaCl addition (up
to 15% at 18 and 21°C and up to 20% at 37°C). This complies with the study of Sihto et al.
[47] who also observed that glucose stress (in 30% addition) had no statistically signifi-
cant effect on sed expression during all phases of S. aureus growth in LB broth. Moreover,
Valihrach et al. found that the fat content of milk, origin of milk (cow, goat and sheep),
had only an insignificant effect on the SEC production by different S. aureus strains [54].
On the other hand, some strain-dependent differences were observed and the higher SEC
production was achieved by strains originated from ewes’ milk indicating a better adapta-
tion of such a strain on the host environment. Naturally, the highest amounts of SEs are
produced at 37°C, as an optimal temperature, compared to lower temperatures. However,
SEs production is significantly decreased in milk compared to synthetic nutrient medium.
It is worth mentioning also the faster growth of S. aureus in liquid culture compared to
solid food matrices indicating that the higher growth rate may stimulate enterotoxin gene
expression. On food matrix, S. aureus cells must attach, adapt, and substantially grow
under food condition, while in the nutrient broth the bacteria are planktonic and produce
enterotoxin earlier than on solid medium [50]. Also, the expression of SEs is coordinated
by many regulatory elements, including agr regulatory system. The agr positively regulates
expression not only of SEs and this expression increases simultaneously with increasing
cell density [55].

2.2. Effect of temperature, pH value and water activity on the growth dynamics
of S. aureus and enterotoxin D production

As it was mentioned above, the traditional artisanal production of “Bryndza” cheese includes
fermentation in the presence of LAB, ripening at temperatures from 18 to 21°C and salting
with 2-5% NaCl resulting in final soft cheese [1, 2]. In this context, the growth and the pro-
duction of SED by S. aureus 14733 in nutrient broth at 18 and 21°C and optimal temperature
of 37°C were observed in relation to pH value (adjusted by lactic acid to values 6.0, 5.5, 5.0
and 4.5). Subsequently, the mutual effect of lactic acid (pH 6.0, 5.5 and 5.0) and water activity
(a,=0.99;1.7% NaCl and a_=0.97; 5% NaCl) at the same temperatures on the S. aureus growth
and the SED production in the nutrient broth was analysed.

As it is shown in Figure 4, the combination of reduced pH value (to values 6.0 and 5.5) and
water activity value (0.99 and 0.97) did not inhibit the growth dynamic of S. aureus 14733
almost at all. However, further decrease of pH value down to 5.0 led to the lag-phase prolon-
gation, slowing of the growth rate in exponential phase and to the decrease of the maximal
cell concentration in stationary phase at 18 and 21°C. In accordance to these results, it can
be supposing that during cheese ripening at 18-21°C, the S. aureus growth inhibition can be
expected only if the rapid decrease of pH is achieved. But in the case of optimal temperature,
even the pH 5.0 is not sufficient to slow down its growth dynamic.
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Figure 4. Growth dynamics of S. aureus 14733 in nutrient broth at 18, 21 and 37°C in dependence on water activity and
pH value (¢ value 6.0, water activity 0.99, m pH value 5.5, water activity 0.99, ¢ pH value 6.0, water activity 0.97, m pH
value 5.5, water activity 0.97, A pH value 5.0, and water activity 0.99).

Taking into account the SED production by S. aureus 14733 in dependence to pH and water
activity, the strong inhibitive effect of pH down to 4.5 or the combination of pH 5.5 and a
0.97 was observed(Table 3). The SED was not detected at any temperature if the pH of 4.5 was
adjusted by the lactic acid. Compared to the experiments when no NaCl was added to the
nutrient broth at pH 6.5, the minimal S. aureus counts for SED production of 4.6 x 10* CFU/
ml (at 18°C) were needed. In the case of pH decreased to 6.0, the minimal S. aureus counts
increased to 6.3 x 10° CFU/ml. Also, the prolongation of the time when the SED was detected
from 9 to 28 h was observed at 18°C. And even the minimal S. aureus counts did not increase
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T (°O) pH a, u (h™) (+) log CFU/ml

18 6.0 - 0.221 5.8 (28 h)
55 - 0.320 5.7 (42 h)
5.0 - 0.119 49 (42h)
45 - -0.016 -
6.0 0.99 0.246 5.5 (28 h)
6.0 0.97 0.239 4.9 (28 h)
55 0.99 0.364 5.4 (28 h)
55 0.97 0.216 -

21 6.0 - 0.392 6.2 (22 h)
55 - 0.375 6.3 (22h)
5.0 - 0.306 6.1(32h)
45 - 0.007 -
6.0 0.99 0.378 6.1 (22 h)
6.0 0.97 0.295 6.5(32h)
55 0.99 0.389 6.0 (22 h)
55 0.97 0.258 6.2 (32h)

37 6.0 - 2.287 52(4h)
55 - 2.057 39(4h)
5.0 - 1.064 33(6h)
45 - 0.039 -
6.0 0.99 1.847 4.8 (4h)
6.0 0.97 1.534 3.6(4h)
5.5 0.99 1.403 39(¢4h)
55 0.97 1.073 49 (6h)

U, specific growth rate of S. aureus 14733; (+), SED detected in specific time of incubation.

Table 3. Effect of pH value and water activity on the growth parameters and production of SED by S. aureus 14733 in
nutrient broth at 18, 21 and 37°C.

with the decreasing pH value; the time of positive SED determination extended to 42 h at pH
5.5 and 5.0. The longer time required for SED production in the presence of only lactic acid,
compared to combination of lactic acid and NaCl presence, was observed also at 21 and 37°C,
although that at 37°C the SED was detected at pH 5.0 after 6 h of incubation.

In the term of SEs production inhibition during cheese manufacture, a rapid decrease in pH
value down to pH 5.0 as fast as possible within first 6 h of cheese production is strongly rec-
ommended. This was also emphasized by Delbes et al. [48]. They observed that the critical
phase of exponential phase of staphylococci occurs mainly within the first 6 h and the rapid
pH decrease within this phase significantly contributed to the inhibition of staphylococci in
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Figure 5. Growth dynamics and pH value changes during co-cultivation of S. aureus 14733 and Fresco culture in milk at
15, 18 and 21°C. ¢ presumptive LAB on M17 agar, o counts of S. aureus 14733, no SED, m counts of S. aureus 14733, SED
detected, A pH value.
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young cheese. Moreover, if pH exceeded 6.3 within the first 6 h, also the SEs production was
detected in cell concentration higher than 5 log CFU/g.

With regard to the study of Valihrach et al. [54], based on a total of 24 examinations of SED
presence in the nutrient broth in dependence to mutual effect of water activity (a, 0.99 and
0.97) and pH value (6.0 and 5.5) or pH value (6.0, 5.5, 5.0 and 4.5) at temperatures 18, 21 and
37°C, in 17% of cases S. aureus 14733 was able to produce SED even if the cell concentration
was lower than 4 log CFU/ml. In further 17% of cases, the SED was detected if the S. aureus
14733 counts were lower than 5 log CFU/ml.

2.3. Effect of lactic acid bacteria addition and temperature on the growth dynamics
of S. aureus and enterotoxin D production

In dairy practise, the initial numbers of S. aureus play an important role especially at the
beginning of the milk fermentation within the first 6 h or in 24-h-old cheese. As we presented
in our previous works [43, 56], one of the most effective tools to inhibit S. aureus growth is
to add a sufficient amount of active dairy starters, which are able to produce lactic acid very
rapidly. Thus, inhibiting the growth of S. aureus also, the production of SEs may be inhibited.
This effect can be also seen in Figure 5, where the growth of S. aureus 14733 in the presence of
two different Fresco starter culture additions was studied at 15, 18, and 21°C in milk. Those
temperatures represent temperatures during ripening of original ewes’ lump cheese from raw
milk and 15°C is the minimal temperature for proper fermentation process.

During co-cultivation of S. aureus 14733 with Fresco culture in milk, the cessation of S. aureus
growth was observed before the drop of pH observed could significantly affect the growth of
S. aureus (Table 4). In the experiment at 18°C, inhibition occurred at pH values of 6.55-6.55.
At 21°C, cessation of growth was observed for pH values around 6.45. As it was shown pre-
viously, S. aureus 14733 was able to grow under much more acidic stress. When only lactic
acid was present in the nutrient media, the specific growth rate of S. aureus 14733 of 0.119
h™ was calculated at pH 5.0 and 18°C. At 21°C, the growth at pH 4.5 with very low specific
growth rate (0.007 h™') was noticed, but at pH 5.0, specific growth rate 0.306 h™* was reached
by S. aureus 14733. Results also showed that S. aureus could grow at much lower pH values

T (°C) N, 1 (log CFU/ml) pH, (h) S N, sra =Ny o Hp, (B L ()
(log CFU/m) (log CFU/ml)

15 3.26 247 420 116 0.061 0397
423 28.6 3.98 090 0.104 0375

18 332 257 548 1.56 0.226 0.500
430 19.0 432 1.09 0.135 0.447

21 2.04 15.2 5.26 227 0215 0426
3.04 142 446 1.52 0.144 0421

Table 4. Growth parameters of S. aureus 14733 and the pH lag phase in dependence to Fresco culture addition and
incubation temperature.
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in liquid media (pH 5.25 and 4.48 at 15 and 30°C, respectively) [36]. On the other hand, they
did not observe its growth during co-culture with starter cultures at pH 6.8, assuming that the
S. aureus growth inhibition cannot be attributed only to a drop in pH.

So, even pH and lactic acid play only a minor role in growth inhibition, we may suppose
that the expression of genes responsible for SEs production may be influenced negatively. In
addition, the S. aureus growth inhibition may be accounted to the accumulation of antistaph-
ylococcal substances produced by the LAB present in the Fresco culture [56]. As reported
by Charlier et al. [49], several parameters were proposed as involved in S. aureus inhibi-
tion by LAB, including bacteriocin and hydrogen peroxide production, and competition for
nutrients.

During co-cultivation of 14733 isolate with Fresco culture, the SED was produced only after
reaching S. aureus late stationary phase, however, only if its concentration was higher than
5 log CFU/ml. The minimal starter culture addition needed for S. aureus growth and SEs
production inhibition at temperatures related to raw milk cheese manufacture should be at
least 4 log CFU/ml. Taking into account Commission Regulation 1441/2007 [53], the presence
of active starter culture of LAB is able to not only inhibit the growth of S. aureus but mainly
prevent from SEs production. On top of that, the addition of starter culture can support the
growth of natural LAB present in raw milk. Their inhibitory potential, involving not only
acidification, can be used actively in safe cheese preparation. Moreover, the starter cultures
not only effectively inhibit the growth of S. aureus during the fermentation of milk and raw
milk cheese but also improve the sensorial properties of prepared cheese [57]. Certainly, these
findings do not mean to overestimate the role of LAB and on the other hand to underestimate
hygiene control. Minimizing the initial S. aureus numbers in raw milk down to 10> CFU/ml is
of utmost importance in preventing from S. aureus population to reach densities necessary for
SEs production during cheese manufacture. Our experiments were not focused on the inhibi-
tion of staphylococcal isolates with higher NaCl concentrations as salt generally inhibits LAB
and support undesirable salt-tolerant bacteria, including staphylococci.

3. Conclusion

Based on this study focusing on the effect of temperature, pH, water activity and initial
numbers of lactic acid bacteria on the growth and the ability of S. aureus 14733 to produce
SED, we may consider it as a strong SED producer. The SED production was not limited
with the incubation temperatures and the NaCl addition related to traditional cheese manu-
facture. As this isolate comes originally from such an artisanal cheese production, we can
expect that also other enterotoxin-producing S. aureus strains could be able to produce SEs
within the population under 10* CFU/ml or g in practice. It is absolutely necessary to apply
strict prerequisites approach in hygiene to reach the initial number of S. aureus as low as
possible.

In terms of SEs production inhibition during cheese manufacture, a rapid decrease in pH
value down to pH 5.0 as fast as possible within the first 6 h of cheese production is strongly
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recommended. The minimal starter culture addition needed for S. aureus growth and SEs
production inhibition at temperatures related to raw milk cheese manufacture should be at
least 4 log CFU/ml.

Artisanal raw milk cheese production poses a few critical factors limiting its safety. With refer-
ence to the growth of S. aureus, commonly present in raw milk, many factors should be taken into
consideration. From them, quantitative growth data, cheese type, NaCl content, nature, activity
and type of the starter culture and mutual relation between S. aureus and lactic acid bacteria
populations are predominant. Inhibitory starters producing bacteriocins may also be used. Thus,
adding of a starter culture in artisanal cheese production is strongly recommended. This can be
the only capable way of assuring the initial dominance of lactic acid bacteria and also supporting
the growth of the natural LAB present in raw milk in competition with other undesirable bacteria.
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Abstract

Staphylococcus aureus is a commensal bacterium that causes infections such as sepsis,
endocarditis, and pneumonia. S. aureus can express a variety of virulence factors, includ-
ing surface proteins. Surface proteins are characterized by presence of a Sec-dependent
signal sequence at the amino terminal, and the sorting signal domain. Surface proteins
are covalently attached to peptidoglycan and they are commonly known as cell wall-
anchored (CWA) proteins. CWA proteins have many functions and participate in the
pathogenesis of S. aureus. Furthermore, these proteins have been proposed as therapeutic
targets for the generation of vaccines. In this chapter, different topics related to CWA
proteins of S. aureus are addressed. The molecular structure of CWA proteins and their
role as virulence factors of S. aureus are described. Furthermore, the involvement of CWA
proteins in the processes of adhesion, invasion of host cells and tissues, evasion of the
immune response, and the formation of biofilm is discussed. In addition, the role of CWA
proteins in skin infection and the proposal to use them as potential vaccine antigens are
described. The information contained in this chapter will help the readers to understand
the biology of CWA proteins and to recognize the importance of surface molecules of S.
aureus.

Keywords: Staphylococcus aureus, CWA proteins, surface proteins, vaccines, skin

1. Introduction

Staphylococcus aureus has been widely studied due to their ability to cause infections such as
sepsis, endocarditis, and pneumonia. Therefore, it is relevant to find new therapeutic targets
against this bacterium; since the treatments with common antibiotics are seldom effective
due to the acquisition for multidrug resistance, such as methicillin-resistant S. aureus (MRSA)
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strains [1, 2]. S. aureus expresses a variety of virulence factors and some of them are found
in the bacterial surface (surface proteins). The surface proteins of S. aureus are covalently
attached to the peptidoglycan, and for that reason, they are named as cell wall-anchored
(CWA) proteins. Within the genus Staphylococcus, S. aureus has an average of 24 different CWA
proteins, whereas Staphylococcus epidermidis and Staphylococcus lugdenensis have less CWA
proteins. Not all strains of S. aureus have the same 24 CWA proteins on their surfaces, there
are differences according with their genotypes. With regard to the expression of CWA pro-
teins, it is dependent on the bacterial growth phase and growth conditions; for example, some
proteins are expressed only under limited iron concentration [3, 4], while others are expressed
predominantly in the exponential phase [5], or in the stationary phase of bacterial growth [6].
The CWA proteins are classified into four families according to a structure-function analysis
and to their different motifs. Currently, the CWA proteins have taken great interest due to
their multiple functions during the pathogenesis of S. aureus.

2. Structure of CWA proteins

All CWA proteins contain a Sec-dependent signal sequence at the amino terminal and at the
carboxyl terminal a sorting signal and a hydrophobic domain (wall-spanning W). The sort-
ing signal domain contains the characteristic motif for breaking by the sortase LPXTG (Leu-
Pro-X-Thr-Gly; wherein X represents any amino acid). The hydrophobic domain retains the
protein in the bacterial membrane during secretion, so that the sortase can join and carry out
its transpeptidase function. Between the amino and carboxyl terminal domains, there are dif-
ferent regions or functional domains. Based on its molecular structure and arrangement, the
CWA proteins of S. aureus have been classified into four families: the MSCRAMM family, the
NEAT motif family, the three-helical bundle family, and the G5-E repeat family (Table 1).

2.1. The MSCRAMM family

The main feature of this family of proteins is its structural similarity and its mechanism for
binding the ligand. The general structure of these proteins is a domain A at the amino terminal
and a region R. The A domain is divided into subdomains: NI, N2, and N3, which integrate the
ligand-binding domain. The N2 and N3 subdomains form folding structures IgG-like [7] that
are important to form the ligand-binding site. With respect to ligand-binding mechanism of
these proteins, they bind to fibrinogen through the mechanism “dock, lock, and latch” (DLLs)
by N2 and N3 subdomains. The DLL mechanism occurs when the ligand dock to the open
apo form and conformation changes create a closed form, in which the ligands are locked
into a place [8]. Clumping factor A (CIfA) and CIfB proteins of S. aureus and serine-aspartate
repeat-containing protein G (SArG) of S. epidermidis are representative proteins of this family.

The R region of the Sdr- and CIf proteins is composed by repeated Ser-As, known as the SD
region. However in the fibronectin-binding protein A (FnBPA) or (FnBPB), the R region con-
tains repeated fibronectin-binding, which have the function of mediating ligand binding. The
SdrC, SdrD, SdrE, and bone sialo-binding protein (BBP) proteins, which are MSCRAMM of S.

aureus, have two or more repeated subdomains named as B, ranging from 110 to 113 amino
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Protein family Structural motifs and domains” Proteins Function during infection
(1) MSCRAMM N-terminal A region (comprises CIfA? Adhesion to fibrinogen; degradation of
CIf-Sd subdomains N1, N2, N3); B, . repeats C3b. Immune evasion
odr (in SdrC, SdrD and SdrE); R region o ) o
(known as SD region, contains serine- CifB F}brl.rlogen, keratin a.nd l'orlcrm ‘
aspartate repeats) binding. Nasal colo.rllza4t10n by adhesion
to desquamated epithelial cells
SdrC -Neurexin binding. Adhesion to
desquamated nasal epithelial cells
SrdD Adhesion to desquamated nasal
epithelial cells
FnBp A region (subdomains N1, N2, N3); R FnBpA Fibrinogen, fibronectin and elastin
region (contains fibronectin-binding binding. Adhesion to extracellular
repeats) matrix; cell host invasion.
FnBpB Fibronectin-binding. Adhesion to
extracellular matrix; cell host invasion
Cna A region (subdomains N1, N2, N3); Cna Collagen binding. Adhesion to
B\ Tepeats extracellular matrix
(2) NEAT Near iron transporter motif; C-terminal IsdA Heme, fibrinogen, fibronectin,
hydrophilic stretch (in IsdA) cytokeratin and loricrin binding.
Heme capture and iron uptake; nasal
colonization
IsdB® Heme, hemoglobin and 3§ integrins
binding. Heme capture and iron uptake;
invasion of non-phagocytic cells
IsdH Heme, hemoglobin binding. Heme
capture and iron acquisition; immune
evasion by C3b degradation
(3) Three helical Tandemly linked triple-helical bundle ~ Protein A IgG, IgM and TNRF1 binding. Evasion
bundle domains (known as EABCD); of immunity; increased inflammation
repeat-containing Xr region; during pneumonia and skin infection
nonrepetitive Xc region
(4) G5-E A region; alternating repeats of G5 SasG Adhesion to desquamated epithelial

and E domains

cells; formation of biofilm

"All CWA proteins share an N-terminal signal sequence and a wall-spanning region and sorting signal at the C-terminal

region.

*Antigens as potential vaccines.

Table 1. Structure-function of CWA proteins.

acids and that are located between the region A and the SD region. The repeated B, are
folded separately and form a rigid bar and it is Ca** dependent for structural integrity [9, 10].

An atypical MSCRAMM protein is collagen adhesin (Cna). This protein binds to collagen,
also has a domain A in its N-terminal and it is divided into three subdomains N1, N2, and
N3. The Cna differs from the other members MSCRAMNMs because its ligand-binding domain
(IgG-folded) is composed of the N1 and N2 subdomains, and not composed of the N2 and N3
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subdomains as other MSCRAMMs typical. Furthermore, the space between domain A and
the cell wall-spanning W domain consists of a variable number of repeated B, domains,
which are different from B, , subdomains. Another difference is that the Cna has a different
ligand-binding mechanism named as collagen hug.

2.2. NEAT motif family

The main feature of this family is the presence of near iron transporter (NEAT) motifs, which
recognize and bind to heme or hemoglobin. Proteins iron-regulated surface (Isd) A, B, and H
contain NEAT motif (one NEAT motif for IsdA, two NEAT motif for IsdB, and three NEAT
motif for IsdH) and these proteins are involved in the capture of heme from the hemoglobin.
Isd is important for the survival of the bacterium into the host, where the iron is limited.
Besides, Isd is involved actively in the metabolism of heme. Heme binds to Isd, and then
heme binds to a membrane transporter protein, which transfers heme into the cytoplasm.
In the cytoplasm, the iron is released from heme by hemoxygenases [4, 11]. The structure of
the NEAT domain has been elucidated and the molecular mechanism of ligand-binding was
determined [12]. Other Isd proteins can bind different ligands to the heme group, as the case
IsdA that binds to fibrinogen, fibronectin, cytokeratin 10, and loricrin; and IsdB that binds to
3p integrins.

2.3. Three-helical bundle family

The main feature of this family is the presence of several single separately-folded three-heli-
cal bundles. Protein A of S. aureus is the common prototype of this family. Protein A has five
homologous modules in its amino terminal, known as EABCD (each module has a folding
three -helical bundles) which can bind to different ligands; then there is a Xr region composed
by repeated octapeptides, which are highly variable number, and finally in the constant Xc
region [13, 14]. Protein A is a multifunctional CWA protein ubiquitous in S. aureus and fre-
quently it is used to subtype strains, based on the variation of the DNA sequence-encoding Xr.

Other proteins of S. aureus containing three-helix bundles are: the binder protein IgG (Sbi)
with four three-helix bundles which is not covalently linked to the cell wall [15, 16], and
the proteins that have a single three-helix bundle, the staphylococcal complement inhibitor
(SCIN) and the extracellular fibrinogen binding protein (Efb) [17], which are involved in the
immune evasion.

2.4. The G5-E repeat family

The basic structure of this family is G5-E repeat domain. Each domain G5 has five conserved
glycine residues, which adopt a folding of B-triple helix-B-like structure. Currently, it is
unknown whether this domain is involved in the ligand-binding function. The region E is
known as the spacer region and is composed of a sequence of 50 amino acid residues [18, 19].
The domain G5 and the region E form the structure of this family. The G5-E unit is repeated
in a tandem arrangement. In addition, proteins of this family have a domain A in the amino
terminal. The surface protein G (SasG) of S. aureus and the accumulation-associated protein
(Aap) of S. epidermidis are closely homologous and are members of this family; both proteins
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are involved in biofilm formation. The G5-E repeated of Aap and SasG are exposed on the
surface of the bacterium. For both proteins become functional that must be processed; in the
case of Aap, the domain A of the amino terminal is removed by proteolytic processing and in
the case of SasG occurs by limited breaking within G5-E domains [20].

2.5. Other CWA protein families

There are other CWA proteins with different functional domains such as the legume lectin and
the nucleotidase. These two groups of CWA proteins are classified outside the four families
mentioned above, because they are not exclusive of S. aureus. CWA proteins with a legume
lectin domain are represented by the serine-rich adhesion of platelet SraP [21]. SraP is com-
posed of a BR region and a short serine-rich region (55SR1). The BR region is formed of three
different structural domains: the legume lectin-like, the p-grasp fold (B-GF) and the cadherin-
like (CHLD). It has been observed that the function of the BR region is to recognize Neu5Ac-
containing glycoproteins of mammalian cells; such as the salivary glycoprotein gp340 [22].
In addition, the SraP is involved in bacterial adhesion and the invasion of mammalian cells.
On the other hand, the nucleotidase domain has been identified in CWA protein SasH of
S. aureus. The nucleotidase motif is enzymatically active and contributes to evade the host
immune response [23, 24]. It has been shown that when S. aureus is phagocytosed, the SasH
(also named as synthase adenosine, AdsA) dephosphorylates intracellular ATP to adenosine,
where the adenosine is immunoregulatory because the adenosine inhibits the oxidative burst
and promotes the survival of S. aureus within neutrophil [25, 26].

3. Posttranslational modifications of CWA proteins

The MSCRAMMSs proteins achieve proteolytic posttranslational modification in the domain
A. Proteases that remove subdomain N1 of MSCRAMMs are located on the bacterial cell sur-
face. Proteolytic processing is conducted by a staphylococcal protease, called aureolysin, which
cleaves between the subdomains N1 and N2 of ClfB and CIfA. For FnBPA, there is not a staphy-
lococcal protease, the responsible of this processing is the thrombin of the host. Removal of N1 of
ClIfB can decrease the length of the protein and cause lack of binding fibrinogen [5]. It is thought
that the elimination of N1 subdomain reduces the ability of S. aureus to adhere to fibrinogen,
loricrin, and cytokeratin 10. The biological importance of the elimination of the subdomain N1
of CIfA and FnBPA is unclear, since experiments suggest no reducing biofilm formation by
FnBPA; or no decrease in adhesion to fibrinogen by CIfA and FnBPA processed proteolytically
[27, 28]. However, it has been reported that under certain conditions, FnBPs are degraded by the
S. aureus V8 protease, reducing the ability of the bacterium to adhere to fibronectin [29].

Another posttranslational modification is the glycosylation of proteins Clf-Sdr. It has been
shown that the glycosyltransferases SdgB and SdgA of S. aureus are responsible to modify
the SD region of the Clf-Sdr family. This modification involves adding N-acetylglucosamine
residues in the region SD protecting it from the degradation by neutrophil serine protease,
cathepsin G [30]. Thus, the glycosylation of repeated SD is crucial for functional maintenance
of MSCRAMMs on the surface of S. aureus.
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4. CWA proteins as virulence factors

The generation of mutants is a useful tool to know the function of a gene; however, the study
of CWA proteins has been complicated because the generation of defective mutants of CWA
protein had generated, in some cases, unexpected results due to functional redundancy. For
example, S. aureus expresses some CWA proteins that bind to fibrinogen, and most of the
strains can produce two proteins with the same function; in consequence, a mutant protein
could be replaced by a protein with the correct function. Another difficulty that occurs in the
study of CWA proteins is to obtain mutants in the isolates of clinical relevance, since the stud-
ies have been conducted with laboratory strains; such as S. aureus Newman and derivatives of
NCTC8325 strains. Finally, there is the problem of species because some CWA proteins have a
specific function in mice but in humans have different functions or behavior [31].

Despite the difficulties mentioned above, the role of CWA proteins in virulence has been stud-
ied. Human population (20%) is permanently colonized by S. aureus in the nasal cavity [32],
where the bacterium is able to grow exponentially and to express high levels of mRNA encod-
ing CWA proteins [33]. CIfB [34] and IsdA [35] contribute in the nasal colonization in rodents,
and CIfB also in humans [36]. CIfB is capable of binding to keratin 10 of mouse and human
[37]. Keratin 10 is the largest component of squamous cells. CIfB also binds to the loricrin
protein [38]. Some other CWA proteins (such as SdrC, SdrD, SasG, and SasX) can promote
adhesion to squamous cells but the ligand or ligands involved are not known [39-42].

4.1. CWA proteins in the invasion of epithelial and endothelial cells

Recently, S. aureus was recognized as an intracellular pathogen and its ability to survive
inside neutrophils. S. aureus can be taken directly by nonphagocytic cells and host cells; subse-
quently, it can cause damage to the above mentioned cells by the production of cytotoxins. In
addition, intracellular bacterium is protected against the attack by the host because S. aureus
acquires a state of semidormancy known as small colony variants, which yields intrinsic resis-
tance to antibiotic therapy [43].

In the case of FnBPA and FnBPB proteins, the binding of these proteins to fibronectin facil-
itates S. aureus internalization [44—46]. Fibronectin is composed of three different types of
structural modules, called 1, 2, and 3, of which the modules type 1 contain two 3 sheets
involved in interactions with the binding domains of FnBPs [47]. In addition, an arginine-gly-
cine-aspartate sequence of one of the modules type 3 of fibronectin is recognized by integrins.
Particularly, the interactions of fibronectin with FnBPs and integrin a5p1 initiate the activa-
tion of a signaling cascade that triggers a cytoskeletal rearrangement in the host cell, which
causes endocytosis of S. aureus [48].

4.2. Immune system and inflammation

The CWA proteins are involved in immune evasion. Protein A binds to the Fc region of IgG,
this binding leads to an incorrect orientation of IgG antibody, preventing the recognition of
the bacterium by neutrophils and the activation of the classical complement pathway [49].
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Furthermore, it has been demonstrated that in pulmonary epithelial cells, protein A is capable
of interacting with tumor necrosis factor receptor 1 (TNFR1), triggering the production of
interleukin-8 (IL-8) and the neutrophil recruitment, promoting inflammation and tissue dam-
age [50]. Also it has been reported the involvement of protein A in the production of inter-
feron 5 (IFN) and IL-6 in a mouse pneumonia model [51].

CIfA and Can are involved in evading the immune system by recruiting regulators of comple-
ment pathway [52]. Furthermore, CIfA is involved in bacterial survival by binding to fibrin-
ogen, because in a sepsis model this interaction reduces the probability of S. aureus to be
eliminated by neutrophils [53]. It has also demonstrated the importance of modifying CIfA by
glycosyltransferases, which add N-acetylglucosamine to the SD region, thereby preventing
the proteolysis by cathepsin-B from human neutrophils [30].

4.3. Biofilms

One of the major virulence factors of S. aureus is its ability to form biofilms on implanted med-
ical devices, which favors resistance to antibiotics, survival, and dissemination [31]. In the
formation of biofilms, a polysaccharide matrix is involved, particularly the molecule poly-N-
acetylglucosamine (PNAG) or also called adhesin intercellular polysaccharide (PIA), whose
production depends on the proteins encoded by the operon iciADBC (intracellular adhesion)
[54, 55]. Furthermore, the CWA proteins of the cell-wall are also involved in biofilm forma-
tion, such as Bap, CIfB, FnBPs, SasC, SasG, and protein A [31]. It has been shown that Bap and
SasC are involved in adhesion of S. aureus to polystyrene surfaces and the bacterial accumula-
tion in biofilm formation [56, 57]. In the case of FnBPs, it has been proposed that N2 and N3
subdomains of the domain A are required to promote the bacterial accumulation in biofilm
formation [27]. The mechanism of biofilm formation involving SasG consists of an array of
loop structures, which are capable of interacting with other SasG located on the surface of
another bacterium, thus allowing the accumulation of S. aureus [18].

5. Involvement of CWA proteins in skin infections

The study of the participation of CWA proteins in skin infections and abscess formation
has been achieved mainly in animal models with CWA protein mutant strains of S. aureus
(Table 2). S. aureus strains deficient in sortase proteins, which lost all CWA proteins, are
unable to form abscess in mice [58, 59]. Mice inoculated with S. aureus strain Newman, defi-
cient in CIfA, showed a lower bacterial load in skin abscesses compared with the wild-type
strain [60]. The CIfA protects the bacterium from phagocytosis by neutrophils because CIfA
recruits fibrinogen to the surface of the bacterium, thereby preventing the opsonization and
recognition by receptors of phagocytic cells.

In a murine skin abscess model, infected with S. aureus LS-1 strain, mutant in FnBPA and FnBPB,
the bacterial load decreased [60]. FnBPs is also able to adhere and invade the skin keratinocytes
[61], thus contributing to the development of skin infection. SasX contributes to skin infection,
which was demonstrated in a murine skin infection model in challenge with a SasX-deficient
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Infection model Mutant CWA in S. aureus Result

Murine kidney abscess Sortase No abscess formation in the kidneys
Murine skin infection CIfA Decreased CFU in the skin abscess
Murine skin infection FnBPA and FnBPB Decreased CFU in the skin abscess
Murine skin infection SasX Smaller abscesses in the skin

Mice inoculated subcutaneously Protein A Decreased CFU in the skin abscesses
Rabbit skin infection Wild-type High transcription level of the isdB

gene in abscesses

Table 2. CWA protein infection models.

strain of S. aureus, who produced smaller abscesses compared with those infected with the wild-
type strain. In mice inoculated subcutaneously with the S. aureus Newman mutant strain, pro-
tein A-deficient, the bacterial load on the skin abscesses was significantly lower than abscesses
infected the wild-type strain. The role of protein A during skin infection by S. aureus is probably
by evading the immune response, since protein A binds to IgG and decrements B cells, prolong-
ing the time of bacterial binding with the ligand of the skin. Protein A leads a proinflammatory
response in the skin, because the protein A binds to TNFR1 of human keratinocytes and upregu-
lates the expression of COX-2 and IL-8, driving shot downstream of the kinases, which results in
the activation of NFkB and AP-1 [62]. IsdA has a function of resistance against the mechanisms
of human innate immune defense and its presence on the surface of S. aureus causes that the
bacterium to be more hydrophilic and is negatively charged [63, 64]. In a rabbit skin infection
model, transcription levels of isdB were increased 24 h post infection [65], suggesting that it may
have a role during infection of the skin. The Isd proteins bind to the ligands on skin cells, and it
is probably Isd that is involved in the skin infection.

6. CWA proteins as vaccines

Currently, there is a proposal to use recombinant CWA proteins as potential vaccine antigens.
In animal models, the use of CWA proteins has induced immunological protection against S.
aureus through the production of anti-S. aureus antibody [66-68]. However, it has been docu-
mented that IsdB vaccine produced immunity in animals, but not in patients with severe infec-
tions after cardiothoracic surgery (phase Il test) [69, 70]. A strategy to increase vaccine efficacy
is to develop multiple vaccines, a vaccine containing four antigens of CWA proteins resulted
in greater protection in mouse [68] compared to a single antigen vaccine. Furthermore, the
stimulation of humoral immunity is insufficient for protection in humans; subsequently adju-
vants that trigger an immune response mediated by T helper 1 (Th1) and/or T helper 17 (Th17)
cells, as well as recruit of neutrophils by IL-17 and IFNy would be important.

6.1. CWA proteins such as T-cell antigen

Up to date, the mechanism of immune system activation by CWA proteins is unknown except
for the protein A that binds to TNFR1 and induces the production of interleukin-8 (IL-8)
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and the neutrophil recruitment [50]. The anti-S. aureus vaccines are capable for activating
the effector T-cell subsets [71, 72]; however, the epitopes of S. aureus that recognize T-cells
are unknown. T-cells not activated (virgin) increase their cellular proliferation and produc-
tion of cytokines (phenotype of activated T-cells) when they are stimulated with extracellular
proteins of S. aureus, but not when they are stimulated with intracellular proteins of S. aureus
[73]. Stimulation of virgin T-cell with membrane proteins from S. aureus produces a high acti-
vation of T-cells, the same takes place when they are stimulated with CIfA [74]. CIfA triggers
immunity antibody-mediated in a murine model of S. aureus arthritis [67]. On the other hand,
CIfA nanoparticle applied to the nasal cavity of mice results in a significant protection against
systemic infection by S. aureus, and an increase cellular immune response Th1 and Th17 [68].
Immune cellular response type Th17 has an important function in systemic protection against
S. aureus, because knockout mice to IL-17 cytokine are not immunized with CIfA [75]. These
studies suggest the potential role of CIfA as the major antigen to activate T-cells.

Currently, CIfA protein is used in multivalent vaccines. Thus, the vaccine designed by Pfizer,
with the status of Phase II clinical trials, is made with CIfA antigens, capsular polysaccharide
MNTC, and two proteins (CP5 and CP8) [76, 77]. This vaccine induces a high production
of antibodies; however, there are no studies on its cellular immunity. NovaDigm I devel-
oped a vaccine with homologues of CIfA and Als3p [78]; in phase I clinical test, the vaccine
showed an increase in the production of specific antibody titer and induced Th1 and Th17 cell
response in humans [77]. CIfA is emerging as a potent stimulator of T-cells and it is a promis-
ing antigen vaccine development; however, there is little research on the potential of other
CWA proteins to activate T-cells. Therefore, studies to determine which CWA proteins cause
a high T-cell response should be performed to identify potential proteins for future vaccines.

7. Conclusions

Although it has recognized the role and ligands for some CWA proteins of S. aureus, there are
other CWA proteins whose function in humans is unknown. The structural analysis of CWA
proteins is a powerful tool to determine their role in S. aureus; however, the use of molecular
techniques and animal models are essential for discovering new ligands and/or functions of
the CWA proteins, which could be relevant in S. aureus pathogenicity.

On the other hand, the immune response of the CWA protein also requires more studies, since
the mechanism by which CWA proteins interfere with the host innate immune response is
unknown, in particular regulation of complement activation. In addition, determining CWA
proteins causing a cellular immune response is crucial for the generation of new vaccines.

Most studies of CWA proteins have been conducted with laboratory strains. These studies
should be extended in clinical isolates, where the variation of ligand binding of the CWA pro-
teins is considerable. Additionally, the regulatory system of the expression of CWA proteins
is still insufficient, because the expression of CWA proteins depends on the strain understudy.

Surface proteins have a wide range of functions that are essential for colonization and sur-
vival of S. aureus in the host. Although the structural analysis of the CWA proteins has been
crucial to define the mechanism of these processes and has provided the classification of the
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CWA proteins, there are many questions to understand completely the functions of the CWA
proteins in the pathogenesis of S. aureus.
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Abstract

Despite the discovery of antibiotics, the battle against bacteria is so far in their favor, spe-
cifically because bugs are able to develop a superstructure named biofilm, to resist and
to survive in the environment. Nosocomial infections, a major health problem, are due
at 80% to biofilm-associated infection, and Staphylococcus aureus is the leading bacteria
species in this domain. Moreover, the antimicrobial resistance of this bacterial commu-
nity is accentuated when it is formed by superbugs such as methicillin-resistant S. aureus
(MRSA). In this chapter, the mechanism and the physiology of S. aureus biofilm as well
as their consequences in the clinical domains are described. To complete the vision on S.
aureus biofilms, some “anti-biofilm” strategies will be highlighted.

Keywords: Staphylococcus aureus, biofilm, antibiotic resistance, anti-biofilm strategies

1. Introduction

Discoveries in microbiology and the setup of aseptically processes in medical science allowed
the possibility of high-level surgery over the last century, with the hope of a safe healing. In
return, major problems have appeared as nosocomial infections due to bacterial biofilm for-
mations on medical devices [1, 2]. Despite the multiplication of surgical procedures in order
to get as close as sterile environment, bacterial contamination remains an important risk.
Bacteria could indeed acquire antibiotic resistances and an emergence of multidrug resistant
strains is observed [3, 4]. Moreover, the most alarming is that bacteria with regular sensitivity
to antibiotics are even able to develop a strategy to survive: the formation of a strong com-
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munity named biofilm [1, 2, 5]. Biofilm-associated infections represent 80% of nosocomial
infections, and Staphylococcus aureus is the leading species in this domain [6-8].

Biofilm is defined as a multicellular lifestyle, an organized structure built by almost all bacte-
rial species. Even if the term “biofilm” has been used for more than 60 years, the understand-
ing of this structure started but recently. Fossilized biofilms of 3.5 billion years have been
discovered and highlight the hypothesis that biofilm is a survival strategy always used by
microorganisms since the dawn of time [5]. Scientists have recently understood that bacteria
are not always living as free cells in nature; on the contrary, most of the time, bacteria build
a real social life in a resistant community surrounded by a matrix composed of polysac-
charides, extracellular DNA, proteins, lipids and other components [1, 2]. Biofilm is present
on biotic or abiotic surface and bacteria embedded inside are 10-1000 times more resistant
to conventional antibiotics than free-floating bacteria according to the strains, the molecule
applied and the model of study [7-9]. Life cycle of biofilm is nowadays well-described.
First, bacteria adhere on a surface and they enhance different mechanisms to irreversibly be
attached. Then, the program of biofilm starts with a maturation of the multicellular structure.
To complete this cycle, dispersion of swimming cells occurs under specific conditions [1,
2, 7-9]. However, the key of biofilm mechanism is the initiation that leads bacteria to form
a biofilm and only under specific conditions. This trigger of biofilm mechanism is still an
important question. Survival would be the answer, thus biofilm structure allows bacteria to
resist to any types of environmental stress including UV, lack of nutrients and presence of
antimicrobials [1, 2, 7-9].

All these characteristics lead to major problems in industries as well as in the medical domain.
In industry, for example, the presence of multispecies biofilms has a high impact on the pro-
cesses or on the production and results in high costs. S. aureus can be isolated from biofilm
found in food industry particularly in dairy process [10], and they are sanitizers resistant [11].
As a consequence, microorganisms can infect the milk or other food products and cleaning
the production system is very complicated or impossible. Thus, all the structures need to be
replaced representing an important waste of money.

In the medical domain, numerous difficulties to treat biofilm-associated infections are
described: resistance to antibiotics and to immune system, spread of infection, sepsis shock
and surgical risks to remove infected implant or tissues [1, 6, 8]. S. aureus is one of the most
frequent germs found in biofilm-associated infections partially resulting from the fact that
they are commensal bacteria on the human skin and mucous [12]. Moreover, S. aureus mul-
tidrug resistant like methicillin resistant S. aureus strains (MRSA), is responsible for biofilm
infections that are more difficult to treat that need more intensive care and replacement of
medical devices as compared to Staphylococcus epidermidis biofilm infections, for example. S.
aureus also embodies an important reservoir of dissemination to other human body sites [12].
Consequently, the development of new therapeutic strategies, through a better understand-
ing of biofilms, is necessary and imperative [4] to fight against this structure resistant to the
immune system and antimicrobial drugs.

Here after, to better understand the strength of S. aureus biofilms, different aspects relevant
to biofilm, its mechanism and its physiology will highlight the aspects that are specific to
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Staphylococci and S. aureus more precisely. The consequence of S. aureus in clinical domain
will be described and some “anti-biofilm” strategies will be suggested.

2. Biofilm life cycle

Different steps of biofilm life cycle have been well-described through the study of different
bacterial species: reversible adhesion, irreversible attachment, maturation and dispersion [5,
13] (Figure 1). First, active bacteria can turn from “swimmers” to “stickers” on a support. A
surface is supposed to always be in favor of adhesion because of the prediction that organic
substances will concentrate on a surface and microorganisms will easily adhere and be pro-
tected from outsider challenges. Adhesion will dependent on the species of bacteria, sur-
face composition, environmental factors, and essential gene products [14]. Microorganisms
could adhere on inert or biotic surfaces. Most of the time, interaction between bacteria and
abiotic surface involves nonspecific interactions as opposed to active interaction between
microorganisms and live tissues [14]. The surface conditioning is quite important through
various physiochemical parameters: hydrophobicity, chemical composition of the material,
surface energy, eletrostatic charges, temperature, surface roughness and in the case of biotic
adhesion: serum and tissue protein adsorption [14, 15]. Hydrophobicity increases bacterial
adhesion in most cases [15, 16]. In some environmental conditions, macromolecules adsorp-
tion could form a “film” neutralizing excessive charges and surface free-energy facilitating
bacteria and surface proximity. It was shown that pH parameters influence S. aureus adher-
ence on glass [17].
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Figure 1. Biofilm life cycle.
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As far as S. epidermidis is concerned, Sousa et al. [15] have shown that surface conditions influ-
ence bacterial adhesion but the cell surface hydrophobicity itself was not linked to adhesion
capacity, underlying the importance of other factors as cell wall associated proteins. The first
bacteria approaching a surface adhere to it because of good conditioning but afterwards when
the rate of cells increases, the following bacteria tend to adhere to previous bacteria instead of
the surface [15]. In a case of a bad conditioning of surface and the necessity of adhesion, pili
or other bacterial appendices could overcome potential repulsion.

2.1. Attachment on a surface

In any case, the life of a biofilm starts by an adhesion. The latter is reversible but can turn irre-
versible. Indeed, under specific conditions, events of irreversible attachment tend to increase
and lead to the formation of a biofilm. In fact, irreversible attachment is the first step to the
maturation of a future biofilm.

At the beginning, adhesion is the fortunate meeting between a good conditioned surface and
a bacterium. In any environment, microorganisms can randomly get close to the surface or
be attracted by chemotaxis involving their motility system [14]. Very recently, the ability for
motility was observed for S. aureus even if they do not possess any appendages for movement
[18]. This very particular movement is supposed to be a response to very specific conditions.

A surface could be attractive or repulsive for bacteria according to different parameters described
above including hydrophobic and electrostatic interactions, hydrodynamic forces and tempera-
ture. Hydrophobicity is considered the most important. Bacteria could adhere on a biotic or abi-
otic surface thanks to the involvement of specific bacterial surface molecules such as the surface
protein autolysin or the teichoic acids, altering the physicochemical properties of the bacterial
surface rather than mediating the attachment via specific, receptor-mediated interactions [13].

In the human body, S. aureus is known to have specific targets in relation with its pathogenesis.
Staphylococci attachment to a biotic surface such as human tissue is due to specific interactions
with its virulent factors (Figure 1). These bacteria possess a large variety of surface-anchored
proteins such as the microbial surface components recognizing adhesive matrix molecules
(MSCRAMMS). MSCRAMMS are structured in three parts: a binding domain, a cell wall span-
ning domain and a third part responsible for the covalent or non-covalent attachment of the
MSCRAMM proteins on bacterial surface. These adhesins are able to bind to one or several dif-
ferent human matrix proteins (fibronectin, fibrogen, etc.) [13, 19, 20] and are required for biofilm-
associated infections on indwelling medical devices covered by host matrix right after insertion
[13]. Covalent bonds are catalyzed by sortases recognizing LPXTG motifs. S. aureus strains have a
high variety of LPXTG-type MSCRAMM s compared to S. epidermidis [21]. Other surface proteins
involved in adhesion are Sdr proteins (Serin-aspartate repeat family) or Aap (accumulation-asso-
ciated proteins) [13]. Non-covalently bounds are insured by other proteins such as the autolysin
Atl. Autolysins, involved in cell wall turnover, are one of the most abundant proteins on the
staphylococcal cell surface and possess binding sites for human matrix proteins [22, 23].

Staphylococci are known for their high ability to stick to plastic surfaces. Teichoic acids, which
are not involved in S. aureus attachment on biotic surface, are important compounds present in
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the cell wall and are important for adhesion on plastic surfaces thanks to their interaction with
other surface polymers [13, 24]. However, in vitro assay over-estimated the interactions between
teichoic acids and devices mainly because devices in fluids or in tissue are rapidly covered by
host matrix proteins preventing the direct interaction of teichoic acids to plastic. Despite teichoic
acids, two other adhesins have a role for adherence on plastic: the cell wall bound surface pro-
tein Bap involved in adherence to polystyrene surfaces [25] and SasC a S. aureus surface protein
involved in attachment on polystyrene that does not mediate binding to fibrinogen, thrombos-
pondin-1, von Willebrand factor or platelets [26]. Also, autolysins facilitate attachment to plastic
in addition of their capacity to bind to human matrix and their enzymatic function [23].

2.2. Communication between bacteria

Pseudomonas aeruginosa biofilm is one of the most studied biofilm models. A powerful sys-
tem of communication between cells was described in P. aeruginosa biofilm and named “quo-
rum-sensing” [27]. First the quorum-sensing system was linked to a communication based
on cell density. Then, quorum-sensing is virtually connected to biofilm formation and dis-
persal phenomena. The communication system in P. aeruginosa is based on molecules called
acyl-homoserine lactones (AHLs) which penetrate bacteria and directly regulate target genes.
Quorum-sensing systems have been described in Gram-negative and Gram-positive bacteria.
Each quorum-sensing system is composed with different molecules and can activate or inhibit
biofilm formation. The most studied system in S. aureus is the Agr quorum-sensing system
but other systems of communication exist.

For S. aureus, only one specific quorum-sensing system was so far described, but most prob-
ably, there are other mechanisms for communication. At some point, some genes involved
in S. aureus virulence were named accessory genes, and an accessory gene regulator (agr)
was identified as a global regulator of virulence factors genes. Different experimental designs
have shown that the Agr system induced by an extracellular ligand, the autoinducing pep-
tides (AIP), is a sensor of population and so considered as a quorum-sensing system. This
system can be activated by addition of AIP or by glucose depletion [28]. Briefly, this system
is composed of two promoters P2 and P3. P3 transcript encodes RNAIIL, the intracellular
effector of target gene regulation, answering to agr system activation. P2 operon encodes for a
two-component system and its autoinducing ligand AIP [29].

During biofilm formation, Agr quorum-sensing system is repressed to stop the expression
of S. aureus colonization factors [29], and it gets activated during the dispersion of the bac-
teria [30]. Artificial activation of Agr has also been shown to induce biofilm dispersion [28].
Moreover, Agr quorum-sensing system is necessary for the communication inside mature
biofilm to establish the 3D structure through the control of cell dispersion. This probably
requires phenol-soluble modulins (PSMs) which are described in the next section and pro-
teases activated by Agr and involved in the degradation of exopolysaccharides (EPS) matrix
[31]. However, Agr does not control important biofilm adhesive molecules such as the poly-
saccharide intercellular adhesions, currently named PIA [32]. In conclusion, Agr system regu-
lation is based on cell density. During the early stage of colonization, cell density is low and
as consequences Agr quorum-sensing activity gets weak and the cell wall protein or surface
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adhesins are not downregulated but highly expressed. In the later stage, Agr activity increases
with cell density and thereafter Agr upregulates secreted virulence factors such as lipases,
proteases and hemolysin [33]. Not surprisingly, Agr involvement in biofilm formation seems
to be under specific environmental conditions as shown by the contradiction of experimental
results relevant to the model used in the study [30]. One problem underlined each time is the
difficulty to detect agr expression due to the very slow bacteria metabolism in the biofilm.
During hospitalization, S. aureus strains isolated from patients are more frequently Agr-defec-
tive strains showing their better ability to turn into a nosocomial infection agent [34]. Some
agr-defective mutants have been isolated from catheter infections, where they had the capac-
ity to form a compact biofilm with the loss of their capacity to detach and disseminate.

Other regulators have been identified such as Rbf which is involved in S. aureus biofilm for-
mation at the maturation stage rather than at the initial attachment [35]. This regulator did not
affect ica gene locus coding for adhesins; however, a clinical isolate with rbf mutation showed
a lower capacity to form biofilm. LuxS, another regulator first described in Vibrio cholerae,
is under the control of the auto-inducer AI-2 and seems to play a role in biofilm formation
through the icaR expression. However, LuxS is also involved in the S-adenosyl methionine
cycle, and its role in biofilm is consequently debated as it could be the result of this metabolic
role [36].

In conclusion, production of surfactant molecules dependent of quorum-sensing system
appears to be a general mechanism for the biofilm structuring as well as for the detachment
of many bacteria. In the specific S. aureus quorum-sensing, biofilm is based on the detection of
signaling molecules by specific sensors which lead to a chain reaction with different molecu-
lar actors and not on a direct communication where the signal molecules enter in the cells
and directly regulate different genes. In S. aureus, the sensors are numerous and allow a fast
answer of the bacteria.

2.3. Maturation

The maturation of biofilm is based on the development of the multicellular structure (Figure 1).
Biofilm growth is controlled by the increase of bacterial mediators, the slowdown of metabo-
lism and cell cooperation. Maturation starts when bacterial cells induce the biofilm program
and create an intercellular aggregation through the production of a “slime” commonly named
matrix. The latter sticks bacteria one to each other as well as on surface. The matrix is com-
posed of exopolysaccharides (EPS), proteins and extracellular DNA (eDNA) and is respon-
sible for biofilm maturation that is the result of an organized community construction. This
specific 3-dimensional structure appears as a typical mushroom-like shape containing water
or fluid channels formed thanks to a disruptive process [37]. Paradoxically, maturation in the
construction of the community needs also disruption events. Fluid-filled channels are vital in
delivering nutrient into biofilm deeper layers [38]. This kind of structure is species-specific.

Exopolysaccharides are the first molecules discovered in biofilm matrix. In staphylococci, the
most described adhesive biofilm molecule is the polysaccharide intercellular adhesion (PIA)
or poly-N-acetylglucosamine (PNAG) and represents the major part of the staphylococci bio-
film-forming extracellular matrix [39]. PIA has an important role in the biofilm structure and
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the biofilm-associated infections [40, 41]. Introducing a positive charge in the environment of
the bacterial cell surface which is negatively charged, PIA works like a glue sticking the cells
together by electrostatic interaction [42]. PIA is encoded by ica gene locus and regulated by
numerous environmental factors [43]. For example, SarA and SigB upregulate PIA expression
and on the contrary LuxS downregulates it [44—46]. PIA is the only factor identified so far as
important for staphylococci biofilm formation in vivo [13, 43]; however, PIA is not present in
all strains isolated from biofilm-associated infections [47]. Therefore, some other compounds
like proteins must also play a role.

Numerous specific proteins could be substitute for PIA in biofilm formation as proteins are
now recognized as essential for biofilm structure, such as the following proteins: Aap (accu-
mulation associated protein), extracellular matrix binding protein (Embp), protein A, fibrino-
gen-binding proteins (FnbpA and FnbpB) or S. aureus surface protein G (SasG) [48]. This latter
medjiates intercellular aggregation thanks to hydrophilic interaction with the proteins present
on other bacteria [49]. As for S. aureus surface protein SasC, which possesses a LPXTG-motif
to anchor to cell wall, it is involved in intercellular aggregation and biofilm maturation [26].
Depending on the Staphylococcus, the extracellular Aap protein [50] is involved in PIA-inde-
pendent biofilm formation in S. epidermidis [51] or in the maturation of the biofilm by interac-
tions with PIA like in S. aureus [50].

All these results underline the importance of the surfactants in biofilm maturation. Phenol-
soluble modulins (PSM) are surfactant peptides found in both S. aureus and S. epidermidis.
Their sequence is species dependant, but they all have an amphipathic a-helix [13]. PSMs are
strictly controlled by Agr, with a direct binding of Agr regulator on the psm operon promoter,
suggesting that Agr-dependent biofilm maturation processes are due to PSMs expression [13].
Moreover, an agr mutant strain of S. aureus has the same behavior that a completely deleted
PSM genes mutant in in vivo model [13]. As shown in S. epidermidis, the PSM involvement
in biofilm maturation is independent of the PIA protein. In S. epidermidis, the lack of PSMs
leads to biofilms that are more “compact”, suggesting that PSM are also involved In biofilm
development. Furthermore, as seen in all the Staphylococcus, the presence of the PSM peptides
is needed for biofilm volume, thickness, roughness and channel formation [52]. Surfactant
peptides are therefore the key of the 3-dimensional biofilm structure. PSMs also induce bio-
film detachment [52] and are biofilm maturation in vivo determinant factors [13].

Amyloid proteins have also been revealed as important for biofilm structure, bringing stabil-
ity to the matrix [53]. These protein fibers could bind the extracellular DNA. PSMs play also
a role as inert fibrils in biofilm, acting as a solid bond, waiting for better conditions to induce
their dissociation and promote biofilm dispersion [53, 54]. Bap another cell wall bound sur-
face protein [25, 55-57], involved in adhesion, is also required for biofilm maturation and
infection of bovine mammary glands [20, 45]. This protein is a real sensor, responding to envi-
ronmental conditions (like calcium concentration), and Bap is also a scaffold protein forming
amyloid-like aggregates at low calcium concentration and under acidic pH [53].

Under an organized construction, biofilm maturation is based on development and disrup-
tion events. Thus, PIA-degrading enzymes (PIAse) are supposed to contribute to biofilm mat-
urating but they have never been found in staphylococci [13]. Anyway other proteases could
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have an important role in staphylococci biofilm maturation as proven by strains showing
PIA-independent biofilm formation [58]. Those proteases are regulated mostly by SarA and
more rarely by Agr, but so far no experiments have demonstrated direct evidence for their
role on biofilm development or protease-mediated biofilm detachment.

The third important element of matrix composition is extracellular DNA (eDNA). DNA, a
polyanionic molecule present in biofilm matrix, is described as a ligand able to link to other
molecules present in the matrix such as teichoic acids or PIA. Therefore, DNA has a role in
biofilm structure. This presence is based on the involvement of cell death: DNA released
from lysed bacteria also called eDNA has a critical involvement during initial attachment and
maturation. An increase of cell lysis influences biofilm formation through the Cid proteins
[69-61]. Indeed, regulators like CidR which controls autolysis are involved in biofilm devel-
opment and the formation of the tower mushrooms shapes [62]. Extracellular DNA appears
through the bacterial programmed cell death and through the expression of cidA gene encod-
ing for a holin responsible for lysis. This system is regulated by the production of an antiholin
encoded by IrgAB genes which is an inhibitor of cidA-mediated lysis [59, 62]. However, in
vivo, the importance of eDNA is difficult to assess as well as to understand how a staphylo-
coccal biofilm could survive in the presence of human DNAsel which succeed to disperse a
mature biofilm in vitro [13].

In conclusion, scientists have realized how important it is to have precise knowledge of the
mechanisms involved in the biofilm extend matrix or in the detachment steps to be able to
develop anti-biofilm strategies. However, biofilms are also formed by four set of cells: some
with an aerobic or fermentative growth, some dormant or dead [63]. This cell heterogeneity
within the biofilms has to be kept in mind in the search of anti-biofilm therapy.

2.4. Dispersion

Disruptive processes are vital for biofilm structure and disruption allows the detachment of
single cells or large bacteria cluster from biofilm in case of good environmental conditions or
in case of expansion of the biofilm (Figure 1). This dispersion has important consequences in
biofilm-associated infections as it leads to systemic dissemination. It is well known now that
detached cells from biofilm could lead to endocarditis or sepsis [13].

Disruption is based on mechanical forces as well as the interruption of the production of the
biofilm material and production of enzymes and surfactants that are considered as detachment
factors able to destroy the matrix. Agr quorum-sensing system involved in biofilm formation
and extracellular protease activity are required to control biofilm dispersal molecules [28, 32,
52]. Expression of agr mostly carried out by the bacteria in the outer layers of the biofilm leads
to detachment and regrowth [30], but agr is also expressed in deeper layers where it is required
for channel formations [52]. In fact this dispersal effect linked to Agr system could be due to the
involvement of PSMs whose expression is controlled by the Agr quorum-sensing.

Nucleases, the enzymes degrading extracellular DNA are also necessary. The human DNasel
degrades staphylococcal biofilms [64]. Staphylococcal thermonuclease nuc2 is involved in the
biofilm development probably to promote dispersion [65]. A second nuclease nucl showed
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the similar dispersal effect as nuc2 on biofilm in vitro [66]. Nevertheless, those effects are not
detected so far in in vivo models [66].

Other factors, involved in dispersion, have been described such as bacteriophages which have
been revealed as important for biofilm development, especially in dispersal stage [31]. Even
proteases like Aur metalloprotease and Slp serine protease have been shown to be responsible
of dispersal movement [67].

In conclusion, biofilm life cycle starts under the impulse of a stress response (e.g., starvation)
and bacteria attach on a surface where cell proliferation is more favorable. A monolayer is
formed, and some specific genes are expressed inducing the production of microcolonies.
Quorum-sensing system acts as a supervisor, and biofilm is formed in a well-organized
structure.

3. Physiology of biofilm

Biofilms seem to be the best strategy for bacteria to survive to any kind of environmental
stress. The detection of stress and thus the response needs to be fast enough to survive under
those conditions. Therefore, the rapid process of activation of the biofilm program is crucial
for the bacteria.

3.1. Program on/off

As described for stress response, the setup of inducible processes is based on the differential
expression of an important number of genes [68, 69]. Biofilm bacteria cells are physiologi-
cally different from free cells [12]. Indeed, the different steps as adhesion and immobilization
need the expression of various genes. More important, the communication between bacteria
(quorum-sensing system) controls many metabolic systems and leads to regulation of many
genes. The production of the quorum-sensing molecules as an endogenous signal leads to
changes according to the detected concentration. Environmental clues trigger genetic and
physiological changes also called biofilm transition. As previously described, the matrix is the
plinth of biofilm development and is responsible for many processes in the biofilm program.
Moreover, biofilm cells show a general downregulation of their metabolism underlining the
slow growing cell or the lack of oxygen due to the biofilm structure, like during fermentation.
An upregulation of the urease and the arginine deiminase pathway to limit the side effects
of the acidic pH during anaerobic growth was also observed in biofilm structure [12]. All
those adaptations participate to a general biofilm setup process. The differential gene expres-
sions also lead to antibiotic resistance mechanism. In S. epidermidis, some of these antibiotic
resistance mechanisms are upregulated during biofilm stage [70]. In S. aureus, Agr expression
and involvement in biofilm formation depend of the environmental conditions [30]. The agr
expression shut down has no effect, enhances or inhibits biofilm formation according to the
environmental parameters [30].

Biofilm program is a temporary response to stress conditions and this process is able to turn
off quite quickly when conditions are more favorable for the bacteria.
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3.2. Interactions with the environment and survival strategy

Bacteria have the extraordinary ability to survive in any harsh conditions, and as recently discov-
ered, this is due to their capacity to form biofilm. Many environments can be a source of stress
for bacteria. S. aureus biofilm have been found in industry and in clinical domain, particularly in
biofilm-associated infections. Environmental stresses are supposed to induce biofilm formation.
As evidence, sigma B, a protein required for transcription and activated under stress responses
due to heat shock, MnCl,, NaCl, and alkaline shock, is involved in biofilm formation [71, 72].

In S. aureus, nutrients like glucose or NaCl can influence biofilm. For example, Rbf regulator is
involved in biofilm formation under high concentrations of glucose and NaCl conditions, but
not in the presence of ethanol [35]. Nutrient-starvation has been underlined as an important
environmental stress which could induce biofilm maturation [61, 73]. In vitro, however, the
addition of glucose is required for biofilm formation and activation of the agr quorum-sensing
system [28], even if oldest results showed the contrary [74]. In fact, conditions to form biofilm
seem to be very specific, such as a balance between an over-concentration of glucose and a
lack of carbon source. The pH maintenance also influences Agr system and, in consequence,
probably acts on biofilm formation [74, 75].

Nitrite stress also induces PIA expression, responsible for the major part of the matrix com-
position [76]. In fact, induction or repression of biofilm formation is due to a balance of con-
centration of specific nutrients or stress. For example, NO is necessary for biofilm formation
until its concentration starts to be too high. Thereafter, NO is involved in the dispersion of the
biofilm [77]. It has also been observed that low oxygen, even anaerobic state, like in the heart
of the biofilm, increases PIA expression [78].

In human body, the lack of nutrients (e.g., iron, carbon source, etc.) or oxygen, the presence of
the immune system or even the antimicrobial molecules are felt by the bacteria as stresses and
could induce biofilm program. In S. aureus, PLA expression and biofilm maturation are strongly
inducible by conditions found in vivo as described in a device-related infection model [79].
In S. epidermidis, subinhibitory concentrations of tetracycline and quinupristin - dalfopristin
induce ica gene cluster expression and the increase of Mg?** concentrations increase biofilm pro-
duction. On the contrary, the addition of EDTA (Ethylenediaminetetraacetic acid) decreases
the number of cells on a plastic surface [14]. Zinc concentration might also influence bio-
film adhesion through the activity of SasG a surface protein with zinc-dependent mechanical
properties [49]. Subinhibitory concentrations of furanone, molecules isolated from red algae,
inhibit quorum sensing but also favor biofilm formation [80, 81]. This result reflects the pos-
sible inter-species interaction domain and the importance of the specific microenvironment.

In nature, many bacteria live under nutrient-limited conditions, lack of oxygen and under
many other dangers like humidity, osmotic pressure and mechanical forces. Biofilm through
the presence of the matrix protect all the embedded bacteria from all those environmental
variations and pressures.

3.3. Interactions with the host immune cells

During bacterial infection, host immune cells are the defenders of the organism. Through
mechanisms such as phagocytosis or release of bactericidal components, these cells are able
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to fight and neutralize planktonic S. aureus. Concerning S. aureus biofilm, the general thought
is that biofilm structure protects the bacteria against the immune cells, avoiding interaction
between both actors. Nevertheless, recent studies reported that polymorphonuclear neutro-
phils (PMN), macrophages, myeloid-derived suppressor cells (MDSCs) and T lymphocytes
can interact with S. aureus biofilm in a double-edged interplay (Figure 2).

PMNs are the first line of defense in bacterial infections. These cells can phagocyte planktonic
bacteria and release bactericidal components such as reactive oxygen species or enzymes
[82]. Contrary to the dogma, in vitro experiments revealed that PMN can also attack S. aureus
in biofilm form. PMNs can migrate towards and into the S. aureus biofilm and clear it by
phagocytosis. The extent of biofilm clearance is apparently depended on its maturation state.
Indeed, mature biofilms were reported as more resistant to phagocytosis as young ones [83].
Following phagocytosis, PMNs underwent apoptosis, a programmed cell-death in order to
prevent spilling of the bactericidal and cytotoxic entities [84]. In addition to phagocytosis,
PMNs can release lactoferrin and elastase through degranulation phenomenon, as well as
DNA [85]. Oxygen radical production by the PMNs also participates to biofilm clearance and
is depended on the coating of biofilms with IgG, a mechanism termed “opsonization” [86]. In
a global manner, PMNs can be considered as an asset to fight against S. aureus biofilms.

In parallel to PMNs response, a macrophage response is also triggered during S. aureus infec-
tions, which is altered in case of S. aureus biofilm infection. Indeed, planktonic S. aureus nor-
mally induces a proinflammatory microbicidal phenotype in macrophages defined as M1. It
implies the phagocytosis of bacteria and the production of bactericidal components [87]. In
the context of S. aureus biofilm infection, in vitro and in vivo studies reported that invasion
of macrophages into biofilms is limited. S. aureus biofilms is able to secrete specific toxins
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Figure 2. Interplay between S. aureus biofilm and host immune cells.
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called alpha-toxin (Hla) and leukocidin AB (LukAB) that inhibit macrophage phagocytosis
and induce cytotoxicity, promoting macrophage dysfunction and thus facilitating S. aureus
biofilm development [88]. Moreover, S. aureus biofilm can also induce the polarization of mac-
rophages from a proinflammatory microbicidal M1 phenotype to an alternatively activated
M2 phenotype, displaying anti-inflammatory properties and limited phagocytosis [33, 89]. A
recent study showed that the treatment of established biofilm infections with M1-activated
significantly reduced biofilm burdens, supporting that M1 phenotype is unpropitious to S.
aureus biofilm development whereas M2 polarization favors it [90].

The most recent studies concerning interactions between S. aureus biofilms and immune cells
focus on the MDSCs, a heterogeneous population of immature monocytes and granulocytes
with immunosuppressive properties. In case of S. aureus biofilm infection, MDSCs prevent
monocyte/macrophage pro-inflammatory activity, inhibit T lymphocytes proliferation and
facilitates biofilm persistence [91]. This phenomenon is in part orchestrated by the interleu-
kins IL-12 and IL-10 [92, 93]. IL-12 is a cytokine with both pro- and anti-inflammatory proper-
ties that promotes the recruitment of MDSCs whereas IL-10 is an anti-inflammatory cytokine,
mainly produced by MDSCs in context of biofilm infection. A recent study reported that IL-10
promotes biofilm growth and anti-inflammatory gene expression in monocytes, which can
be assimilated to a polarization to M2 phenotype [93]. MDSCs would in the end be the effec-
tors for the development of the anti-inflammatory environment that favors S. aureus biofilm
persistence.

Concerning interactions between S. aureus biofilm and T lymphocytes, Leid et al. reported that
mononuclear leukocytes, especially lymphocytes and in a lesser extend monocytes, can attach
to the biofilm but they are not able to phagocyte maturing and fully matured S. aureus biofilm
[94]. In case of S. aureus biofilm infection, early Th1l and Th17 inflammatory responses are
increased and Th2 as well as Treg responses seem downregulated [95]. Th2/Treg responses
appear as a protection mechanism for the organism as opposed to Th1/Th17 responses, which
may favor the development of chronic S. aureus biofilm infection [96]. This response, in oppo-
sition to what is observed in the macrophage response, reveals the complexity of the interac-
tions between S. aureus biofilms and the cells of the immune system.

4. S. aureus biofilm-associated infections and antibiotic treatments

4.1. S. aureus biofilms are responsible for different types of infection

Different bacteria are involved in infections associated with biofilm development in immu-
nocompromised patients or medical devices. Sadly, the most famous example is P. aeruginosa
species which develop highly resistant biofilm in pulmonary tract of cystic fibrosis patients.

Biofilm formation is linked to various staphylococcal diseases such as endocarditis, osteo-
myelitis, skin and soft tissues infections, urinary tract infection, nasal colonization and cys-
tic fibrosis complications as well as implant-associated infections [97-99]. In most of the
case, the production of biofilm favors the chronicity of S. aureus infections. The coloniza-
tion of implanted materials by staphylococcal biofilm is one of the highest important issues.
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Staphylococcal biofilm can develop on various structures such as catheters, prosthetic joints,
prosthetic heart valves, contact lenses, cerebrospinal fluid shunts and cardiac pacemakers
[100]. Furthermore, after their implantation in the body, medical devices become coated with
host proteins, facilitating the attachment of S. aureus and the biofilm formation [101].

4.2. S. aureus biofilm-associated infections are more resistant

Biofilms have shown unbreakable structures resistant to antibiotics and many other mole-
cules or environmental stresses. Many hypotheses have been tested to explain this incred-
ible natural invincibility. First, the intrinsic structure of biofilm supposes that antimicrobials
could not penetrate inside the biofilm. This hypothesis has been revealed unlikely for most
of the antibiotics as the biofilm structure is composed with many water channels. A second
hypothesis is based on the fact that the biofilm matrix can accumulate antibiotic-degrading
enzymes, and in consequence, antibiotics are quickly destroyed [9]. Then, scientists underline
the fact that microorganisms have a very slow metabolism in the biofilm preventing most of
the kinetic responses involved in the antibiotic mechanism. The use of antibiotics targeting
more specifically those slow growth bacteria was not more successful, even combined with
antimicrobial drugs that could target active bacteria present in the biofilm population, known
to be heterogenic [63]. Persister cells can also be present in this heterogeneous population and
can withstand high concentration of antimicrobial drugs.

Nowadays, it seems that the natural resistance of biofilms comes from the induction of spe-
cific biofilm mechanisms [9]. Stress responses, as biofilm formation, lead to the changes of
many gene expressions which increase the antimicrobial resistance. Nutrient starvations are
now known to favor antibiotic tolerance [61].

Biofilm is the perfect example of an adaptive resistance, not due to a genetic mutation that
could be transferred to daughter cells, even if the bacteria proximity in the biofilms increase
horizontal transfer gene or mutation that could lead to intrinsic resistance [9].

4.3. Current treatment of S. aureus biofilm

Treatment of S. aureus biofilm is a therapeutic challenge. Even if everybody has in mind that
the embedment of S. aureus in slime gives him an increased tolerance to antibiotics, two situ-
ations have to be defined concerning the treatment of S. aureus biofilm-associated infections.

Firstly, antibiotics can have an inhibitive effect on the formation of biofilm. It is related to the
capacity to inhibit the attachment and the initial growth of the biofilm. A recent study specifi-
cally evaluated the inhibition of S. aureus biofilm formation through the use of a new system
the antibiofilmogram® [102]. Based on Biofilm Ring Test® method [103], this system permits to
define, for a chosen antibiotic, the minimal inhibiting concentrations (MIC) needed to inhibit
biofilm formation (called bMIC). In this study, Tasse et al. reported that the bMIC is equiva-
lent or close to the MIC for planktonic bacteria. Similar values between MIC and bMIC were
notably observed for clindamycin, fusidic acid, linezolid and rifampin [102].

The second situation concerns the efficiency of antibiotics on formed/mature biofilm. The
sessile community is already organized and persisters can be present. In this case, antibiotic
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efficiency is defined through the measure of the minimal biofilm eliminating concentration
(MBEC) via the use of the Calgary Biofilm Device [104]. MBEC for S. aureus biofilms can be
10-1000 times higher than the MIC defined for planktonic bacteria, depending on the investi-
gated strains and antibiotics [105-108].

The difference between bMIC and MBEC is probably due to a lack of penetration/diffusion
of antibiotics inside the biofilm, even if this statement still stays controverted. Indeed, a
decreased penetration of antibiotics has been observed in in vitro models of S. aureus biofilm
[109, 110]. The penetration inside biofilm varies depending on the type of antibiotics and the
structure of the biofilm. On the contrary, other studies, such as the recent one by Boudjemaa et
al. reported that the biofilm matrix was not a shield to the antibiotic diffusion. They observed
that the concentration inside the biofilm is similar to the one that could be found outside the
biofilm. In this case, the resistance to the treatment would be related to a decreased effect of
the drug to S. aureus [98, 111]. An interesting compromise can be that several factors influence
the efficiency of antibiotic treatment against S. aureus biofilm. Lack of penetration is one of
them but cannot be the only answer by its own.

With regards to this, the combination of antibiotics appears as an interesting solution for
an effective treatment. Susceptibility test revealed that rifampin, but also vancomycin and
fusidic acid were the most interesting constituent of antibiotic combinations active against
the staphylococcal biofilms [112]. In an innovative in vitro model, Parra-ruiz et al. demon-
strated that the combination of daptomycin or moxifloxacin with clarithromycin is of greater
effect than the individual effects of the three agents against a biofilm formed by a methicil-
lin-sensible S. aureus (MSSA) strain. Similar observations were made for the combination of
linezolid and daptomycin as well as for daptomycin and rifampicin against a MRSA strain
[113, 114]. However, recent studies suggested that combination of antibiotics could also have
an antagonistic effect on the elimination of S. aureus biofilm. It was reported that linezolid can
antagonize vancomycin and daptomyecin activities [115]. In an infective endocarditis model
of biofilm-forming MRSA, Laplante and Woodmansee observed that rifampin and genta-
micin antagonized or delayed the bactericidal activity of daptomycin and that daptomycin
monotherapy had better in vitro activity than vancomycin-containing combinations [116].
Moreover, according to Croes et al., the use of rifampin-containing combinations against S.
aureus biofilm remains unpredictable, ranging from a tendency toward antagonism to some
synergism effects [117]. At the opposite, a recent study, analyzing the antibiotic susceptibility
of 58 clinical isolates, emphasized that there are no evidence for advice against the daptomy-
cin/rifampin combination therapy for MSSA/MRSA infection.

The efficiency of antibiotic monotherapies or bi-therapies was most of the time evaluated
through the use of in vitro models. In vivo models of infection are of high importance to com-
fort and strengthen the results between the bench and the patient bed. In a MRSA joint pros-
thesis rabbit infection model, the combination of rifampin with daptomycin was observed to
be more effective than a treatment of either of these agents [118]. Similar results were reported
about the combination of linezolid with rifampin or vancomycin with rifampin in a rabbit
model of MRSA foreign body osteomyelitis [119]. Recently, study tested several antibiotics
alone and in combination in a murine model of implant-associated osteomyelitis. The authors
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reported that the most effective antibiotic combinations contained rifampicin and that the
combinations containing two nonrifampicin antibiotics were not more active than single
drugs [120].

Globally, trying to prevent the biofilm formation appears as the most interesting way to fight
this kind of infection. In case of full-formed biofilm infections, using a combination of high-
dosed antibiotics containing rifampicin and/or daptomycin seems to be the best option.

In addition to the difficulties to treat biofilm-associated infection, there is also the important
delay necessary to spot them. The emergency of finding a technical approach to detect biofilm
in the analysis laboratories is huge. Some biomarkers have been searched, especially thanks
to qPCR (quantitative polymerase chain reaction) techniques. For example, ica genes encoding
for PIA can be identified by PCR [47]. However, ica operon is not present in all S. aureus strains
[51], and therefore, it cannot be used as a general biomarker. There still is a lack of tool in the
diagnosis of biofilm associated infections. It would be necessary to find either a universal bio-
marker that defines all biofilm species or at least, a biomarker species-specific detectable in the
particular case of the biofilm presence.

5. Future strategies to fight against biofilm formation

Nowadays biofilm existence cannot be ignored anymore. Scientist community has to find new
ways of fighting this bacterial social network as to avoid biofilm formation, or to weaken its
intrinsic resistance, to disrupt biofilm or to kill bacteria embedded in this structure as detailed
by Bjarnsholt et al. [121] and summarized in Figure 3.

5.1. Prevention by antiadhesive or anticommunication molecules

Prevention will always be the best strategy to fight against biofilm formation. Moreover, inhib-
iting the biofilm formation, bacteria stay under “planktonic” form and are much more suscepti-
ble to antimicrobial or immune system molecules, and therefore easier to eliminate. Prevention
has to be used as a prophylactic strategy, especially for devices implant during surgery [121].
The idea is to avoid bacterial adhesion on material. As a consequence, some anti-adhesive sur-
faces are developed to be used in implant manufacturing [122]. For example, titan implants
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Figure 3. Strategies “anti-S. aureus biofilm.”

201



202 The Rise of Virulence and Antibiotic Resistance in Staphylococcus aureus

coated with gentamicin showed a local action and a short period release fighting S. aureus
early infection and decreasing toxic side effect [123]. This strategy could be applied when the
infection is not endogenous as the antibiotic release will end at some point and that the implant
turns then again into a perfect bacterial support [121]. To prevent bacterial adhesion, it could
be interesting to target molecules responsible of initial attachment as adhesins by using neu-
tralizing antibodies [121]. A vaccine was developed based on 4 antigens involved in biofilm
formation of S. aureus. Its efficiency was proved in chronic osteomyelitis rabbit model but only
in combination with vancomycin to kill the free bacteria [124]. Inhibition of biofilm develop-
ment could be also based on the use of enzymes degrading biofilm matrix components [121]
such as DNase which avoid the irreversible attachment step but this strategy does not work
in in vivo models. Inhibition of biofilm formation could be based on the perturbation of signal
like the presence of endogenous nitrite or the addition of exogenous nitrite [76] or p-amino
acids which disturb the initial attachment or the maturation. Moreover, surfaces impregnated
with those molecules prevent device-related infection [125, 126]. Antiadhesive strategies are
often designed for surfaces supporting an antiadhesive molecule which target and antagonized
adhesin or other specific attachment molecules [122] avoiding any bacteria adhesion.

To conclude, the conceptualization of molecules interfering with signals responsible for
biofilm program induction could be imagined and this could lead to the presence of only
free-floating bacteria that are more susceptible to antibiotics.

5.2. Weakening

In case the biofilm prevention fails, other strategies have to be developed. Weakening strate-
gies are based on the idea of avoiding the biofilm properties set up, being efficient only on
biofilm in formation not on mature biofilm [121]. Targets of this strategy are virulence factors,
communication molecules or specific metabolic pathway involved in biofilm maturation. In
S. aureus, Agr quorum-sensing system and Agr-regulated PSMs are key controllers of biofilm
structure. In consequence, they are the perfect targets for vaccines or drugs [28, 127]. RNAIII-
inhibiting peptide negatively regulates quorum-sensing response, and in consequence, it can
reduce S. aureus biofilms in vivo [128].

Molecules interrupting the production or assembly of amyloid fibers could consequently
destabilize biofilm structure. The compound (-)-epi-gallocatechine gallate (EGCG) used to
fight against amyloid peptides involved in Alzheimer's and Parkinson's diseases is also active
to inhibit S. aureus biofilm [53]. Another example is the functional micro-domains which have
been discovered in bacterial membranes and their inhibition through the application of zara-
gozic acid avoids biofilm formation [129].

It will be interesting to develop other vaccines or drugs which target virulence factors that
enhance biofilm formation.

5.3. Biofilm disruption

As for “weakening” strategies, targeting Agr quorum-sensing system in S. aureus will be
interesting for triggering disruption [28, 127]. Other molecules have been screened for their
ability to disperse biofilm. A fatty acid messenger named cis-2-decenoic acid produced during
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P. aeruginosa growth has shown a capacity to disperse S. aureus biofilm [130]. D-amino acids
trigger biofilm disassembly in affecting amyloid fibers and could be a potential strategy to
disperse a preformed biofilm [125].

Another target to disrupt biofilm is the matrix, using for example, PIA-degrading enzymes.
Two matrix polymers in staphylococcal biofilms poly-N-acetylglucosamine and eDNA could
be targeted for their destruction by dispersin B and DNasel, respectively. Dispersin succeeded
in detaching pre-formed S. epidermidis biofilm but not S. aureus ones, and on the contrary,
DNasel induced a disruption of S. aureus structures and not S. epidermidis ones [62]. However,
nucleases do not impact biofilm-associated infections [66]. Moreover, bacteriophages are
known to be involved in biofilm dispersion stage [31]. Therefore, bacteriophages were engi-
neered to produce dispersin B, and biofilm mass reduction was noticed [131, 132].

5.4. Killing

To eradicate a pre-form biofilm is the last chance and this strategy remains the most dif-
ficult to fathom. Many molecules have been tested but they have to respect many criteria
like the non-cytotoxicity and the non-pro-inflammatory effects. Promising molecules are
the “anti-biofilm” peptides inspired by animal antimicrobial peptides (AMPs) which have
anti-inflammatory effects and are efficient to destroy Gram-positive or Gram-negative bac-
teria at very low concentrations [73, 133]. They have also shown their ability to act in
synergy with conventional antibiotics, avoiding the use of too high concentrations of each
molecule [133].

6. Conclusion

After the revolutionary discovery of antibiotics, the medical community thought that the
battle against microorganisms was won. However, the fight had just begun as bacteria can
develop resistant structure named biofilm among other strategies. S. aureus is one of the
most common bacteria found on human epidermis thus when physical barrier such as
skin is broken, S. aureus could penetrate and adhere to tissue or medical devices. Many
S. aureus strains are drug-resistant (MRSA), and moreover, S. aureus represents the most
frequent germ responsible of chronic biofilm-associated infection. The treatment against
this kind of chronic infection is useless in most cases, especially against MRSA. S. aureus
is also present in food infection and responsible of intoxication. For all these reasons,
the understanding of S. aureus biofilm is necessary in order to develop new strategies to
inhibit biofilm formation and/or to eradicate S. aureus biofilm. Nowadays, more and more
molecular mechanisms are decrypted: bacterial communication, biofilm formation and
dispersion. Consequently, new molecules are targeted but so far most of this targeting has
revealed inefficient in in vivo models. Unfortunately, discoveries on biofilm in general and
on S. aureus biofilm in particular, represent a drop in the ocean. Bacteria are simple organ-
isms with complex mechanisms. We, scientists and physicians, have to integrate the fact
that planktonic bacteria only reflect the optimal conditions of a laboratory environment.
‘Biofilm is the real enemy, and it changes the all entire picture. New biofilm models have
to be developed, especially in vivo models.
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