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Preface

Staphylococcus aureus is a beautiful golden bacterium that haunts epithelial surfaces of the
human body, patiently awaiting the opportunity to invade and infect even the healthiest
individuals. What makes it successful as a human pathogen? How has it developed antibiot‐
ic resistance so rapidly? And, how has it been able to spread across the world so swiftly?
Here, multiple experts examine this golden toxin-producing Gram-positive organism and
provide insight into what genotypic and phenotypic shifts have occurred in S. aureus over
the past 100 years to make it the superbug it is today.

There were several underlying reasons why we wrote this book. Firstly, rates of significant
S. aureus clinical infections have continued to climb. Secondly, defining various modes of S.
aureus transmission may lead to improved prevention and increased recognition of S. aureus
infections. Thirdly, the need for discovering new ways to rapidly detect this aggressive or‐
ganism has become an urgent issue.

Through the chapters within, the authors examine patterns of colonization and exposures in
humans, mammals, and birds that have led to the development of antibiotic resistance, in‐
cluding methicillin-resistant S. aureus (MRSA). Alternative, novel chemotherapeutics to tar‐
get S. aureus are discussed, including herbal medicines, bee products, and modes of
delivery, as conventional antibiotic options to treat this aggressive, multifaceted, and readily
adaptable pathogen are becoming limited. This book is an excellent starting point for any‐
one who wants or needs to study S. aureus. Most of the chapters are oriented toward the
detection and prevention of S. aureus and research for unconventional treatment of patients
infected with these bacteria, and importantly, we include several review chapters to allow
scientists and clinicians to better understand the epidemiology, transmission, and clinical
significance of these golden bacteria.

We believe that our “Frontiers in Staphylococcus aureus" is an excellent book for microbiolo‐
gists, especially those who are interested in this superbug. We hope you enjoy reading it.
Finally, we would like to thank all the contributing authors who contributed a great deal of
time and original research to this project.

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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Staphylococcus aureus: Overview of Bacteriology, 
Clinical Diseases, Epidemiology, Antibiotic Resistance 
and Therapeutic Approach

Arumugam Gnanamani, Periasamy 
Hariharan and Maneesh Paul-Satyaseela

Additional information is available at the end of the chapter

Abstract

Staphylococcus aureus is an important human pathogen that causes wide range of infec-
tious conditions both in nosocomial and community settings. The Gram-positive patho-
gen is armed with battery of virulence factors that facilitate to establish infections in the 
hosts. The organism is well known for its ability to acquire resistance to various antibiotic 
classes. The emergence and spread of methicillin-resistant S. aureus (MRSA) strains which 
are often multi-drug resistant in hospitals and subsequently in community resulted in 
significant mortality and morbidity. The epidemiology of MRSA has been evolving since 
its initial outbreak which necessitates a comprehensive medical approach to tackle this 
pathogen. Vancomycin has been the drug of choice for years but its utility was challenged 
by the emergence of resistance. In the last 10 years or so, newer anti-MRSA antibiotics 
were approved for clinical use. However, being notorious for developing antibiotic resis-
tance, there is a continuous need for exploring novel anti-MRSA agents from various 
sources including plants and evaluation of non-antibiotic approaches.

Keywords: Staphylococcus aureus, MRSA, CA-MRSA, HA-MRSA, anti-MRSA

1. Introduction

Staphylococcus aureus is a Gram-positive bacterium and causative agent of wide range of 
infectious diseases such as skin infections, bacteremia, endocarditis, pneumonia and food 
poisoning. The organism was originally a leading nosocomial pathogen and afterwards epi-
demiologically distinct clones emerged in community settings. S. aureus expresses number 

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



of virulence factors which help to establish infection by facilitating tissue attachment, tis-
sue invasion and evading from host immune response. The ability to acquire resistance to 
multiple antibiotics classes makes S. aureus, a challenging pathogen to treat. Emergence and 
spread of S. aureus strains which are resistant to methicillin, referred to as methicillin-resistant 
S. aureus (MRSA) resulted in high morbidity, high mortality and increased treatment costs. 
Vancomycin remained gold standard drug to tackle these strains for years but the emergence 
of resistance restricted its clinical utility. Newer anti-MRSA antibiotics which were approved 
by U.S. FDA came as respite for clinicians. However, new antibiotic discovery efforts and 
non- antibiotic approaches to tackle MRSA should not be diminished considering the ability 
of the pathogen to acquire resistance to newer drugs quickly after their introduction in clinics.

In this chapter, we present a comprehensive outlook of S. aureus with account on bacteriology, 
pathogenesis, epidemiology, antibiotic resistance and therapeutic approaches.

2. Bacteriology

2.1. Microscopic morphology

S. aureus cells are Gram-positive and appear in spherical shape. They are often in clusters 
resembling bunch of grapes when observed under light microscope after Gram staining. The 
name ‘Staphylococcus’ was derived from Greek, meaning bunch of grapes (staphyle) and 
berry (kokkos) [1]. The scanning electron microscopic observation reveals roughly spherical 
shaped cells with smooth surface [2]. The diameter of the cells ranges from 0.5 to 1.0 μM [3]. 
The transmission electron microscopy of cells shows thick cells wall, distinctive cytoplasmic 
membrane and amorphous cytoplasm [4].

2.2. General cultural and biochemical characteristics

S. aureus is an aerobic and facultative anaerobic organism that forms fairly large yellow or 
white colonies on nutrient rich agar media. The yellow colour of the colonies is imparted by 
carotenoids produced by the organism. The term ‘aureus’ is derived from Latin, which refers 
to the colour of gold [5]. The organism is often haemolytic in blood agar due to production of 
four types of haemolysins (alpha, beta, gamma and delta) [6, 7]. Nearly all isolates of S. aureus 
produce coagulase enzyme, a virulence factor that also helps in identification of the organ-
ism [6, 8]. The organism is salt tolerant, which is able to grow in mannitol-salt agar medium 
containing 7.5% sodium chloride [8]. The organism is catalase positive and oxidase negative.

2.3. Medical laboratory diagnosis

The primary objective in laboratory diagnosis is to identify whether the diagnosed S. aureus 
isolate is methicillin resistant. Since MRSA emerged as problematic pathogen, a systematic 
diagnostic approach is necessary for early diagnosis so that treatment with appropriate 
antibiotics can be initiated as early as possible. For the species identification, slide and tube 
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 coagulase tests, latex agglutination tests and PCR-based tests are used. For detection of MRSA, 
determination of minimum inhibitory concentration (MIC) of methicillin or oxacillin or cefox-
itin using broth micro-dilution method, cefoxitin disk screen, oxacillin agar screen and latex 
agglutination test for PBP2a and molecular methods for detection of mecA are employed [8].

3. General pathogenesis and clinical diseases

3.1. Pathogenesis

The process of S. aureus infections involves five stages. They are (1) colonization, (2) local 
infection, (3) systemic dissemination and/or sepsis, (4) metastatic infections and (5) toxinosis. 
The organism is in carrier state in the anterior nares and can remain so without causing infec-
tions for weeks or months. The colonization proceeds to infection under certain predisposing 
factors such as prolonged hospitalization, immune suppression, surgeries, use of invasive 
medical devices and chronic metabolic diseases. Localized skin abscess develop when the 
organism is inoculated into the skin from a site of carriage. This can further spread and results 
in various clinical manifestations of localized infections such as carbuncle, cellulitis, impe-
tigo bullosa or wound infection. The organism can enter into blood and spread systemically 
to different organs causing sepsis. This haematogenous spread may result in endocarditis, 
osteomyelitis, renal carbuncle, septic arthritis and epidural abscess. Without a blood stream 
infection, specific syndromes can occur due to extra cellular toxins of S. aureus. These are toxic 
shock syndrome, scalded skin syndrome and foot borne gastroenteritis [9].

3.2. Hospital and community infections

S. aureus causes wide range of infections in human. The clinical infections of S. aureus are 
classified into community and nosocomial categories based on origin of infection. These two 
types are distinct in clinical manifestations of the infections, antibiotic susceptibility and the 
genetic background of the infecting S. aureus strains. For decades, S. aureus has been predomi-
nately a nosocomial pathogen and is a leading cause of mortality and morbidity in hospitals. 
However, the community S. aureus infections are in rise. The important clinical S. aureus infec-
tions are bacteraemia, infective endocarditis, skin and soft tissue infections, osteoarticular 
infections and pleuropulmonary infections. Other clinical infections are epidural abscess, 
meningitis, toxic shock syndrome and urinary tract infections [9, 10].

3.3. Virulence factors

S. aureus possess battery of virulence factors. These factors enable the organism to be successful 
as pathogen that causes wide range of human and animal infections. Virulence factors help in 
attachment to host cells, breaking down the host immune shield, tissue invasion, causing sepsis 
and elicit toxin-mediated syndromes. This is the basis for persistent staphylococcal infections 
without strong host immune response [11]. Based on their mechanism of action and role in 
pathogenesis, staphylococcal virulence factors are classified as represented in Table 1 [9, 12].
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Factors Characteristics

Helping attachment to host tissues

Microbial Surface Components Recognizing adhesive 
matrix molecules (MSCRAMM)

Cell surface proteins which interact with host molecules 
such as collagen, fibronectin & fibrinogen, thus, facilitate 
the tissue attachment. Staphylococcal protein A, 
fibronectin-binding proteins A and B, collagen-binding 
protein & clumping factor A & B belong to this family. 
They are also involved in host immune evasion [13].

Breaking/evading the host immunity

Polysaccharide microcapsule Resist the phagocytosis & killing by polymorphonuclear 
phagocyte [14].

Protein A It binds to Fc portion of immunoglobulin, prevents 
opsonization, functions as super antigen & limits the host 
immune response [15].

Panton-Valentine leukocidin (PVL) PVL is found in most of community-associated MRSA 
(CA-MRSA) [16]. PVL belongs to group of membrane 
pores forming proteins. It consists of two protein 
components (LukS-PV and LukF-PV) which act together 
as subunits and form porins on cell membrane of host 
cells, leading to leakage of cell contents and cell death 
[17].

Alpha-toxin (Alpha hemolysin) It was the first bacterial exotoxin to be identified as a 
cell membrane pore former which causes cell leakage & 
death [18].

Chemotaxis-inhibitory protein of S. aureus (CHIPS): CHIPS is an extracellular protein which inhibits the 
chemotaxis functioning of neutrophil and monocytes 
[19].

Tissue invasion

Extracellular adherence protein (Eap) An exoprotein which binds to host cell matrix, plasma 
proteins & endothelial cell adhesion molecule ICAM-1. In 
addition to the roles of adhesion and invasion, it also has 
immune-modulatory activity [20].

Proteases, lipases, nucleases, hyaluronatelyase, 
phospholipase C, metalloproteases (elastase), & 
Staphylokinase

These extracellular enzymes cause tissue destruction and, 
thereby, help in bacterial penetration into tissues.

Induces toxinosis

Enterotoxins S. aureus produces battery of enterotoxins which are 
potent gastrointestinal exotoxins. The Staphylococcal 
food poisoning is an intoxication which results from 
consumption of foods containing sufficient amount of 
preformed enterotoxins [21].

Toxic shock syndrome toxin -1 (TSST-1) TSST-1 & some of enterotoxins are called as pyrogenic 
toxin super antigens. TSST-1 causes toxic shock 
syndrome especially in menstrual women [7].

Exfoliative toxins A and B Serine proteases which selectively recognize and 
hydrolyze desmosomal proteins in the skin. ETs 
cause staphylococca-scalded skin syndrome, a disease 
predominantly affecting infants [22].

Table 1. Virulence factors of S. aureus and its characteristics.
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4. Epidemiology of infections

4.1. Nasal carriage

S. aureus is a commensal and opportunistic pathogen. The anterior nares are the principal 
ecological niche, where the organism colonizes in humans. The nasal carriage of S. aureus 
increases the risk of infection especially in the hospital settings [23]. The average nasal car-
riage of S. aureus could be at 30% of human population [24]. Since, the nasal carriage increases 
the risk of development of surgical site, lower respiratory and blood stream infections in 
hospitals, efforts are made to eliminate the carriage using various strategies. Methods such 
as local application of antibiotics (eg. mupirocin) or disinfectants, administration of systemic 
antibiotics and use of a harmless S. aureus strain (type 502A) which competes for the coloniza-
tion of nares with existing one are employed to decolonize the S. aureus from nares [25–28].

4.2. Emergence and evolution of MRSA

The MRSA are those S. aureus strains carrying a mecA gene, which codes for additional peni-
cillin-binding protein, PBP2a. The beta-lactam antibiotics exert their antibacterial activity by 
inactivation of penicillin-binding proteins (PBPs), which are essential enzymes for bacterial 
cell wall synthesis. However, these antibiotics have only a low affinity towards PBP2a, thus 
this enzyme evades from inactivation and carry out the role of essential PBPs resulting in cell 
wall synthesis and survival of bacteria even in presence of beta-lactam antibiotics. Due to the 
presence of mecA, MRSA are resistant to nearly all beta-lactam antibiotics [29].

Penicillin is the first beta-lactam antibiotic discovered in 1928 and found to be effective 
weapon against S. aureus infections. In 1940s, sooner after its introduction into clinics, there 
were reports of S. aureus strains that were resistant to penicillin [30]. These strains produced 
plasmid-encoded beta-lactamase enzyme (penicillinase) which enzymatically cleaved the 
beta-lactam ring of penicillin rendering the antibiotic inactive [31, 32]. In 1950s, the penicillin 
resistance was restricted to hospital isolates of S. aureus. By late 1960s, more than 80% S. aureus 
isolates, irrespective of community and hospital origin, were resistant to penicillin due to plas-
mid transfer of penicillinase gene (blaZ) and clonal dissemination of resistant strains [33, 34].

Meanwhile, scientists who were challenged with penicillinase-mediated resistance in S. aureus 
discovered methicillin, a semi-synthetic penicillin that withstood the enzymatic degradation 
of penicillinase. Methicillin was introduced into clinics in 1961; however, in less than a year, 
resistance of S. aureus isolates to methicillin (MRSA) was reported [35]. Over the next 10 years, 
increasing number of MRSA outbreaks was reported in different parts of the world especially 
from the European countries [36, 37]. The notable feature of these reports is that, the incidences 
were from hospitals and thus MRSA emerged as a hospital-borne pathogen. The mechanism 
of resistance to beta-lactam antibiotics in these MRSA isolates was uncovered in 1981 [38].

As mentioned earlier, MRSA isolates carry a gene mec A which codes for PBP2a. The gene is 
part of a 21–60 kb mobile genetic element referred to as staphylococcal cassette chromosome 
mecA (SCCmecA). There are two hypotheses that explain the evolutionary origin of MRSA. The 
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single clone hypothesis suggests that the mobile genetic element entered the S. aureus popula-
tion on one occasion and resulted in the formation of a single MRSA clone that has since spread 
around the world. The second and the most agreed hypothesis is that MRSA strains evolved 
number of times by means of the horizontal transfer of the mobile genetic element into phylo-
genetically distinct methicillin-susceptible S. aureus (MSSA) precursor strains [39, 40].

SCCmec elements are highly diverse in their structural organization and genetic content 
(Figure 1) and have been classified into types based on the combination of mec and ccr, which 
share variations (five classes in mec and eight in ccr). To date, at least 11 types of SCCmec ele-
ments have been identified [41–43].

4.3. Health care-associated and community MRSA

4.3.1. Health care-associated MRSA (HA-MRSA)

Health care-associated MRSA (HA-MRSA) are those S. aureus isolates obtained from patients 
2 or more days after hospitalization or with the MRSA risk factors (history of recent hospi-
talization, surgery, dialysis, or residence in a long-term care facility within 1 year before the 
MRSA-culture date or presence of a permanent indwelling catheter or percutaneous medical 
device (e.g. tracheostomy tube, gastrostomy tube or Foley catheter) at the time of culture 
or previous isolation of MRSA [44, 45]. Community-associated MRSA (CA-MRSA) are those 
S. aureus isolates obtained from patients within 2 days of hospitalization and without the 
above-mentioned MRSA risk factors.

Till 1990s, MRSA isolates were predominantly HA-MRSA and were also resistant to non-beta-
lactam antibiotics. The multi-drug resistant phenotype of HA-MRSA was due to presence of 
non-beta-lactam antibiotic-resistant determinants in relatively large SCCmec [46]. During the 
period of 1960s to early 1990s, number of clones of HA-MRSA had spread widely across the 
world and HA-MRSA became endemic in hospitals and emerged as leading nosocomial patho-
gen [47]. The genetic background of these MRSA clones was characterized initially using phage 
typing subsequently by multilocus sequence typing (MLST), pulsed-field gel electrophoresis 
(PFGE), spa typing and SCCmec typing. The analysis of the genetic background of HR-MRSA 

Figure 1. Basic structure of SCCmec. SCCmec constituted by mec gene and ccr gene complexes. The mec gene complex 
encodes PBP2a (mecA) and resistance regulators (mecI and mcR1). The ccr gene complex encodes the integration and 
excision of entire SCC element. The gene complexes are flanked by characteristic nucleotide sequences, inverted repeats 
(IR) and direct repeats (DR), at both ends. J (joining) regions are J1 (between right chromosomal junction and ccr 
complex, J2 (between ccr and mec complexes) and J3 (between mec complex and left chromosomal junctions). Adopted 
from Ref. [41].
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isolates using these methods revealed the spread of early MRSA clone (Archaic clone) which 
contained type I SCCmec and sequence type 250 (ST250) in 1960s and extended into the 1970s 
in the form of Iberian clone. The Iberian clone was sequence type 247 (ST247) which evolved 
from ST250-MRSA by a single point mutation [48]. In the mid to late 1970s, Archaic and Iberian 
MRSA clones declined while, clones with novel SCCmec types II and III had emerged mark-
ing the on-going worldwide pandemic of HA-MRSA in hospitals and health care facilities 
[49, 50]. The lineages of common HA-MRSA clones are represented in Table 2. The rise in the 
prevalence of HA-MRSA throughout the world has been dramatic. In the United States, the 
proportion of MRSA among S. aureus isolates from the hospitalized patients was 2.4% in 1975, 
which increased to 51.6% (ICU patients) and 42% (non-ICU inpatients) by 1998–2003. Similar 
persistently high or increasing rates of MRSA among S. aureus isolates have also been observed 
for health care settings in many other regions of the world [51].

4.3.2. Community-associated MRSA (CA-MRSA)

MRSA isolates obtained from outpatients or from patients within 48 h of hospitalization and if 
they lack HA-MRSA risk factors mentioned earlier are referred to as CA-MRSA [52]. Scattered 
case reports of MRSA infections in healthy population whom had no exposure to health care 
facilities were published in the 1980s and mid-1990s. Beginning in 1993, case series of MRSA 
infection and colonization of patients lacking health care-associated risk factors were reported 
from six continents, in diverse states, nations and regions [51, 53]. The phenotypic and geno-
typic characterization of CA-MRSA isolates revealed the differences between CA-MRSA and 
HA-MRSA strains. While HA-MRSA strains carried a relatively large SCCmec, belonging to 
type I, II or III, CA-MRSA strains carried smaller SCCmec elements, most commonly type 
IV or type V. HA-MRSA strains were resistant to many classes of non-beta-lactam antibiot-
ics, thus display multi-drug resistant phenotypes. CA-MRSA strains were often sensitive to 
non-beta-lactam antibiotics. Another notable feature of CA-MRSA strains was presence of 
genes for the PVL, which was rare among the HA-MRSAs. With respect to clinical cases, 
CA-MRSA infections were prevalent in previously healthy younger patients in contrast to 
HA-MRSA, which cause infections in hospitalized patients. CA-MRSA was often associated 
with skin and skin structure infections while HA-MRSA was implicated in wide range of 
infections such as pneumonia, bacteraemia, and invasive infections [48, 51]. Compared to 
infections caused by HA-MRSA, CA-MRSA infections had been associated with fulminant 
and lethal infections and worse clinical outcomes [49, 53].

Among the various clones of CA-MRSA, ST93, ST80 and ST8 are presently the predominant clones 
in Australia, Europe and the United States, respectively. In the United States, ST8-USA 300 is the 
most wide spread CA-MRSA clone [54], which harbour SCCmec type IV and genes encoding 
PVL. The concern about this clone is high virulence and increase in resistance to non-beta-lactam 
antibiotics [50, 53]. In United Kingdom, EMRSA-15 (ST22) and EMRSA-16 (ST36) are the domi-
nant clones [49]. In Europe, ST80-IV, ST8-IV, ST398-V and ST152-V were commonly reported [55]. 
In Mediterranean countries, the dominant clones are ST80-IV and ST5-IV/V [55, 56].

In the last 10 years, there is a dramatic change in epidemiology of CA-MRSA as they invaded the 
health care settings. In 2008, first case of MRSA isolated from hospitalized patient turned out to 
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be a CA-MRSA which marked the arrival of CA-MRSA into nosocomial settings [57]. Since then, 
hospital outbreaks of S. aureus strains which are phenotypically and genotypically CA-MRSA, 
have been reported many parts of the world [55]. Entry of CA-MRSA into hospitals blurred the 
differences between CA-MRSA and HA-MRSA. The increased reports of CA-MRSA outbreaks 
in hospital suggest that CA-MRSA may eventually displace HA-MRSA in hospitals [58].

Clonal complex Molecular sequence 
type

Common names for  
specific MRSA clones

Comment

CC5 ST5 USA100 and NewYork/Japan 
clone

Most common US health 
care-associated MRSA, 
SCCmecII

ST5 EMRSA-3 SCCmecI

ST5 USA800/Pediatric clone Prevalent in Argentina, 
Colombia, United States, 
SCCmecIV

ST5 HDE288/Pediatric clone SCCmecVI

CC8 ST250 Archiac First MRSA clone 
identified, COL strain as an 
example; SCCmecI

ST247 Iberian clone and EMRSA-5 Descendant of COL-type 
strains, SCCmecIII

ST239 Brazilian/Hungarian clone SCCmecIII

ST239 EMRSA-1 Eastern Australian 
epidemic clone of 1980s, 
SCCmecIII

ST8 AUS-2 and Aus-3 SCCmecII

ST8 Irish-1 Common nosocomial 
isolate in the 1990s in 
Europe and the United 
States

ST8 USA500 and EMRSA-2-6 SCCmecIV

CC22 ST22 EMRSA-15 International clone, 
prominent in Europe and 
Australia, SCCmecIV

CC30 ST36 USA200 and EMRSA-16 Single most abundant 
cause of MRSA infections 
in UK; second most 
common cause of MRSA 
infections in US hopsitals 
in 2003, SCCmecII

CC45 ST45 USA600 and Berlin SCCmecII

Table 2. The lineages of common HA-MRSA (based on Ref. [49]).
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5. Antibiotic resistance

5.1. Beta-lactam resistance

5.1.1. Penicillin resistance

The first beta-lactam antibiotic penicillin G was discovered in 1928 by Alexander Fleming and 
the drug was used in human as chemotherapeutic agent in 1941 [59]. The antibiotic was potent 
against Gram positive pathogens [60] and a power weapon against Staphylococcal infections. 
However, first reports of S. aureus strains that were resistant to penicillin appeared after a year 
of its clinical use [30]. Such penicillin-resistant isolates carried a plasmid gene, blaZ which 
encoded a beta-lactamase enzyme, referred to as penicillinase [33, 34]. The enzyme is capable 
of cleaving the beta-lactam ring of penicillin resulting inactivation of the antibiotic [31, 32].

The emergence and spread of penicillinase-mediated resistance in S. aureus is referred to as 
first wave of resistance. This has spread in alarm proportions and became pandemic in the 
1960s. About 80% of both community and hospital acquired S. aureus isolates were resistant 
to penicillin by late 1960s [33, 49]. By early 2000s, more than 90% of Staphylococcal isolates 
produced penicillinase enzyme irrespective of their community or hospital origin [34].

5.1.2. Methicillin resistance

As discussed earlier, the penicillinase resistance in S. aureus was countered by the discovery of 
methicillin, penicillinase-stable semisynthetic penicillin. The drug was introduced into clin-
ics in 1961 and subsequently strains showing methicillin resistance (MRSA) was reported in 
the same year [35]. After the initial report, MRSA clones spread rapidly across the world but 
restricted to nosocomial settings. This is referred to as second wave of beta-lactam resistance 
in S. aureus [40]. As discussed earlier, methicillin resistance was mediated by the presence of 
mecA gene. The therapeutic outcome of MRSA infections was worse than methicillin sensitive 
S. aureus (MSSA) due to the underlying comorbid factors such as old age, immune suppres-
sion and, importantly, lack of effective antibiotics to treat MRSA, which were often multi-
drug resistant [34]. The rise in MRSA infections in hospitals resulted in high morbidity and 
mortality and increase in cost of health care [61, 62].

The third wave of beta-lactam resistance in S. aureus began with reports of MRSA infections 
in community in early 1990s. As discussed earlier, these strains were phenotypically and 
genetically distinct from MRSA isolates from hospitalized patients, resulting in definitions of 
HA-MRSA and CA-MRSA [51, 53]. In the last decade, community MRSA strains invaded the 
hospital settings and the difference between HA and CA MRSA is now blurred [58].

5.2. Quinolones resistance

Nalidixic acid, the prototype quinolone and the second generation quinolones (e.g. cipro-
floxacin and norfloxacin) are predominately active towards Gram negative bacteria while 
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third generation (e.g. levofloxacin) and fourth generation (e.g. moxifloxacin, gemifloxacin) 
quinolones exhibited improved and greater activity against Gram-positive bacteria [63–65]. 
Quinolones exert their antibacterial action by inhibiting bacterial topoisomerases (topoisom-
erase IV and DNA Gyrase), which are essential for relieving DNA super coiling and separa-
tion of concatenated DNA strands [66]. The resistance to quinolones in S. aureus arises in 
stepwise manner, due to point mutations primarily in GrlA subunit of topoisomerase IV and 
GyrA subunit of Gyrase. Additional mechanism by which S. aureus become resistant to qui-
nolones is by expression of NorA efflux pumps [67].

The quinolone resistance in S. aureus is mostly associated with methicillin resistance though 
the mechanism of resistance and encoding genes are altogether different from each other. 
This could be due to higher usage of quinolones in hospital settings where the HA-MRSA 
prevalence is high resulting in selection of quinolone resistance [68–70]. In year 2008, the 
fluoroquinolone resistance among MRSA isolates implicated in acute bacterial skin and skin 
structure infections (ABSSSIs) in hospitals was at 70.3%. Due to such high level of quinolone 
resistance among MRSA in hospital settings, even third- and fourth-generation quinolones 
have not been considered for treatment of MRSA [71]. With respect to CA-MRSA, though 
they were susceptible to non-beta-lactam antibiotics including quinolones, the scenario 
has changed in recent years, with the rise in incidence of CA-MRSA infections which were 
multi-drug resistant [72].

5.3. Vancomycin resistance

Vancomycin, a glycopeptide antibiotic, was discovered from a microbial source (Streptomyces ori-
entalis) in 1952. The drug was approved for clinical use in 1958; however, it was eclipsed by methi-
cillin and other anti-staphylococcal penicillins which were considered less toxic than vancomycin 
and equally efficacious against penicillin-resistant Staphylococci [73]. Beginning early 1980s, there 
was sudden increase in vancomycin usage due to rise in HA-MRSA infections and emergence of 
pseudomembranous enterocolitis cause by Clostridium difficile in hospitalized patients [73–75]. 
Clinical efficacy of vancomycin efficacy in treatment of MRSA infections was well established 
over the period of time, thus the drug emerged as workhorse anti-MRSA drug [76].

5.3.1. Vancomycin intermediate S. aureus

The antibacterial activity of vancomycin is mediated by its binding to the C-terminal 
D-Ala-D-Ala residue of the peptidoglycan precursor, and formation of non-covalent com-
plex, thereby, prevents the use of the precursor in bacterial cell wall synthesis [77, 78]. 
Three decades after its introduction into clinics, no clinical resistance to vancomycin was 
reported. The first report of a MRSA strain showing reduced susceptibility to vancomycin 
was reported in 1997. The vancomycin MIC against this strain (Mu50) was 8 mg/L, thus, 
designated as intermediate sensitive category. The strain had thickened cell wall when 
observed under electron microscopy and did not carry vanA or vanB genes as found in 
vancomycin-resistant enterococci (VRE) [79]. Subsequently, there were more reports of 
clinical infections due to MRSA strains with decreased vancomycin susceptibility similar 
to that of Mu50 strain. The S. aureus strains with a MIC range of 4–8 mg/L are referred to as 
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 vancomycin intermediate S. aureus (VISA). There were strains, which showed vancomycin 
MIC of 2 mg/L but had subpopulation with vancomycin MIC of 4–8 mg/L. These strains are 
referred to as hetero VISA (hVISA) [80, 81].

The genetic basis of emergence of VISA appears complex. The genetic analysis of VISA strains 
identified mutations in determinants that control the biosynthesis of bacterial cell wall and/
or mutations in the ribosomal gene rpoB [82]. The increased MRSA infection in hospitals has 
led to extensive use of vancomycin resulting in the selection of MRSA strains with reduced 
vancomycin susceptibility [83]. The study on prevalence of hVISA and VISA has met with the 
problem of accurate detection of decreased susceptibility to vancomycin. Different diagnostic 
methods showed variable sensitivity and specificity leading to contradictory reports in prev-
alence [80, 84–86]. During 2010–2014, the prevalence rates of hVISA and VISA among MRSA 
strain were at 7.01% and 7.93%, respectively [87]. The emergence and increased incidence of 
hVISA and VISA has limited the therapeutic use of vancomycin in the treatment of MRSA 
infections in hospital. However, by optimizing the dose regimen and drug delivery, thereby, 
achieving the desired blood plasma concentration which would give the clinical efficacy is 
the way forward in preserving the clinical utility of vancomycin [88, 89].

5.3.2. Vancomycin-resistant S. aureus

S. aureus strains which are referred to as hVISA and VISA are not considered resistant based 
on vancomycin susceptibility breakpoint (vancomycin MIC of 8 mg/L) defined by clinical lab-
oratory standards institute (CLSI). Unlike VRE, these strains do not carry vanA or vanB type 
of genes to confer resistance to vancomycin. In 2002, first report of a S. aureus strain showing 
vancomycin MIC of >128 mg/L was published. The strain was methicillin resistant and carried 
vanA gene which was responsible for high-level resistance to vancomycin [90]. This report 
was followed by sporadic incidences of isolation of S. aureus strains with resistance to vanco-
mycin [91]. All these strains showed high vancomycin MIC (>8 mg/L) and are referred to as 
vancomycin-resistant S. aureus (VRSA).

VRSA strains carried copies of the transposon Tn1546, which was acquired from vancomy-
cin-resistant Enterococcus faecalis. The transposon which mediates the VanA-type resistance, 
encodes a dehydrogenase (VanH), which reduces pyruvate to D-Lac, and the VanA ligase, 
which catalyzes the formation of an ester bond between D-Ala and D-Lac. The resulting 
D-Ala-D-Lac depsipeptide replaces the D-Ala-D-Ala dipeptide in peptidoglycan synthesis, 
a substitution that decreases the affinity of the molecule for vancomycin and other glycopep-
tide antibiotic, teicoplanin, considerably [92, 93].

5.4. Resistance to other antibiotics

Since HA-MRSA strains are often MDR phenotype, drugs such as sulphonamides, tetracy-
clines, aminoglycosides, chloramphenicol and clindamycin were sidelined due to lack of 
activity, while vancomycin remained the mainstay of therapy. Resistance to sulphonamides 
and trimethoprim [94], tetracyclines [95–97], aminoglycosides [98–100], chloramphenicol [101] 
and clindamycin [102], occurring in S. aureus especially among MRSA was widely reported.
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6. Therapeutic approach

Therapeutic approach to S. aureus infections depends on the type of infection, patient age, 
clinical manifestation of the disease, co-morbidity, antibacterial susceptibility of infecting 
organism and hospitalization. Various drugs as single agent and drug combinations have 
been used to treat S. aureus infection. In general, management of infections due to MRSA is 
difficult compared to that of MSSA. There are guidelines and reviews to help in the treatment 
of community and hospital infections of MRSA.

6.1. Topical anti-MRSA drugs

6.1.1. Mupirocin

Mupirocin is used as topical antibiotic to treat impetigo due to S. aureus and S. pyogenes [103]. 
The drug is also used for nasal decolonization of S. aureus [27]. Mupirocin belongs to monoxy-
carbolic acid class and it exerts antibacterial action by binding to isoleucyl t-RNA synthetase, 
thereby, inhibiting the protein synthesis [104]. The antibiotic shows excellent activity against 
Staphylococci and most Streptococci [105]. Clinical efficacy of mupirocin ointment in treating 
S. aureus superficial skin infections and wound infections was established [106–108]. Various 
reports also demonstrated effectiveness of mupirocin in nasal decolonization of S. aureus 
[25, 109, 110] that is a risk factor for MRSA infections in nosocomial settings.

6.1.2. Fusidic acid

Fusidic acid is an antibiotic, which belongs to a class referred to as fusidanes. Chemically it 
is a tetracyclic triterpenoid [111] and it binds to bacterial elongation factor G (EF-G), which 
results in impaired translocation process and inhibition of protein synthesis [112]. It has 
potent activity against S. aureus and clinically used in treatment of mild to moderately 
severe skin and soft-tissue infections, for example, impetigo, folicullitis, erythrasma, furun-
culosis, abscesses and infected traumatic wounds [113]. The efficacy of fusidic acid ointment 
in treatment of S. aureus infections is widely reported [114, 115]. The drug has also been used 
systemically to treat invasive S. aureus infections but its efficacy was questioned [116].

6.2. Systemic anti-MRSA drugs

6.2.1. Vancomycin

As discussed earlier, vancomycin remained the mainstay of therapy against MRSA infec-
tions in hospitalized patients for decades. Though the antibiotic was available for clinical 
use since 1958, it gained prominence among clinicians only after the surge in nosocomial 
MRSA infections in 1980s [73, 75]. Numerous reports documented the clinical efficacy of 
vancomycin in treating various MRSA infections in hospitalized patients [116–120]. The 
emergence and spread of hVISA and VISA strains has threatened the clinical utility of vanco-
mycin. In addition, over the years, the mean MIC of vancomycin against susceptible MRSA 
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 populations has increased but within the susceptible range. This phenomenon is referred to 
as vancomycin MIC creep. There has been poor response to vancomycin therapy in patients 
infected with vancomycin-susceptible MRSA isolates which had vancomycin MIC at the 
higher end of susceptible range (2 mg/L) [121, 122]. Optimizing the dose regimen and drug 
delivery, in order to achieve the desired blood plasma concentration which would give the 
clinical efficacy is the way forward in preserving the clinical utility of vancomycin [91, 92].

6.2.2. Newer anti-MRSA drugs

The problem of MRSA infections in hospitals and lack of effective antibiotics other than van-
comycin to treat them necessitated the discovery of novel anti-MRSA drugs. The continued 
efforts of researchers in discovering novel anti-MRSA drugs fructified resulting in arrival of 
number of newer anti-MRSA drugs for clinical use in the last 15 years [78, 123–125]. The follow-
ing Table 3 lists the newer anti-MRSA drugs that were approved by U.S. FDA for clinical use.

7. Alternative therapeutic approach

Apart from chemotherapeutic approach to tackle the S. aureus infection, alternatives such 
as agents which inhibit the virulent factors expression and vaccines have been investigated. 
Various phytochemical are also found to have anti-MRSA activity. All these are at investiga-
tional stages and more research is necessary to bring promising candidates for clinical usage.

7.1. Anti-virulence agents

Clinical use of agents which are not conventional antibiotics but able to inhibit the expression 
or function of the virulence factors, rendering the bacteria non-pathogenic is considered an 
alternative approach to tackle MRSA. Stripping microorganisms of their virulence properties 
without threatening their existence may offer a reduced selection pressure for drug-resistant 
mutations. Virulence-specific therapeutics would also avoid the undesirable dramatic altera-
tions of the host microbiota that are associated with current antibiotics [142, 143].

Accessory gene regulator (agr)-mediated quorum sensing system of S. aureus plays a central 
role in pathogenesis of Staphylococci. Scientists identified small molecules which inhibited 
the agr system [144–146]. Active and passive immunization strategies targeting the virulence 
factors of S. aureus have also been explored [147].

7.2. Plants

Plants have immune system and other defensive mechanisms against microorganisms that 
cause plant diseases. Hence, the plants with huge diversity provide a vast source for exploration 
of anti-MRSA phytochemicals. In vitro Anti-MRSA activity of crude extracts of medicinal plants 
has been extensively reported [148]. Various phytochemicals such as β-asarone, Mansonone F, 
prenylated flavonoids and thymoquinone showed in vitro anti-MRSA activity [149–152].
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Abstract

This chapter focuses on Staphylococcus aureus (SA) infections in athletes. Previous SA 
infection studies performed starting in the 1980s examined close physical contact athletes, 
with a focus primarily on injured skin. However, more recent studies of skin SA trans-
mission in athletes were conducted using molecular epidemiology. When participants 
in sports having a greater duration of competition were examined, results indicated that 
there was prolonged contact between athletes on the same team and athletes from other 
teams. These findings demonstrate that effective measures for preventing SA infections 
are urgently needed. Factors that can affect skin SA infections include high rates of SA 
nasal colonization, the type of “position on a team,” repeated skin-to-skin contact, and 
perspiration that occurs during exercise in SA nasal carriers. Thus, it should be possible 
to utilize molecular typing methods to assess skin-to-skin contact in athletes. This study 
summarizes the current understanding of SA infections in athletes. In order to develop 
preventive strategies, it will be necessary to further elucidate the predisposing factors 
and mechanisms behind SA infections and the subsequent transmission in athletes.

Keywords: athletes, transmission, physical contact, genotyping

1. Introduction

Staphylococcus aureus (SA) infections and its transmission among athletes have long been of 
interest to sports medicine scientists. SA is very well adapted to colonize the human skin, 
as the human body provides major ecological niches for the species. Although originally 
thought to be a nosocomial pathogen, it has become a rapidly emerging, problematic infection 
in athletes [1]. When outbreaks occur, the infection is spread through repeated skin-to-skin 
contact, especially due to physical contact between the broken skin of players during games 
and practices. In addition, sharing contaminated equipment [2], turf burns, and shaving [3] 
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also contribute to the high incidence of infection among athletes. A review of past studies of 
SA infections in athletes suggested that the risk factors associated with the outbreaks could 
be classified into three categories (Figure 1). These include direct contact (which refers to 
“contact sports” where physical contact between players is an acceptable part of the sport), 
nosocomial infections, and skin wounds. The infections that occur during these outbreaks 
can also disrupt or potentially eliminate the opportunity for a team to compete at the highest 
level of their sport. Furthermore, outbreaks of infectious diseases can additionally spread 
to the player’s social contacts and propagate within their communities [4, 5]. However, 
the association between direct physical contact and the SA transmission has yet to be fully 
understood.

The primary goal of the review presented in this chapter is to provide a better understand-
ing of SA infections and the potential relationship with the associated sports activity. This 
chapter is divided into four parts, with the first section summarizing the latest insights into 
the sports activity related to SA infections and risk factors. In the second part, we focus on 
the latest insights into the determinants of SA nasal carriage and skin infections. As nasal car-
riers may be the reservoir responsible for the transmission in athletes and teams, this section 
describes the first high-throughput SA nasal carriage effort for large numbers of SA from ath-
letes. As nasal carriers may be the reservoir responsible for the transmission in athletes and 
teams, this section describes the first high-throughput SA nasal carriage genotyping effort 
that has been used to examine the SA transmission in athletes. Previous reports have shown 
that nasal carriage may play a key role in the epidemiology and pathogenesis of SA infec-
tions [6, 7]. The third part presents information on our current understanding on how SA can 
thrive on the skin and be easily transmitted from person to person via sweat. Thus, when 
a sport involves physical contact, this route is likely to be the major mode of transmission 
between the athletes. In the final section, we discuss the high-throughput genotyping effort 
that has been undertaken in order to investigate SA transmission in athletes. 

Figure 1. A hypothetical example of a Staphylococcus aureus infection resulting in an outbreak within an athletic 
setting. Staphylococcus aureus outbreaks are classified into three categories, which include “direct contact,” “nosocomial 
infection,” and “skin wound.” These hypothetical schemes will need to be further examined in future experiments.
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The discovery of SA outbreaks in athletes taking part in physical contact sports is not new. 
In 1982, Bartlett et al. published the first scientific paper on SA infections in athletes [8]. This 
study examined 26 players of a high school football team and reported finding a total of 
55 lesions, with two players found to have Methicillin-Susceptible Staphylococcus Aureus 
(MSSA), while 24 had methicillin-resistant SA (MRSA). There was no pathogen growth 
observed for any of the players. There were three essential findings observed and confirmed 
by the authors in subsequent studies. First, the majority of the lesions observed were located 
on the extremities and in areas not usually covered by a football uniform or other apparels. 
Second, 61% of the affected players reported the development of a furuncle at the site of a 
previously open wound, while 27% reported the development of a furuncle at the site of a 
previous bruise. Third, cultures obtained from the lesions of two players grew SA that was 
sensitive to nafcillin, clindamycin, erythromycin, cephalosporin, tetracycline, and sulfa and 
resistant to penicillin and ampicillin. This is of importance, as infections with drug-resistant 
bacteria may lead to longer and more costly hospital care, in addition to an increase in the risk 
of dying from the infection.

Since this initial report, various infectious disease outbreaks have been reported [9]. Sosin et al. 
[10] additionally reported an outbreak of furuncles in athletes in the state of Kentucky in the 
USA. The outbreak involved members of the high school football and basketball teams, with a 
total of 62 lesions reported in these affected athletes. In this school, the basketball season over-
lapped with the end of the football season, with the two teams sharing a locker room. In addition, 
six of the players participated on both of the teams. Based on these findings, the authors hypoth-
esized that close physical contact was a risk factor for SA transmission in athletes. The majority of 
affected players were treated with oral antibiotics, with three players developing infections that 
did not respond to oral therapy, thereby requiring hospitalization for intravenous antibiotic ther-
apy. One of these hospitalized players subsequently developed a disseminated SA infection and 
a lung abscess. A total of 81% of the observed lesions were found on the extremities. Moreover, 
players who sustained a skin injury were three times more likely to develop an infection com-
pared to those who did not report any skin injury. The use of the school showers and locker 
room and the sharing of clothing and towels were not found to be risk factors for SA infections. 
Although SA was isolated from 14 of 52 (27%) nasal cultures collected from the athletes, this was 
not higher than the proportion of SA-positive nasal cultures found in a group of student controls.

These studies provided valuable information and have helped encourage the develop-
ment of subsequent investigations into additional components affecting SA skin infections. 
Furthermore, the majority of all of the studies performed because the initial publication has 
focused on investigations of the effects of physical contact on SA skin infection.

As Suzuki and Tagami [11] discussed in detail, physical contact contributes to SA transmis-
sion. Their study identified several factors including an outbreak of SA skin infection in a 
collegiate men’s rugby team. The athletes examined had all started the rugby season with 
a training camp that was in close proximity to where they lived and which was conducted 
between August 4 and 25 in 2011 (Figure 2A). SA infections were found in 14 (20%) of the 
69 healthy rugby players between September 10 and October 21 of 2011 (Table 1). One team 
member required hospitalization during October 2011 in order to treat an abscess that was 
secondary to the SA infection. As other members of the team also developed skin infections, 
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screening was begun on October 6. The dispersion of the outbreak was trimodal, with 28, 50, 
and 21% occurring between September 10 and 20, between October 2 and 10, and between 
October 20 and 21 (Figure 2A). The infections developed in 11 forwards and three back-posi-
tioned players (Figure 2B). The infection rate was higher among the forwards versus the back 
positions (28 vs. 7%) (Table 1), with the flanker position exhibiting a greater likelihood of 
becoming infected compared to the other players. The forehead, back, elbow, and thumb 
comprised the primary sites of SA infection (Figure 2B). Infections tended to occur most fre-
quently on the areas that were not covered by athletic apparel, such as the elbows, forearms, 
knees, and lower legs [1, 8]. These trends suggest that competitive practices lead to repeated 
direct contact. Nine crural abscesses were located on the front and back of the legs near or on 

Figure 2. Epidemic curve of the initial skin infections due to Staphylococcus aureus among collegiate rugby players (A). 
Field position diagram of players who developed Staphylococcus aureus infection (B). See Table 1 for position-specific 
attack rates. 1 and 3, prop; 2, hooker; 4 and 5, lock; 6 and 7, flanker; 8, number 8; 9, scrum half; 10, fly half; 11 and 14, 
wings; 12 and 13, center back; and 15, fullback. Players infected with Staphylococcus aureus (×). Anatomical locations of 
infection sites (C). Front and back side of body. Filled circles, skin lesions (unpublished data).
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the knee. In addition, most of the lesions were located on the extremities in areas that are not 
usually covered by the rugby uniform. However, SA isolates that resulted from the sharing 
of items, such as the contact bag, tackle bag, and bibs, were limited. Starting on November 3, 
oral fosfomycin calcium (1 g, two tablets) was administered three times daily for 5 days. After 
22 days, there was a decrease in the number of SA nasal carriers. This intervention prevented 
further dissemination of the SA infection among the team members.

This report shows that the epidemic curves can provide considerable information about the 
outbreaks such as the pattern of the spread, magnitude, time trend, and exposure and disease 
incubation periods. The epidemic curve in the present study was trimodal, with continuous, 
intermittent exposure and gradual increases in the numbers of infections. This type of epi-
demic curve is typical of person-to-person spread [12]. Classic epidemic curves from propa-
gating outbreaks comprise successively taller peaks, distanced one incubation period apart. 
The two most common sources of SA spread were contaminated hands and physical contact 
with athletes [13, 14]. Multimodal peaks are representative of SA outbreaks and comprise a 
risk factor for such outbreaks during physical contact sports [8]. These previous studies sup-
port a person-to-person contact method for the transmittal of the disease, with skin injuries 
serving as an entrance point for the infectious organisms.

2. When do S. aureus outbreaks occur in athletes?

Outbreaks of SA infections in an athletic setting have also occurred during the regular season 
(with the term “regular season” referring to the sport’s league competitive period) [15]. During 
the regular season, there are likely to be more opportunities for contact with the  others that 

Position No. of infected players 
(%) n = 14

Total no. on team (%) 
n = 69

Position-specific attack 
rate (%)*

Forwards Props 3 (21) 7 (10) 28

Hooker 2 (14) 5 (7)

Locks 0 10 (14)

Flankers 5 (35) 14 (20)

Number 8 1 (7) 2 (2.8)

Backs Scrum half 0 6 (8.6) 7

Fly half 0 4 (5.7)

Wings 0 5 (7.2)

Fullback 0 7 (9.8)

Center back 3 (21) 9 (13)

*Attack rate = no. of infected players/total no. on team, per position.
The overall attack rate = 10%.

Table 1. Position-specific attack rates of clinical and Staphylococcus aureus and soft tissue infections among members of 
a rugby team (unpublished data).
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subsequently result in wounds. Creech et al. examined an American men’s football team and 
found a high rate of SA infection during the regular season [15]. Kazakova et al. also reported 
an outbreak of MRSA in a men’s football team during the regular season [1]. Thus, evaluations 
of players taking part in physical contact sports during the regular season are critical for pre-
vention and control of SA infections. In addition, individuals with SA-infected abscesses need 
to be carefully evaluated, as they may also serve as an SA “reservoir” that facilitates transmis-
sion to uninfected players. Our current analyses indicated that the regular season is intrinsi-
cally associated with risk factors for SA outbreaks (Figure 2A). Individuals with SA-infected 
abscesses might also be SA reservoirs that facilitate transmission to uninfected players.

3. The role of fomites in SA infection outbreaks in athletes

Data suggest that athletes with SA skin infection are more likely to experience a recurrence 
if the fomites were contaminated with SA. For example, an investigation of an outbreak of a 
MRSA infection in two different football teams revealed that the responsible MRSA clone was 
not found in the nares of any of the infected players, uninfected teammates/staff, or the envi-
ronment [1, 3]. In a retrospective study that examined community-onset MRSA skin infec-
tions among professional football players, Kazakova et al. [1] did not find any MRSA in the 
nasal swabs or environmental cultures, even though 42% of the players were nasal carriers 
of the MSSA strains. Apart from these highly selected populations, it remains questionable 
whether the results from these studies can be extrapolated to the general population [16]. 
These findings suggest that the strain responsible for the infection was acquired from a non-
nasal endogenous source or environmental sources. Moreover, the MRSA infection observed 
in these outbreaks was associated with exposures to various contaminated fomites, including 
whirlpools, shared razors, and shared towels. Other fomites implicated in the outbreaks of 
sports team-associated MRSA infections include benches, body sites worn by fencers, and 
even a bar of soap [1, 12, 17]. In non-outbreak settings, it has been reported that close contact 
with a person who has a skin infection was also associated with the SA infection [11].

Aggressive control of SA strains in the environment has contributed to effective strategies that 
can be used to prevent SA infection. For example, the National Collegiate Athletic Association 
(NCAA) has implemented prevention programs [18] that encourage hand hygiene [9], sur-
veys of environmental contamination [12], showering the entire body with an antimicrobial 
soap and water immediately after each practice and game [19], discouraging cosmetic body 
shaving [3], and cleaning and disinfecting shared items [18]. As a result of active surveillance 
(a way of carefully monitoring of SA nasal carriage), consensus has been reached concerning 
the optimal ways for controlling infection among athletes [15], with nares screening for SA 
critical for preventing skin and soft tissue infection.

4. Nasal carriage and SA infection in athletes

After the reports of the initial studies on SA infection, sports medicine scientists have focused 
on the SA nasal carriage and skin infection. In human beings, the nose is the main ecological 
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niche where SA resides [20]. The primary reservoir of SA is thought to be the anterior nares, 
and 30% of individuals carry nasal SA at any given time [6]. The association between SA 
nasal carriage and staphylococcal disease was first reported by Danbolt in 1931, who studied 
furunculosis [21].

Epidemiologic studies found higher SA nasal carriage rates and skin lesions in players of 
various sports. Sports activities that can cause skin lesions are also correlated with higher SA 
nasal carriage rates. These include river rafting [22] and football [1]. Decker et al. reported that 
higher nasal carriage rates were correlated with SA skin infections [22]. They postulated that 
maceration of the skin caused by prolonged contact with water in conjunction with repeated 
small cuts or skin injuries might have been the cause of the infections. Begier et al. [3] exam-
ined the sports activity of the players for an American football team and found that 97 of 
100 players were positive for SA nasal carriage. Supporting these data is a further study that 
found repeated skin punctures in drug users and diabetics appeared to be the source of higher 
SA nasal carriage rates [6]. In addition, a retrospective analysis demonstrated that infection 
rates tended to peak among rugby forwards [23], American football linemen [1, 12, 14], cor-
nerbacks, and wide receivers [3], all of whom have frequent contact with other players. All of 
these athletes play in the front lines, engage in frequent and aggressive skin-to-skin contact 
during matches, and are expected to engage the opposing team in the blind side of the scrum 
and tackle other players. This high-frequency, rough physical contact causes the skin abra-
sions that are associated with SA soft tissue infections [8].

Persistent SA nasal carriage is an established risk factor for cutaneous infection in physical 
contact sports [15]. Despite various proposals, there has yet to be a standard definition regard-
ing the number of cultures that need to be taken or what fraction should be positive when 
determining the carrier status [24]. However, attempts to define persistent carriers have been 
problematic, as most SA infections originate from lines that are specific to carriers and hands, 
which are often the primary vectors for transmitting nasal bacteria in athletes [13]. Moreover, 
there are a number of infectious diseases that can be spread from one person to another by 
contaminated hands and body sites in athletes [13]. Therefore, the current consensus is that 
SA resides in the anterior nares of individuals and which serve as reservoirs that predispose 
players to subsequent infections.

The quantity of the SA colony-forming units (CFU) that can be recovered from swabs used to 
examine the noses of carriers varies widely, with numbers reported to range from the single 
digits to millions [25, 26]. In addition, other studies have reported that there is a strong asso-
ciation between high cell counts and persistent carriage [24, 27, 28]. Furthermore, evidence 
from various studies has led to the postulate that persistent carriers represent a separate 
group that is distinct from the intermittent and noncarriers [27, 29]. (Most studies that have 
examined SA nasal carriage have used a cross-sectional design with a single-nasal culture in 
order to determine whether an individual is a carrier. However, longitudinal studies have 
distinguished at least three SA nasal carriage patterns in healthy individuals: persistent car-
riage, intermittent carriage, and non-carriage [6, 30–32]. In addition, some studies make a 
further distinction between occasional and intermittent carriers [33, 34].) Even though the 
reasons remain unknown, the basic determinants of persistent and intermittent carriage are 
thought to be different. Persistent carriers are often colonized by a single strain of SA over 
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long time periods, whereas intermittent carriers may carry different strains over time [31, 33, 
35]. Furthermore, the load of SA is higher in persistent carriers, which results in increased 
dispersal and a higher risk of infection [24, 29]. Nasal carriers who are also persistent carriers 
are reported to have higher SA loads and disperse more SA [21, 36, 37].

Approaches that use high-throughput nasal swab data can also be applied to help in our 
understanding of the bacterial spread. While many studies have focused on nasal swab data, 
it is still unknown whether nasal SA colonization alone can trigger an SA outbreak. By achiev-
ing a deeper understanding of the repercussions of carrying nasal SA, this should help to 
refine and optimize strategies for risk control among athletes, thereby reducing SA infections.

5. Skin surface of S. aureus in athletes

The skin is the largest organ of the human body, representing more than 10% of the body 
mass [38]. In athletes who participate in contact and collision sports, the risk of transmission 
of SA has been shown to be particularly high [39–41]. It has been hypothesized that “skin-to-
skin contact” might be the main cause of SA transmission in athletes, with the physical con-
tact inducing SA dissemination in these athletes [1]. The average area of the skin surface of a 
human adult is 2 m2 [42]. Although a dry, salty, low-pH skin surface discourages SA growth 
[43], the skin of an athlete is usually soaked in sweat, which provides a moist and nourishing 
environment that is suitable for SA growth. Therefore, skin sweat has been considered to be a 
key point of transmission during physical contact [44].

Recent evidence suggests that nasal SA has a high propensity to colonize the skin surface 
[45]. This idea is supported by the finding that colonization often simultaneously disappears 
from other body sites if an intranasal topical antibiotic is used to temporarily eliminate the 
SA nasal carriage [46]. Furthermore, cutaneous investigations that examined sweat glands, 
sebaceous glands, and hair follicles have reported that these areas are likely to be associated 
with their own unique microbiota [47]. Sebaceous glands secrete lipid-rich sebum, with this 
hydrophobic coating able to protect and lubricate the hair and skin. In general, sebum serves 
as an antibacterial coating and acts as a molecular defense mechanism [48]. However, the rela-
tionship between exercise-induced sweating and SA transmission in physical contact sports 
among athletes remains unclear.

It has been reported that the nasal cavity is the primary reservoir for SA and that these carriers 
are an established risk factor for transmission. Two factors may be involved in the SA trans-
mission in an athletic setting. First, nasal carriers also carry the organism on their hands. Thus, 
not only are contaminated hands considered to be a likely source for causing the transmis-
sion, the hands actually serve in many cases as the primary vectors for transmitting the nasal 
SA. Second, SA can also live on the skin, which makes it easy to transmit from one person to 
another via sweat. This route is considered to be the major mode of transmission. The reason 
for the presence of a higher density of SA on the skin surface is due to the sweat that occurs 
during exercise in nasal carriers [11].
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Even though SA is found on the skin, the nose appears to be the primary reservoir for its repli-
cation and transmission to other body sites. This hypothesis is supported by studies that have 
demonstrated that the use of an intranasal topical antibiotic will temporarily eliminate the 
transmission of the SA from the nasal carriage to the colonized body site [46]. Pulsed-field gel 
electrophoresis (PFGE) has also shown that nasal SA isolates are often identical to the strains 
that later cause clinical infections [49, 50]. Since 10% of the nasal SA carriers exhibited more 
than one genotype or phage type in their nose, this suggests that many of the infections might 
be of endogenous origin [32, 51].

Direct physical contact with bodily fluids is believed to be one source of SA dissemination 
[52]. Examples of direct contact in rugby occur in the scrum, when making tackles, shak-
ing hands, or coming in contact with perspiration and skin lesions. To determine the factors 
behind SA transmission in physical contact sports, Suzuki and Tagami [11] examined the skin 
surface SA before and after exercise. The findings of this study showed that the density of the 
nasal SA was correlated with that of the skin surface SA in nasal carriers with perspiration 
on the skin surface after exercise, which indicates that perspiring during exercise promotes 
the appearance of SA in nasal carriers. Eda et al. also provided direct evidence of skin sur-
face SA in healthy adult males after participating in high-intensity endurance exercises [53]. 
Perspiring during exercise appears to be a key part in the self-infection and transmission of 
SA in nasal carriers. Thus, the chances of team players transmitting SA to other team members 
would be increased during practices and while taking part in other exercises.

6. Genotyping

Although there is a low risk of the SA infection in team sports, early detection and an aware-
ness of possible pathways of SA transmission could play a huge part in reducing social and 
economic impacts if an outbreak was to occur in a particular type of sports. Studies that have 
examined team sports have reported on the importance of early detection in the prevention of 
the spread of SA [1]. When there is an SA outbreak among a sports team, the first goal should 
be to identify all of the carriers, which includes both players and the coaching staff. However, 
it can be difficult to directly obtain such information at the present. Since the SA isolation test 
is the most reliable and sensitive method that can be used in these identifications, the use of 
these tests is essential for accurate surveillance of SA outbreaks. However, it should be noted 
that these tests also isolate many nonspecific SA from the anterior nares of the nose or the 
wound. Thus, the lack of SA specificity could hinder the surveillance. At present, both man-
nitol salt agar with egg yolk and Baird-Parker agar media are specifically used for SA isola-
tion. Since these media require a large amount of time for the preparation, this raises the labor 
costs. In addition, the mannitol salt agar with egg yolk and Baird-Parker media exhibit weak 
reactivity against other different bacteria, and thus, this test requires appropriate proficiency 
in the discerning of the colony. Therefore, a reliable method that can be readily adopted by 
general diagnostic laboratories will need to be developed in order to improve the diagnostic 
ability of these tests. The examination methodology used is central to the SA surveillance.
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Recently, molecular typing methods have greatly improved our understanding of SA trans-
mission, provided powerful tools for tracing the transmission of individual strains and 
revealed methicillin-resistant SA (MRSA) strains [17]. Since there is a lack of data on the prev-
alence of SA transmission among athletes, this has prevented effective surveillance, thereby 
leading to the failure of preventing infections. In the infection control field, our understand-
ing of SA transmission is limited by the methods used to determine the relatedness of micro-
organisms in the context of time and space. Conventional typing methods, such as phage 
typing, multi-locus sequence typing (MLST) and pulsed-field gel electrophoresis (PFGE) [54], 
spa typing [55, 56], and multi-locus enzyme electrophoresis (MLEE) [57], have all been suc-
cessfully used to describe the global population structure of SA. In addition, this methodol-
ogy has been used to provide a framework for the description of the major lineages associated 
with healthcare-associated infections in different countries and to monitor their emergence, 
dispersal, and decline in different settings [58]. However, when attempting to investigate the 
finer details of infection outbreaks, these conventional typing methods have serious limita-
tions [59]. Phage-open reading frame typing (POT) has been developed as a genotyping tool 
based on multiplex polymerase chain reaction (PCR) [60]. These POT methods have been 
applied to investigate nosocomial MRSA outbreaks, with the discriminatory power of the 
method shown to be excellent [61, 62]. Although strategies that use molecular genotyping 
have been able to successfully detect the presence of SA colonization within a few hours, at 
the present time, they cannot help in predicting the carrier state. In addition, these methods 
are expensive as compared to that for standard cultures.
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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA) has become a growing concern in com-
panion and food-producing animals. The presence of multidrug-resistance with a wide 
range of extracellular enterotoxin genes, virulence factors, and Panton-Valentine leukoci-
din (pvl) cytotoxin genes confer life-threatening traits on MRSA and makes them highly 
pathogenic and difficult to treat. Clonal complex 398 (CC398), a predominant clonal lin-
eage of livestock-associated-MRSA in domestic animals and retail meat, is capable of 
infecting humans. In order to monitor and prevent MRSA contamination, it is critical to 
understand its source and transmission dynamics. In this review, we describe MRSA in 
food-producing animals (pig, cattle, chicken), horses, pet animals (dogs, cats), and food 
products (pork, beef, chicken, milk, and fish).

Keywords: MRSA, companion animals, food-producing animals, food products, CC398

1. Introduction

Staphylococcus aureus is a pathogen that causes both human and animal infections and food 
intoxication [1–3]. It causes simple infections, such as furuncle, boil, stye, impetigo, carbuncle, 
and keratitis, and serious infections, including septicemia, necrotizing pneumonia, endocar-
ditis, osteomyelitis, and pericarditis [4–7]. Shortly after the introduction of methicillin in clini-
cal practice to control penicillin-resistant staphylococci, the first methicillin-resistant S. aureus 
(MRSA) was isolated [8]. MRSA is one of the most important hospital-acquired pathogens that 
are resistant to various antimicrobials, thereby making their treatment complicated [9]. MRSA 
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in humans is usually divided into two groups: hospital-associated MRSA (HA-MRSA) and 
community-associated MRSA (CA-MRSA) [10]. A third group of MRSA, known as livestock-
associated MRSA (LA-MRSA), now has emerged and infects livestock, pets, and wild animals.

LA-MRSA was first detected in milk with bovine mastitis from Belgium in 1972 [11–13]. 
Thereafter, MRSA reports in various food and companion animals, such as pigs, cattle, chick-
ens, dogs, cats, and horses, have increased [11, 14]. A novel strain of MRSA belonging to multi-
locus sequencing type (MLST) 398 (ST398) and related strains collectively grouped into clonal 
complex 398 (CC 398) have been frequently found in pigs, chickens, veal calves, dairy cattle, 
horses, dogs, and milk in various countries [11]. Both methicillin-susceptible S. aureus (MSSA) 
and MRSA have been associated with companion and food production animals [15–19]. The 
most significant of these is intramammary infection of dairy cattle leading to mastitis, which 
causes a substantial economic loss to the dairy industry worldwide [6, 20, 21]. The CC398 
S. aureus isolate was more prevalent in nasal swabs of pig and cattle farmers than of non-
farming human controls [22, 23]. An examination of livestock-associated MRSA (LA-MRSA) 
in human case isolates in the Netherlands indicated an increase from 0% in 2002 to greater 
than 21% in mid-2006 [23] and 35% in 2009 [24]. In most European countries, CC398 remains 
the most commonly identified type of LA-MRSA [15, 25–27]. However, the epidemiology of 
LA-MRSA differs in other geographic areas. A different strain of LA-MRSA, CC9, appears to 
be the prominent type in several Asian countries [28–32]. Poultry may harbor CC398 strains 
[16, 33, 34] but CC5 [33, 35] and other types unrelated to CC398 have also been reported [36]. 
The diversity of LA-MRSA in the USA appears to be higher than that identified in Europe or 
Asia, with reports of both CC398 as well as a variety of “human″ types of S. aureus in livestock.

LA-MRSA infections among livestock animals and associated farmers are of great concern as 
these sources could potentially serve as reservoirs for zoonotic infections [14]. Contamination 
of food with enterotoxin producing S. aureus leads to over 240,000 cases of food-borne illness 
in the United States annually. Although most S. aureus–related food-poisoning incidents are 
self-limiting and go away within 2 days, some serious infections have been reported as well 
[4, 5]. A large number of the reported staphylococcal food-poisoning outbreaks can be traced 
back to a human source harboring S. aureus producing certain staphylococcal enterotoxins 
(SEs) [1, 37]. Most of the LA-MRSA strains, particularly the ST398 group, do not appear to code 
for any of the known SEs [11, 38–42]. However, genes for SEs B, K, and Q have been detected 
in MRSA CC398 strains isolated from geographically diverse pig farms in Germany [43]. The 
acquisition of enterotoxin genes along with the virulence factors, such as Panton-Valentine 
leukocidin (pvl) genes by LA-MRSA may eventually pose a threat to humans, suggesting that 
animals have the potential to be a source of primary contamination as well [16, 44].

2. MRSA in food-producing animals

2.1. Porcine MRSA

In 2005, pigs were reported as an animal reservoir of S. aureus in France, including MRSA 
[17]. Pig farmers were more frequently colonized than nonfarmers and one of the most 

Frontiers in Staphylococcus Aureus48 Frontiers in Staphylococcus aureus



 prevalent strains of S. aureus in pig farmers was CC398 [45–49]. Forty-five percent of vet-
erinarians attending pig farms in the Netherlands were positive for MRSA [48]. In Belgium 
and Denmark, the prevalence of MRSA in veterinarians was 9.5% and 1.4%, respectively [47]. 
German researchers reported that MRSA ST398 that carried SCCmec IV or V, accessory gene 
regulator type I and capsule type 5 [25] in pig primary production herds was higher in their 
country (45–70%) than in the rest of the European Union [45, 46]. In an interesting report, 
12.5% of attendees at an international meeting concerning pig health carried MRSA and 91.2% 
(31/34) of them CC398 [50]. While early studies on farms and of meat identified CC398 strains 
in animals, farm workers, and meat products [51, 52], other studies also documented CC398 
in populations with no obvious livestock contact [53–55]. The emergence of this strain was 
also reported in pigs and pig farmers in the Netherlands [22, 56, 57], Denmark [58], Germany 
[59], and Canada [60]. Detection rates of MRSA in breeding and production herds were 46%, 
43.5%, and 40% in Spain, Germany, and Belgium, respectively, but no single strain of MRSA 
was found in Finland and Denmark in 2008 [61]. The majority of LA-MRSA lineage belonged 
to ST398, accounting for 92.5% of the MRSA isolates. Other ST types, human-associated MRSA 
ST1 and cattle-associated ST97 in finishing holdings, and ST9 in the same animal species in 
Europe [62], CC9, and CC49 in Switzerland [63] have also been reported.

Various farm types in the Netherlands were reported to have MRSA in 23–71% of their pigs, 
and it was especially high in farms with finishing pigs (pigs are almost ready to be sent to 
market) [49, 57, 64]. The presence of MRSA is dependent on pig production type and herd 
size and increases from 31 to 86% depending upon small-, medium-, and large-sized farms 
carrying <250, >500, and >1000 animals, respectively [45, 62, 64, 65]. MRSA prevalence also 
varied with farm type, e.g., fattening and closed (farrow-to-finish) farms exhibited 94 and 56% 
MRSA, respectively [66]. Transportation from farm to slaughterhouse [38, 67], lairage [38], 
national and international trade [57], and slaughter house employees all have been reported 
to enhance MRSA contamination and may play important roles in transmission of the bacteria 
[68]. It was proposed that MRSA contamination in piglets is dependent on the status of sows 
[69]. When a sow was colonized with MRSA, 100% piglets were MRSA-positive. However, 
84% piglets were MRSA-positive when there was no MRSA contamination in a sow. Higher 
numbers of MRSA were isolated in suckling (52.9%) and weanling piglets (53.4%) than sows 
(38.3%) [64]. Prevalence of MRSA in pigs has been linked to their age but the data are not 
conclusive. MRSA were identified in 100% of 9–12-week-old pigs, whereas in adult animals 
it decreased to 36% [51]. On the other hand, Weese et al. [69] reported that MRSA was more 
prevalent in post-weaning (85%) than preweaning pigs (34.5%) in pig farms without antimi-
crobial treatment. Percent of MRSA colonization in Canadian piglets on days 1, 28, 56, and 70 
were 1, 34, 50, and 42%, respectively [69]. Khanna et al. [60] reported no variation in MRSA 
prevalence based on age groups. MRSA does not seem to cause serious infection in pigs, but 
there have been a few reports of MRSA from exudative epidermitis lesions of piglets on a 
breeding farm [70] and in pigs suffering from infection of the urinary-genital tract, skin infec-
tion, and metritis-mastitis-agalactia syndrome [71]. While MRSA ST398 isolated from dis-
eased pigs did not carry the major virulence genes, such as toxic shock syndrome toxin 1, pvl, 
and exfoliative toxins, they carried some virulence genes, such as α- and δ-hemolysins, prote-
ases, capsule type-specific genes, microbial surface components recognizing adhesive matrix 
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molecules, biofilm-associated, and enterotoxin genes [44]. Their MLST, spa, and SCCmec types 
were identified as ST398, t011, and IV, respectively.

The epidemiology of livestock-associated S. aureus in the USA appears to be notably different 
than that in European countries. Most of the porcine MRSA isolates in Canada, Europe, Peru, 
and USA were CC398 [65]. A human epidemic clone, Canadian MRSA-2 (CMRSA-2, USA100, 
CC5), was found in nasal and rectal swabs of pigs in Canada [60]. This isolate was the most 
common cause of health care-associated infections in Canada. CMRSA-5 (USA500, ST8) also 
isolated from retail pork in Canada, is a human epidemic strain that also has been docu-
mented in horses and horse personnel [72]. Three spa types (t011, t034, t108) within CC398 
were the most frequent in breeding and production herds in Europe, and t108 was most popu-
lar only in the Netherlands among European countries. On the contrary, prevalence of t899 
in Italian breeding and production herds was between 24% and 27% [62, 65]. In Italy, CC1 
and CC97 lineages among MLST types that do not belong to CC398 were significantly high in 
the primary production of pigs [62]. In one study carried out in a jail setting in Texas, CC398 
isolates made up of 13.2% of all MSSA identified within this population. Apart from CC398, 
other human strains of S. aureus have also been found in USA livestock. Studies carried out 
on swine farms in the USA have identified human strains within the noses of live animals 
[55, 73, 74] and farm dust [75]. Several papers have reported CC5 strains rather than CC398-
associated types to be the dominant strain isolated from pig farms in both Iowa and Ohio [75, 
76], whereas others have found CC398 to be the most common molecular type [51, 76]. Studies 
on workers on pig farms and in processing plants found substantial diversity within S. aureus 
isolates, including CC398, CC5, and CC8 strains, among others [77–79]. MRSA attributed to 
ST5 was recently reported in pigs in the USA [38]. A different swine-associated MRSA strain, 
CC9, is circulating among pigs and pig farmers in China and Malaysia [29, 30, 80, 81]. MRSA 
ST22, known as human epidemic clone EMRSA-15 in the UK, was also discovered in pigs and 
in hospitalized patients in Singapore with an elevated frequency [82, 83]. High frequency of 
MRSA CC9 with spa types t899 and t4358 was reported in porcine samples in Asian countries, 
whereas it was not found as much in Europe or the USA [28–30, 84]. In Thailand, porcine 
MRSA ST9 isolates had a unique spa type (t337) and SCCmec type (SCCmec IX) that were dif-
ferent from other LA-MRSA ST9 strains found in Asian countries [28]. In 2012, Lim et al. [85] 
reported two ST types, livestock-associated ST398 and human-associated ST72, from pigs, 
which was the first finding of ST398 in Korean pigs.

2.2. Bovine MRSA

The first report of MRSA in farm animals was published in the early 1970s, when the bacteria 
were isolated from the milk of dairy cows with mastitis in Belgium [86] and clustered in the 
CC398 group [87]. Devriese and Hommez [88] suspected that these samples were most likely 
contaminated by humans. In the past few years, MRSA has been isolated from cows or their 
milk in Korea [89–91], Hungary, Mexico, and the Netherlands [89, 92, 93]. There have also 
been numerous reports of MRSA from cows or their milk in Brazil, Italy, Pakistan, Nigeria, 
Turkey, and the USA [94–96]. Subsequently, several reports have described bovine udder 
infections caused by LA-MRSA CC398 [97]. In Dutch farms, MRSA was detected in 18–31% 
of veal calves [98]. In 2010, the European Union reported that 20% of veal calves in Germany 
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carried MRSA [99]. A survey of 51 veal calf farms in the Netherlands indicated that an aver-
age of 38% of farmers and 16% of family members were colonized with LA-MRSA [19, 100]. 
Recently, another group of LA-MRSA strains (CC130, CC425, and CC1943) that were initially 
thought to be bovine-specific lineages emerged in humans [101]. A number of multidrug-
resistant MRSA were isolated from bovine mastitis in Germany [97, 102], the majority of 
which were MRSA ST398 related to animal strains, but an isolate of the clonal complex group 
CC8 was identified as a human epidemic MRSA strain Irish-01 [103]. In 2010, Hata et al. first 
discovered MRSA in cow’s milk in Japan and the genotypes (ST5-SCCmec II) were the same as 
or similar to human strains [104]. There has been a dramatic surge in human CC398 infection 
and colonization in the Netherlands, increasing from 0% in 2002 to more than 21% in 2006 
[23]. A recent Dutch study indicated that the annual incidence of MRSA in humans more than 
tripled from 2001 to 2006 where 23%, 26%, 16%, and 10% of the patients acquired MRSA from 
a foreign hospital, animals, nosocomial transmission, and the community, respectively [105]. 
The presence of MRSA CC398 in pig farms with a concomitant increase in CC398 infections 
in humans clearly suggests that pigs or cattle are specifically a risk factor and CC398 MRSA 
colonization and prevalence in humans is associated with animal contact [23, 46, 106, 107]. 
The above argument is further strengthened by the findings that the CC398 carrier status of 
farm workers decreased dramatically when they took a break from direct animal care duties 
[19, 100]. People who visited farms to collect samples for a shorter duration carried MRSA 
transiently as compared to those who had prolonged visits, suggesting that a prolonged con-
tact with animals is probably an important factor for higher rates of colonization [49].

While a majority of the MRSA collected from dairy cattle belonged to ST398 [89], other ST 
types, such as ST1-t286-SCCmec IV, ST72-t324 [108], ST59-t437–V [91], ST10-t127-SCCmec 
IVa genotype [92], SCCmec types IVg [109], CC97, t4795, and t1730 [110], and a mecA variant 
(mecALGA251) known as mecC, are also reported from MRSA CC130 and ST425 isolates [111]. 
The mecC type was also detected in Danish MRSA CC130 isolated from a cow and the geno-
typic characteristics, such as spa type (t843), MLVA (MT429) and PFGE profiles of bovine 
isolates were the same as the human isolates, implying transmission between humans and 
ruminants [112]. The geographic variation in the prevalence and origin of CC398 colonization 
and incidence of infection in humans is quite interesting. MRSA has been detected in retail 
beef, but nasal and fecal sampling of nearly 500 Canadian feedlot cattle, shortly before slaugh-
ter, detected no MRSA [113]. Moreover, while CC398 MRSA infection in humans is a leading 
cause of CA-MRSA infection in some European countries, it is rare in North America despite 
the presence of CC398 in livestock [114]. The reasons for the low incidence of CC398 infections 
in the USA may include differences in direct and indirect contact with food animals, much 
lower population density in North American pig-rearing regions, and the common presence 
of other competing MRSA strains in people in the general population. Although some studies 
suggested that the MRSA present in cattle is bovine-specific, most of the reports indicated that 
MRSA found in cattle were derived from humans [89, 92, 115, 116]. Bovine, porcine, canine, 
feline, and equine MRSA isolates containing the pvl gene and other virulence factors, such as 
chp, scn, seb, sek, and seq, toxic shock syndrome toxin 1 (tsst1 or tst) gene [91, 117], hemoly-
sin, protease, superantigen-like protein, capsule, and biofilm-associated genes [118–121], may 
pose a potential threat to public health.
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2.3. Poultry MRSA

CC398 is not limited to large livestock animals alone; it has also been reported in poultry [18, 
122], manure from chicken farms and soil fertilized with this manure [123]. However, the 
numbers of MRSA ST398-t011-SCCmec V isolated from chickens are lower (0–28%) than in 
pigs (82–92%) on the same farm [124]. In another study from Belgium [109], MRSA present in 
0.8–1.8% layers and broilers (chickens raised for meat) was clustered into two ST types, ST398 
(t011, t899) and ST239 (t037). Two other studies from Belgian broiler farms [18, 125] reported 
12.8–14.3% of randomly selected Belgian broiler farms to be positive for CC398. In 2010, the 
Federal Institute for Risk Assessment reported a contamination rate of 32% in turkey meat in 
Berlin, Germany [126]. Similar contamination frequencies were reported from Canada and 
the USA [72, 127], as well as from Taiwan [128]. Moon et al. [91] reported that the S. aureus iso-
lated from chicken carcasses contained 1.3% MRSA, which was more than the MRSA isolated 
from other animal carcasses (0.3%) in Korea. Poultry-associated S. aureus isolates belonging 
to genotypes other than CC398 have also been reported from different geographic regions 
[36, 129–131]. Mulders et al. [132] reported that 6.9% of MRSA present in broiler chickens in 
the Netherlands represented the ST9-t1430 genotype. A single spa type, t1456, in poultry was 
seen and distinguishable from the spa types of ST398 observed in other animals in Belgium 
[125]. Genotypic and antimicrobial patterns between 14 MRSA isolates from broilers and 
pigs were identical [133]. The MRSA isolates from Korea had the genotype of ST692-t2247–III 
[91] and the MRSA isolates from Hong Kong exhibited the genotypes ST9-t899–IV [81] and 
CC9 (t899, t1234) [134]. A study from Denmark analyzed the isolates from infected poultry 
and detected a predominant common human epidemic clone CC5 [129]. Using a population 
genomics approach, Lowder et al. [36] examined the origin of S. aureus isolates from diseased 
and healthy poultry from four continents and found that the majority of isolates belonged to 
a single clonal complex CC5 belonging to a known human-associated lineage. The poultry 
isolates were more closely related to each other than to human CC5 isolates, but were most 
similar to a subclade of CC5 that was circulating in Polish hospitals in the 1980s. In a study 
conducted in Korea, 930 food samples were collected, and four strains of the CA-MRSA CC5 
human clone were identified [135]. In a human case study, a 63-year-old Dutch woman who 
owned a chicken farm developed a life-threatening endocarditis; the infecting MRSA isolate 
was identified as CC398 [136], similar to an isolate found in a pig farm nearby and to MRSA 
isolates previously found in other pig farms in the Netherlands.

2.4. Other meat products

S. aureus is found frequently in a variety of retail meat products. A Dutch Food Safety Agency 
analyzed 2217 samples of various kinds of meats from the retail stores and found that 11.9% 
of 2217 samples had MRSA [137]. The distribution of MRSA within various meat types was 
listed as follows: beef, 10.6%; veal, 15.2%; lamb and mutton, 6.2%; pork, 10.7%; chicken, 
16.0%; turkey, 35.3%; fowl, 3.4%; and game, 2.2%. Of all the MRSA isolates, 85% of the isolates 
belonged to ST398; the other STs were possibly of human origin [137]. Another Dutch survey 
found that 46% of retail meat samples contained S. aureus strains, of which two (2%) were 
MRSA: one was CC398 and the other was USA300 [138]. Studies in Switzerland and Japan 
showed the prevalence of S. aureus in meat products to be 23 and 65%, respectively [122, 139]. 
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A USA survey of 120 retail meat samples indicated that 39.2% contained S. aureus strains, 5% 
of which were MRSA of the types USA100 (ST5) and USA300 (ST8) [127]. A Canadian survey 
[72] found that 7.7% of retail meat samples harbored MRSA; 30% belonged to the clonal com-
plex CC398, 40% were CC8, and 30% were CC5, a strain commonly found in humans in both 
the USA and Canada.

2.5. Milk

In general, the occurrence of MRSA in bovine mastitis isolates is well studied and its preva-
lence seems to be very low [140]. Following the initial reports of isolation of MRSA from 
mastitic cows [86], sporadic cases of MRSA in dairy cattle were detected among S. aureus iso-
lates from clinical or subclinical mastitis. In one of the studies from Korea [109], MRSA were 
isolated from the milk of cows with an isolation ratio of 0.18%. In one report on dairy farms 
in Belgium, a high percentage (15%) of MRSA was found in lactating cows [140]; these cows 
had a previous history of MRSA. The long-term low prevalence of MRSA mastitis is quite 
surprising, given the number of years since the first identification of MRSA in cattle and the 
close contact of humans with the udders of dairy cattle. In Germany, the highest proportion 
of positive samples (45%) was found in nasal swabs from veal calves at slaughter and the low-
est rate was 4.1% in bulk tank milk. Most isolates, irrespective of origin, were from spa types 
t011 and t034 belonging to the clonal complex CC398 [141]. The finding of LA-MRSA CC398 
in tank milk suggests udder colonization and possibly cases of subclinical mastitis in dairy 
cattle in Germany [141]. Close contact of dairy cattle with humans could lead to a transfer of 
strains between them. In one of the reports from Hungary, MRSA isolates from mastitic cows 
and a worker were found identical by phenotypic and genotypic analysis indicating a transfer 
between cows and human [92].

2.6. Fish

Fish is not a normal host for staphylococci and its presence on fish is either due to disease in 
the fish, contamination, or poor personnel hygiene. The first report of the isolation of MRSA 
from Tilapia was published in 2010, where 559 S. aureus isolates from the brain, eyes, and 
kidneys of tilapia from 11 farms collected for a period of 2 years were analyzed and 50% 
were identified as MRSA [142]. In another study [143] from Korea that analyzed 165 S. aureus 
strains isolated from different food samples between 2003 and 2006, four were identified as 
MRSA. Two of these were from beef and two from fish. The two fish isolates, one from sea 
bass and other from rockfish, were identified as ST1 and ST72, respectively. An analysis of 
200 ready to eat (RTE) fish samples collected from 10 shops belonging to four supermar-
ket chains in Japan, 5 were MRSA and 5 others were identified as coagulase-negative MRSA 
[144]. Molecular typing of two MRSA isolates by spa sequencing and MLST typing identified 
t1767 and ST8, respectively. Interestingly, MRSA ST8 strains have been predominantly iso-
lated from humans in the USA and Europe but are of rare occurrence in foods in Japan. It is 
not certain if the MRSA in fish was from human or fish origin. In another report from Greece, 
one hundred samples from RTE fish products were examined and two were reported to have 
MRSA belonging to the spa types t316 (ST359) and t548 (ST5) [145]. In a recent report, a patient 
developed foot infection with MRSA after a fish pedicure [146], but the origin of the MRSA 
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could not be determined in this case. Reports of fish from Egypt, India, and Yemen have also 
been reported to harbor as much as 3.5% MRSA [147]. In this report, two of the MRSA isolates 
were found to harbor the enterotoxin genes seg and sei. Since the global spread of multi-drug-
resistant bacteria has increased in the past decade, the finding of enterotoxigenic MRSA in 
fish should be of concern. The global trade of fish increases the possibility of intercontinental 
transmission of multidrug-resistant and enterotoxigenic S. aureus and its potential influence 
on consumer health worldwide should be monitored.

3. MRSA in food processing environment

After carcasses leave the slaughter-house chillers, residual MRSA on carcass surfaces can be 
transmitted during further processing through human hands, cutting tools, and any surfaces 
with direct meat contact. Manual handling during processing also can facilitate the entry of 
human MRSA strains into the production units. Recent surveillance data suggest that 22.5–
64.8% of retail beef, pork, chicken, and turkey meats in five different geographical locations in 
the United States were contaminated with S. aureus [148–150]. A Swiss meat-processing plant 
reported the presence of S. aureus on 22.7% of the received chilled pork hind quarters from 18 
European suppliers [151]. While investigating German pork processing units, Kastrup [139] 
determined a MRSA detection frequency of 6% on meat trimmings, 2% on processing equip-
ment, and 5% on employees. Beneke et al. [152] obtained a similar detection rate in the pro-
cessing area of a German abattoir. In an experimental setting, S. aureus at a contamination 
level of 5–7 log CFU/100 cm−2 was detectable on dry stainless steel for at least 96 h. In The 
Netherlands, de Jonge et al. [39] assessed the presence of MRSA in three meat-processing 
facilities and two institutional kitchens. MRSA was not isolated from any human nose or 
hand swabs, but 33% of the participants carried MSSA and only 14.3% of the meat samples 
were contaminated with MRSA. A Dutch study [138] which found that 46% of the retail meat 
samples, the majority of which came from a single retail shop and contained S. aureus, had 
a high degree of clonal relationship, indicating cross-transmission at some point during pro-
cessing in the shop.

To pin point the exact source of contamination, it is necessary that the process of slaughter-
ing be analyzed critically. Slaughter and meat processing involve several steps, any of which 
could introduce contamination with MRSA. Scalding, the first step in the slaughter process, 
is carried out at 60–62°C for 6–8 min in scalding tanks with rotating bars or through long 
scalding tanks [153] to loosen the hair from the carcass. An analysis of the effect of scalding 
on the quantity of coagulase-positive S. aureus (CPS) on pig carcasses in two Swiss abattoirs 
indicated variable data [154]. CPS, isolated from 96 to 100% of all carcasses, was reduced to 18 
and 20% along the slaughter line after scalding from one abattoir, but in the second abattoir, it 
increased to 99% at the end of the line. Dehairing that follows scalding is another critical step 
that involves mechanical treatment of the carcass with rotating scrapers and rubber flails. This 
step has a potential to increase dissemination of porcine bacteria from mouth, nose, skin, and 
intestinal tract due to the accumulation of detritus in the machine. Singeing, which involves 
the exposure of the carcass for 10–15 s at 900°C, has been reported to decontaminate the sur-
face of pig carcasses and lead to a 2.5- to 3-log reduction in total bacterial counts [153, 155]. 
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Using a probabilistic model, Vossenkuhl et al. [156] found that a high MRSA prevalence at 
the beginning of the slaughter line was reduced to a low level at the end of the slaughter line 
(Figure 1). However, some investigators reported no effect of singeing on the microflora [157], 
whereas others have indicated that the reduction achieved by singeing is frequently reversed 
by polishing, that cleans intensively a skin surface [158–160]. Evisceration of the intestinal 
tract is another source of contamination with fecal bacteria on the surface of carcasses [154, 
161]. To minimize the bacterial contamination, pig carcasses are usually chilled overnight 
using conventional single-stage chilling regimes, spray chilling, ice bank chilling in humid air 
at 2°C, and rapid or ultra-rapid chilling [162, 163]. Spescha et al. [154] reported a 77% decrease 
in the proportion of S. aureus-positive carcasses after chilling. Freeze chilling at temperatures 
of −10 to −25°C for 45–60 min, followed by chilling at 2°C for 23 h reduced S. aureus by 1 log 
CFU cm−2 on untrimmed carcasses [151]. It is clear from the published reports that handling 
of carcasses, proper maintenance of equipment, and personal hygiene play critical roles in the 
control and spread of S. aureus in the final end product.

4. Molecular epidemiology of S. aureus CC398

The emergence of LA-MRSA strains in humans [16, 17, 25, 56] and the presence of an identical 
MRSA CC398 in pigs, farm workers, veterinarians who attended to the same pig farms and 
their nonexposed family members [47, 48] suggests animal-to-human or human-to-animal 
transmission. In an interesting report from the Netherlands, it was shown that farm visitors 
were positive for CC398 MRSA directly after a farm visit but tested MRSA negative after 

Figure 1. Change in MRSA prevalence along the slaughter line depending on the variation of the initial MRSA prevalence 
P(s0

+) [156]. Reproduced with permission of Elsevier.
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24 h [19, 41]. These and other studies indicate that CC398 appears to be frequently shared 
between animals and humans and is capable of causing infections in both species [25, 70, 164]. 
Transmission of MRSA between animals and humans is not new, but the MRSA isolates, in 
most cases, represent an initial human-to-animal transmission [24, 49, 165, 166].

Analysis of MRSA and MSSA from animals and humans spanning 19 countries and four con-
tinents indicated that the CC398 lineage originated in humans as an MSSA [167]. The whole-
genome sequencing analysis by Price et al. [167] demonstrated that livestock-associated MRSA 
CC398 lost an immune-evasion cluster (IEC) as it evolved from its human-adapted MSSA. All 
of the HA-MSSA strains carry ØSa3 prophage in association with human innate immunomod-
ulatory genes that play crucial roles in human niche adaptation (Figure 2) [167]. The prophage-
associated virulence and adaptation genes are not necessary for nonhuman hosts, therefore, 
ØSa3 is mostly absent in livestock strains. After their introduction to livestock, MSSA CC398 
acquired resistance to methicillin and tetracycline. Since tetracycline is heavily used in animal 
farming, the tetracycline resistance gene tet(M) is nearly universal among livestock-associated 
MRSA CC398 and MSSA isolates. The MSSA and MRSA CC398 isolates found in humans with 
direct livestock contact exhibited the same molecular patterns (i.e., ØSa3 prophage negative, 
tet(M)-positive) as the livestock-associated strains, indicating human re-adaptation [167], and 
were also reported in isolates epidemiologically associated with human-to-human transmis-
sion in multiple countries and continents [168]. During the host jump from humans to ani-
mals, MRSA CC398 strains also acquired resistance to copper and zinc because of their use in 
animal feed [130]. The vast majority of LA-MRSA CC398 strains carry SCCmec type Vc, which 
contains the czrC gene that confers resistance to copper and zinc.

It is quite possible that LA-MRSA CC398 strains would eventually acquire certain genetic 
traits (additional antibiotic resistance and virulence factors) that would allow S. aureus to 
colonize both hosts and become a more formidable zoonotic agent [167]. Since ST398 strains 
are deficient in one or more restriction modification systems [169, 170], this adaptation pro-
cess may have already occurred, as pvl-positive ST398 MRSA strains have been isolated from 

Figure 2. Gain or loss of genes as S. aureus jumps from human to livestock animals.
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severe cases of community-acquired infections [20, 21]. These pvl-positive ST398 MRSA 
strains are also lysogenized with φSa3 phage coding for the human-specific virulence factors 
sak, scn, and chp. LA-MRSA S. aureus CC398 is not alone in the ability to adapt. A phylogenetic 
study of S. aureus CC97 strains that originated from livestock and caused human infections 
in Asia, Europe, and North and South America indicated that in the process of adapting to 
the human host, CC97 acquired either the SCCmec IV or V cassette and the φSa3 containing 
an immune evasion cluster [123]. A more recent study in the United States demonstrated that 
22% of 30 veterinary students who were initially MRSA negative became positive after visit-
ing MRSA-positive pig farms in Iowa but were negative again by 24 h after the visit [75]. The 
predominant spa type most commonly detected among the students was associated with ST5, 
suggesting a possible expansion of LA-MRSA to include ST5 [75].

Bayesian phylogenetic analysis of the poultry isolates with the CC5 clade indicated that it 
arose due to a single human-to-poultry host jump in or near Poland, where CC5 poultry 
strains acquired an MGE (mobile genetic element), presumably from other resident staphy-
lococcal strains [36]. In addition to gene acquisition, loss of staphylococcal protein A (SpA) 
has occurred in avian isolates; it encodes virulence factors involved in human disease patho-
genesis but is not needed for avian pathogenesis. The lack of protein A expression is a char-
acteristic of the poultry biotype as defined by Devriese et al. [148]. In addition to the CC5 
poultry clade, several other poultry isolates had identical or closely related STs to strains 
commonly associated with humans but had acquired MGE unique to avian strains, indicat-
ing that human-to-poultry host switches may be happening relatively frequently. A recent 
study demonstrated frequent contamination of poultry meat products with S. aureus ST5 and 
ST398 isolates, both of which have human origin [171]. Host adaptation of ST5 from humans 
to chickens was associated with a loss of genes contributing to human pathogenesis, and this 
was followed by the acquisition of avian-specific virulence determinants [36, 172]. Further, 
the presence of a cysteine protease encoded by a plasmid and widely distributed within avian 
strains suggests its potential role in avian-specific pathogenesis [173]. The adaptation from 
one host to another appears to be dependent upon the acquisition or loss of MGEs that code 
for key elements necessary for survival in new host [167, 174]. These cases have not only been 
associated with livestock [19] but have also occurred in cases with no known livestock con-
tact [53, 54], suggesting a broader transmissibility capacity than originally thought. Further 
research is required to characterize the full scope of the genetic changes associated with the 
shift from humans to livestock and vice versa.

5. ST398 evolution and genetic diversity

In spite of similarities between LA- and HA-MRSA isolates, significant amounts of genetic 
diversity among spa and SCCmec cassette types have been documented in ST398 [6, 57, 175]. 
For instance, ST398 appears to have evolved by multiple acquisitions of the SCCmec ele-
ments, such as SCCmec types II, III, IV, IVa, and V [176]. In the Netherlands, two farms were 
found to have MRSA ST398 with identical spa types, but different SCCmec types, suggesting 
that divergent SCCmec elements were inserted into the clonal MSSA [57]. Similarly, MSSA 
ST398 (spa type t899), MRSA ST398–IVa (spa type t899), and MRSA ST398–V (spa type t108) 
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were found in dust samples, nasal swabs, and a blood isolate from workers on the same 
pig farm [177], suggesting multiple acquisitions of SCCmec cassettes by MSSA precursors. 
Coagulase-negative staphylococci in the farming environment are suspected as sources of 
SCCmec [176], and the progeny of emerging MRSA strains are spreading locally rather than 
globally [178–180]. While SCCmec acquisition seems to be fairly common in MRSA ST398, 
the transfer of staphylococcal toxin genes, including the Panton-Valentine leukocidin gene 
(pvl) appears to be rarer [20, 43, 44, 57, 165, 181–184]. Only a handful of studies have found 
pvl positive ST398 [20, 165, 185–187]. Additionally, horizontal transfer of the protein A gene 
has been suggested, due to the finding of the spa type t899 in both ST398 strains and ST9 
strains [29, 30, 80, 177].

6. MRSA in companion animals

6.1. Canine and feline MRSA

The first MRSA from pet animals was isolated from dogs in Nigeria in 1972 [188]. S. interme-
dius is the strain most isolated from dogs [189]. However, the predominant canine species 
among staphylococci was S. sciuri in Japan [190]. Various coagulase-positive and -negative 
staphylococci have been reported in pet animals [191]. Among coagulase-negative staphylo-
cocci, S. felis was dominant in Brazil [116], and a coagulase-positive S. intermedius was domi-
nant in canine species in the UK [192, 193]. The prevalence of canine MRSA was 0.7% in 
Portugal, 2.3–9% in UK, and ≤20% in Canada [194–197]. Conversely, in cats, it was 1.48% in 
the UK, ≤4% in Portugal [195, 198] and 21.4% from wounds and skin lesions of cats in the 
USA [199]. S. aureus was found in 8% of dogs with inflammatory skin disease in the USA 
and one isolate was MRSA [200]. In addition, one MRSA was detected among the S. aureus 
strains isolated from 29% of 48 cats suffering with inflammatory skin disease and two MRSA 
were found among the S. aureus strains from 20% of 50 healthy cats [201]. Previous surgery, 
hospitalization, antimicrobial agent treatment, contact with humans possessing MRSA, and 
use of implant devices are regarded as risk factors for MRSA infection in companion animals 
[195, 202]. Rich and Robert [203] reported that MRSA were isolated from 1.4% of the postop-
erative and wound infection samples of pet animals in the UK. Lilenbaum et al. found 3% 
MRSA in Brazilian cats [193]. Southwest Pacific clone-associated community-acquired MRSA 
(USA1100) and methicillin-resistant S. pseudintermedius (MRSP)-associated with the European 
clone (ST71) were first reported in South America in cats [204].

MRSA isolates from Austria, Belgium, Germany, Ireland, and Portugal were resistant to cip-
rofloxacin and enrofloxacin, perhaps because of the fluoroquinolone approval for use in com-
panion animals in Europe in the middle of 1990 (Table 2). MRSA ST398 that was identified in 
dogs and cats in France carried a chloramphenicol acetyltransferase gene, cat, that mediates 
resistance to nonfluorinated phenicols [117]. On the other hand, MRSA isolated in Portugal 
and Thailand from dogs and Germany from cats possessed a florfenicol-chloramphenicol 
exporter gene, fexA, that mediates resistance to both fluorinated and nonfluorinated phenicols 
[205–207]. MRSA ST398 isolated from an Austrian dog suffering from vaginitis harbored the 
vatC gene that inactivates streptogramin A [208]. An ABC transporter gene, lsaE (responsible 
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for combined resistance to lincosamides, pleuromutilins, and streptogramin A), and a lincos-
amide nucleotidyltransferase lunB gene (confers resistance only to lincosamides), were pres-
ent in the MRSA ST45 isolated from dogs in Thailand [205]. In France, an MRSA strain (agr 
III-t008–IV) isolated from a synovial fluid of dog was positive for pvl [117]. It carried sek and 
seq genes and was suspected to be a USA300 variant that was imported from the USA. tsst1-
positive MRSA (agr II-t002-SCCmec I-truncated) was recovered from pet animals in France 
(Table 3). Leukotoxin genes, most prevalently lukF and/or lukS followed by lukD and/or lukE, 
are reported to be present in most of the MRSA isolated from companion animals, but those 
from dogs, cats and horses in Austria and the USA did not possess any leukotoxin genes. 
MRSA isolates CC5-t002–II, CC5-t062 and CC22-t032–IV, isolated in Portugal from a dog, a 
horse and human, respectively, harbored IEC genes suggesting adaptation to different hosts 
[206]. The presence of host-adaptive, virulence, and toxin genes makes the companion animal 
MRSA isolates prime candidates for zoonotic transfer. The first outbreak of human MRSA 
associated with cats was reported in a rehabilitation geriatric ward in the UK in 1988 [209] 
but others have since been reported in Australia, Canada, Germany, New Zealand, South 
America, and the Netherlands [193, 210–212]. Human-associated MRSA, such as EMRSA-15 
and CMRSA-2, show a close relationship with pet-associated MRSA [211–214]. Since MRSA 
ST398 has been isolated from many farm animals, this MLST type found in dogs or cats may 
have originated from them or people who had contact with them [215]. MRSA SCCmec II 
strains, which are those most frequently affiliated with nosocomial human infections, have 
been isolated from cats [216].

6.2. Equine MRSA

Since the first report of MRSA from mares with metritis in Japan [217], many isolates have 
been found in Europe, North America, and Asia (Table 2) [142–144, 218–220]). Haenni et al. 
[221] identified four mecC-positive MRSA from horses in France exhibiting spa types, t208, 
t843, t6220, t11015 and ST types ST49, ST130, and ST1245. Among them, MRSA CC130 (ST130, 
ST1245) and CC49 (ST49) were documented in animals and humans, respectively. Multidrug-
resistant ST8 MRSA was detected in Belgium, Germany, Switzerland, and the USA. A single 
locus variant of ST8 classified as ST254 MRSA was isolated from horses in Austria, Germany, 
Ireland, and the UK [183, 208, 222, 223]. Twelve different MLST types have been reported and 
most of the MRSA strains were grouped into the CC8 or CC398 classes [224]. The CC8-SCCmec 
IV genotype in horses was likely from a contaminated veterinary hospital and later spread to 
various clinics [219]. This genotype was reported in veterinary hospitals in Canada and the 
USA [118, 225]. It was first found in infected horses in Ireland and thereafter reported in the 
Netherlands, Austria, and Germany [226–228]. Many MRSA isolates from Canada showed 
ST8-SCCmec IV-t064 genotype [93]. They were designated as a Canadian epidemic MRSA-5 
(CMRSA-5) and were very close to a human clone, USA500. Although the CC8-SCCmec IV 
genotype has been the most frequently found, CC398-SCCmec IV has recently become a major 
genotype. CC398-SCCmec IV was first found from infected horses in the Veterinary University 
of Vienna in Austria [222]. CC398 isolated from nasal samples of horses in the Netherlands 
and Belgium exhibited high prevalence rates, 9.3 and 10.9%, respectively [227, 229]. More than 
25 spa-types have been reported, and three types, such as t011, t064 and t451, were the most 
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widespread [230]. In addition, only three SCCmec types (IV, V, VI) have been discovered from 
horses [218]. Interestingly, no MRSA was isolated from 300 horses on 14 farms in Slovenia, 
497 horses on 50 farms in Canada, 87 horses in Austria, and 200 horses in the Netherlands 
[231–233]. ST22 and ST1117 isolates from horses in Germany had IEC genes, such as chp, sak, 
and scn [183]. On the other hand, ST8, ST254, and ST398 strains did not carry those genes.

6.3. Antibiotic resistance and enterotoxin genes in LA-MRSA CC398

An analysis of MRSA and MSSA from animals and humans spanning 19 countries and four 
continents indicated that the CC398 lineage originated in humans as MSSA [167]. After its 
transmission to livestock, CC398 became resistant to tetracycline, probably because of the 
heavy tetracycline use in pig production [22]. However, many tetracycline-resistant MRSA 
strains are found in horses despite the fact that tetracycline is either not used much [229] or 
sparingly used [93, 229]. Among bovine MRSA isolates tested, most of them were resistant to 
β-lactam antibiotics [34] as well as tetracycline, erythromycin and gentamicin. CC398 has also 
been reported to be highly resistant to several other antibiotics, such as ciprofloxacin, tobra-
mycin, clindamycin, and trimethoprim-sulfamethoxazole [234]. Antimicrobial resistance pat-
terns of MRSA and MSSA isolates in Hong Kong were very similar [81]. The only MRSA 
CC398 isolate that has exhibited resistance against daptomycin and intermediate susceptibil-
ity to vancomycin has been described in a case-report from an Italian hospital [235]. Two other 
isolates, one from a ventilator-associated pneumonia of a farmer and one additional porcine 
isolate, were also described as resistant to linezolid and possessed the cfr gene which is located 
on transferable plasmids [235]. An outbreak with HA-MRSA ST125 containing cfr, reported 
from a Madrid hospital in 2010 [236], was followed by reports on the emergence of nosoco-
mial coagulase negative staphylococci containing cfr [40]. This gene was previously found 
in staphylococci from animals in Europe [237, 238] but has also been reported in humans in 
Colombia and the USA [239, 240]. Distribution of the cfr gene in MRSA isolates is alarming 
because, besides linezolid, it confers resistance to oxazolidinones, phenicols, lincosamides, 
streptogramin A, and pleuromutilins, including the topical antibiotic retapamulin that is used 
for treatment of human skin infections [239, 241, 242].

About 50% of LA-MRSA CC398 isolates, besides being resistant to antimicrobial agents, also 
exhibit resistance to copper and zinc mediated by the czrC gene [130, 243]. The use of zinc 
as feed additives may have favored spread of the czrC gene in LA-MRSA [130]. So far, this 
gene has only been found in LA-MRSA [130, 243] but an extended use of copper coating of 
biomaterials in orthopedic surgery and traumatology, as well as copper surfaces in hospi-
tals, might select for czrC-positive HA-MRSA as well. The trimethoprim-resistance gene dfrK, 
located close to tetL in LA-MRSA ST398, has also been found on a plasmid [244]. The tetL gene 
was identified in MRSA isolated from diverse livestock animals and meats from different 
regions of the world [97, 245, 246]. Kadlec and Schwarz demonstrated the presence of plas-
mid pKKS25-associated resistance genes, ermT, dfrK, and tetL, in MRSA obtained from a nasal 
swab of a young sow in Germany [247]. A porcine MRSA ST398 was shown to contain a trans-
poson Tn6133 carrying ant(9)-Ia and ermA genes and a plasmid pKKS825 [248, 249] harboring 
the resistance genes vgaC and vgaE, aadD, tetL, and dfrK [248–250]. In Germany, the vgaE gene 
was detected in MRSA ST398 isolated from cattle, turkeys, and chicken and turkey meats 

Frontiers in Staphylococcus Aureus76 Frontiers in Staphylococcus aureus



[251]. An apramycin resistance gene, apmA, was discovered in a bovine MRSA ST398 [252] 
and in porcine MRSA ST398 [206, 253]. In Denmark, the quaternary ammonium compound-
resistant genes, qacC and qacG were detected in MRSA CC30 isolates [254]. Wendlandt et al. 
identified a plasmid pV7037-associated multidrug resistance gene cluster, including the novel 
resistance genes lsaE and spw, and other resistance genes, such as mecA, blaZ/I/R, tetL, dfrK, 
ermC, and aadD, from frozen or chilled chicken carcasses in Hong Kong. The antimicrobial 
resistance patterns and associated genes from bovine, porcine, and poultry isolates are sum-
marized in Table 1 and those from companion animals are shown in Table 2.

Most of the animal isolates are negative for the pvl gene, but Belgian MRSA ST80–IV iso-
lates from healthy pigs were positive for the pvl gene and corresponded to the community-
acquired CA-MRSA ST80–IV European clone [121]. One Belgian pig CC80 strain contained 
an exfoliatin (etd), an epidermal cell differentiation inhibitor (edinB), and staphylococcal exo-
toxin-like protein (setC) and IEC genes (isaB, isdA, hysA1, hysA2) [121]. A comparison of the 
pvl-positive MRSA isolates (ST8-t008–IVa) from American pig and pet animals indicated the 
presence of common virulence profiles (lukSF-PV, clfA, clfB, fnbA, and sek) except for the fnbB 
gene of a canine isolate [118]. Spanish ST1379/CC97 porcine isolates carried an exfoliatin (eta), 
a leukotoxin (lukE/D), and a gamma-hemolysin (hlg-2) but were negative for etb, etc, tst, pvl, 
and enterotoxins [255]. The occurrence and prevalence of enterotoxin genes in MRSA iso-
lates from food-producing or companion animals is summarized in Table 3. The presence of 
multidrug-resistant MRSA in companion and food animals, combined with the enterotoxin 
genes, will require constant monitoring and evaluation of mitigation strategies.

7. Conclusions

MRSA contamination in food-producing and companion animals poses a serious threat to 
public health. Incidences of identical LA-MRSA strains in pig farms and persons in close 
contact with food producing and companion animals suggest a clear link for transmission of 
these strains between humans and animals. While MRSA isolates from companion and food-
producing animals are known to infect humans, the reverse is also true. Studies reviewed in 
this report indicate an initial transfer of MSSA from humans to animals by deletion of immu-
nomodulatory genes and prophage ØSa3, necessary for human infection but not required for 
infection in animals, and acquisition of tetracycline and methicillin resistance genes (Figure 
2). The MRSA that evolved in animals started showing up in humans that were in close con-
tact with them and exhibited traits specifically found in animal isolates, indicating a reverse 
transmission from animals to humans. Initial reports of MRSA in animals did not indicate 
the presence of host adaptation, enterotoxin, virulence, and antimicrobial resistance genes in 
them but they are becoming more prevalent and it is feared that these animals could serve as 
a reservoir for such strains and play an important role in zoonotic transfers.

Documentation of MRSA isolates (ST59-t437–V) from cattle containing the pvl gene and 
other virulence factors, such as chp, scn, seb, sek, and seq, toxic shock syndrome toxin 1 
(tsst1 or tst) gene and hemolysin, protease, superantigen-like protein, capsule, and biofilm-
associated genes make them powerful pathogens that could cause a medical nightmare. 
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A livestock-associated CC398 lineage MRSA is well known to transfer from animals to 
humans and other MRSA isolates of different clonal complex groups are also known to be 
associated with zoonotic transfers. A human pandemic community-associated CC97 lin-
eage MRSA harboring the antimicrobial resistance genes mecA and mecC has been shown to 
have originated from animals.

A comprehensive study of the emergence, dissemination, prevention and control of MRSA 
colonization is required to mitigate the risks to both animal and human health. Rapid 
advancement of whole genome sequencing technology has the great power of discriminat-
ing closely associated MRSA isolates from different sources and could be used for source 
tracking and differentiating between animal and human origin isolates. In addition, it can 
be applied to monitor the emergence and dissemination of MRSA isolated from various 
environments and determine the characteristics of virulence factors and evolution of multi-
antimicrobial resistance.
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Abstract

In recent years, electronic (e)‐cigarettes have dramatically increased in popularity as 
an alternative to conventional cigarettes. Little is known about the effects of e‐cigarette 
vapor (EV) on bacteria that colonize the nasopharynx, including methicillin‐resistant 
Staphylococcus aureus (MRSA). As most cases of pneumonia can be traced to bacteria in 
a patient's nasopharynx, increased virulence in potential pathogens could have direct 
consequences clinically for these patients. And because bacterial colonizers are spread 
between humans, increased virulence in one subject has implications for the commu-
nity. There is accumulating evidence that exposure to cigarette smoke (CS) increases the 
pathogenicity of MRSA, as well as its dampening effects on the host immune system. EV 
exposure has also been demonstrated to increase MRSA virulence both in vitro and in 
a murine model of pneumonia. In this chapter, we will compare the virulence changes 
reported in MRSA exposed to CS vs. those exposed to EV, as well as proposed mecha-
nisms and therapeutic targets.

Keywords: electronic cigarettes, e‐cigarette vapor, cigarette smoke, staphylococcal 
virulence, MRSA, pneumonia

1. Introduction

Smoking is a leading cause of preventable morbidity and mortality worldwide, with an 
estimated 6 million premature deaths per year (10% of all deaths globally) attributable to 
cigarette smoke (CS) exposure [1]. Health ramifications of smoking include cardiovascular 
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disease, malignancy, and chronic obstructive pulmonary disease [1]. In addition, smokers 
have increased rates of serious infections of the respiratory tract.

Tobacco smoke has many known carcinogenic and inflammatory effects on the airways and 
lungs [2]. Each puff of a cigarette exposes the epithelial and immune cells of the airway to more 
than 7000 chemicals including toxins such as acrolein, formaldehyde, and benzo(a)pyrene, as 
well as nicotine, the compound responsible for the addictive potential of both conventional 
cigarettes and e‐cigarettes [1]. In chronic smokers, this chemical bath induces an inflammatory 
response in the airway that simultaneously damages the structural integrity of the airways 
and reduces the ability of host cells to clear pathogens from the airway [1–3]. Bacterial colo-
nizers of the airways, including pathogens such as methicillin‐resistant Staphylococcus aureus 
(MRSA), are exposed to the same toxic cigarette smoke milieu.

A newly fashioned nicotine delivery device, known commercially as electronic (e)‐cigarette or 
vape pen was introduced to the international market for the first time in 2007 [4]. E‐cigarettes 
have experienced a dramatic surge in popularity in the last decade. Their use among youth 
is a pressing public health issue, with prevalence of use surpassing that of tobacco cigarettes 
[5]. About 13.4% of USA youth are current users of e‐cigarettes, a higher rate than that of 
traditional tobacco use. This corresponds to 3 million middle and high school students, up 
from 2.46 million in 2014 [6]. Moreover, e‐cigarettes were found to increase smoking initia-
tion by more than 200% with a prediction to achieve a corresponding 6% increase in smoking 
prevalence by 2060 [7]. One out of every four current e‐cigarettes users in Spain have never 
smoked before [7, 8].

E‐cigarettes consist of a cartridge containing nicotine in a propylene glycol (PG) and/or veg-
etable glycerin (VG) solvent that is heated and then vaporized via an atomizer; this vapor is 
subsequently inhaled, resulting in similar nicotine delivery to the bloodstream as conven-
tional cigarettes. E‐cigarettes have been promoted as a safer alternative to tobacco products, 
with fewer adverse effects and as being efficient in smoking cessation. In this respect, a recent 
study conducted in 28 European countries suggested a positive public health impact for e‐cig-
arette for the tobacco smokers accompanied by minimal potential harm due to use by never 
smokers [9]. However, this study based its findings on a little‐harm model of e‐cigarettes, 
which is not supported by scientific data. E‐cigarette components have been shown to contain 
many hazards for the respiratory system. In 2009, the US FDA found detectable levels of toxic 
cancer‐causing chemicals in e‐cigarette cartridges [10]. Many other components such as alde-
hydes, metals, volatile organic compounds, phenolic compounds, polycyclic aromatic hydro-
carbons, and tobacco alkaloids were identified in e‐cigarette cartridges, refill solutions, and 
aerosols [11]. All of these hazardous components in turn will come in contact with respiratory 
colonizing pathogens, including S. aureus, and may promote pro‐virulent changes.

S. aureus are Gram‐positive cocci with the potential to cause serious infections including bac-
teremia, endocarditis, and pneumonia, as well as skin and soft tissue infections ranging from 
impetigo to necrotizing fasciitis. More than one‐third of the general population is asymp-
tomatically colonized with S. aureus on either a transient or persistent basis, most frequently 
in the nose, throat, and perineum [12–14]. These colonizers are frequently the source of host 
staphylococcal infections, and patients with positive nasal swabs for S. aureus are known to 
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be at high risk of nosocomial and surgical site infections [15]. Persistent carriers frequently 
have a higher bacterial load and a corresponding increased risk of subsequent staphylococcal 
infection relative to intermittent carriers [15].

Smokers are more likely than nonsmokers to be colonized with S. aureus, defined as >500 
colony forming units (CFU) detected, with rates of colonization increasing with duration and 
frequency of smoking [14, 16, 17]. Smokers have an increased incidence of invasive staphy-
lococcal infections than nonsmokers and have higher mortality as well [17–19]. Additionally, 
smokers are at greater risk of being colonized with antibiotic resistance S. aureus (MRSA) 
than nonsmokers. This finding is of note because MRSA infections have higher morbidity 
and mortality than methicillin‐sensitive strains [20, 21]. Accumulating evidence suggests that 
this susceptibility to MRSA/staphylococcal infection may reflect not only the impairment of 
host defenses induced by chronic exposure to cigarette smoke, but also provirulent changes 
in commensal MRSA itself as a consequence of the same chronic cigarette smoke exposure.

To our knowledge, there are no epidemiologic studies of staphylococcal infection in e‐cigarette 
users. However, recent work from our laboratory suggests that e‐cigarette vapor (EV) may 
induce a similar stress response as conventional cigarette smoke in exposed Staphylococcus, 
resulting in a propathogenic phenotype.

2. Conventional cigarette smoke promotes increased staphylococcal 
virulence

MRSA often colonizes the nasopharynx, where it is exposed to everything that an individual 
inhales, including cigarette smoke (CS) or e‐cigarette vapor (EV). Bacteria from the nasophar-
ynx have the potential to travel to the lungs, causing pneumonia, or to the skin, where com-
promises in the epithelial barrier such as ulcers, abrasions, or surgical incisions provide ports 
of entry for invasive staphylococcal infection. The initial stage preceding infection is coloniza-
tion of the human host. Transient colonization of the nasopharynx by S. aureus is more com-
mon in healthy individuals than persistent colonization (30 vs. 20%), which usually entails a 
larger bacterial burden and increased risk of infection [15]. Smokers are known to have higher 
rates of persistent colonization of the nasopharynx by MRSA relative to the general popula-
tion [17]. The phenotypic changes in S. aureus induced by in vitro CS exposure favor persistent 
colonization via increasing adhesion to host cells and by inducing biofilm formation, reduc-
ing the ability of host immune effectors to limit colonization [22].

2.1. MRSA hydrophobicity changes induced by cigarette smoke

Our own studies demonstrate that CS extract (CSE) exposure results in a dose‐dependent 
increase in MRSA surface hydrophobicity that is persistent and possibly even heritable [23, 
24]. Increased hydrophobicity is associated with increased bacterial interactions with host 
epithelial cells [25]. Thus, we evaluated the adherence of MRSA to human keratinocytes 
(HaCaT cells) in vitro and found that pretreatment with CSE increased adherence from 28% 
(control) to 52% (CSE‐MRSA). These findings are likely due to increased interaction with 
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 epithelial cell surfaces because of the increased surface hydrophobicity induced by CSE expo-
sure. Increased capacity to adhere to epithelial cells as a consequence of CS exposure may 
explain the increased MRSA carriage rates in smokers.

2.2. Staphylococcal surface charge changes induced by cigarette smoke

CSE exposure induced dramatic changes in surface charge, in a dose‐dependent manner. 
With increasing concentrations of CSE, the surfaces of S. aureus and MRSA became less nega-
tive. The negative surface charge of bacteria is protective against a variety of host defense 
mechanisms, including antimicrobial peptide (AMP) binding. Changes in surface charge 
were persistent for over 24 h post‐CSE exposure. These changes suggest that the CSE expo-
sure may result in persistent, heritable changes. Additionally, daily intermittent exposure 
to CSE over the course of 3 or 4 days—reflecting the pattern of exposure experienced by 
the nasopharyngeal flora of a smoker—resulted in an additive increase in surface charge 
alterations.

Cigarette smoke contains thousands of compounds, making the identification of specific etio-
logic agent inducing change in surface charge difficult. However, we hypothesized that reac-
tive species such as free radicals and carbon monoxide likely played a role. To assess the 
contribution of reactive species, CSE was stored for 24 h at 4°C to allow time for volatile gases 
to evaporate and for some degradation of reactive oxygen species. The “aged” CSE induced 
a less‐anionic surface charge in exposed MRSA; however, it had significantly less potency 
relative to fresh CSE. Thus, while reactive species account for some measure of the observed 
surface changes in MRSA, some of the more stable elements of CS contribute as well. One 
such component, present in both fresh and aged CSE—as well as e‐cigarette vapor—is nico-
tine. We found that nicotine at 3 and 6 mg/mL induced a dose‐dependent shift toward a less 
negative surface charge, suggesting that it likely plays a role in the altered surface charge of 
CSE‐exposed MRSA. Finally, we sedimented CSE and exposed MRSA solely to these particu-
lates and found no effect on surface charge.

The cell surface charge changes are mediated in part by expression of the mprF gene, which 
encodes a membrane protein involved in the shift to a less negative surface charge. Exposure 
to CSE induced a 1.8‐fold increase in expression of mprF RNA, and CSE did not induce signifi-
cant surface charge change in an mprF knock‐out strain of S. aureus (SA113 ∆mprF), relative to 
wild‐type bacteria, further supporting an important role of this pathway in this aspect of the 
staphylococcal response to CS exposure.

2.3. Cigarette smoke exposure increases S. aureus resistance to antimicrobial defenses

Aspiration of nasopharyngeal colonizers is a common occurrence and provides an opportu-
nity for potential pathogens to cause airway infection. Numerous immunologic defenses are 
in place to protect against this outcome, including mechanical clearance of bacteria by the 
mucociliary elevator and destruction of remaining bacteria by immune cells within the air-
ways. Alveolar macrophages, which destroy bacteria by mechanisms including phagocytosis, 
antimicrobial peptide (AMP) production, and respiratory burst, are an important component 
of host defense against pulmonary infection by bacteria.
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CSE exposure may induce MRSA resistance to the bacteriocidal activities of these cells by 
multiple mechanisms. In vitro, CSE‐exposed MRSA was resistant to killing by a murine alveo-
lar macrophage cell line (MH‐S), with a fourfold increase in survival relative to control (p < 
0.0001). This outcome was not due to a cytotoxic effect on the macrophages, as macrophage 
cell death rate was comparable regardless of whether they were infected with CSE‐treated 
MRSA or control bacteria. Phagocytosis of fluorescently tagged MRSA‐GFP was unaffected 
by CSE exposure—suggesting that the difference in survival reflected that the CSE‐exposed 
MRSA were better able to endure intracellular killing mechanisms including exposure to anti-
microbial peptides and other toxic compounds and reactive oxygen species found in the pha-
golysosome. Indeed, CSE exposure increased resistance to killing by the human AMP LL‐37, 
with twofold increases in both MIC and MBC relative to control bacteria. Decreased suscep-
tibility to AMPs, which are produced by neutrophils, macrophages, and epithelial cells, sug-
gests a significant increase in pathogenicity.

Potential mechanisms of this resistance include changes in cell surface charge and decreased 
rate of cell division induced by CS. Rapidly dividing bacteria are more sensitive to many anti-
microbials, including conventional antibiotics and AMPs. Kristian et al. showed that growth 
suppression using bacteriostatic antibiotics allowed S. aureus decreased susceptibility to kill-
ing by AMPs [26]. Growth curves at various concentrations of CSE‐demonstrated inhibition 
of bacterial growth in a CSE dose‐dependent fashion. The growth defect induced by CSE 
resolved with removal of CSE; however, it is possible that a clonal population continues to 
divide slowly and that this population is better equipped to persist in the face of subsequent 
stressors.

Interestingly, the changes induced by CSE exposure also seemed to induce resistance to mem-
brane solublization by detergent. CSE‐MRSA had similar death rates to control bacteria dur-
ing the first few minutes of incubation with detergent (Triton‐X), but demonstrated improved 
survival subsequently, suggesting further protective cell membrane changes induced by CSE.

Findings in vivo in a murine model of pneumonia supported in vitro results, with CSE expo-
sure resulting in increased staphylococcal persistence in the lungs and an increase in over-
whelming infection. Mice infected with CSE‐exposed MRSA had increased bacterial burdens 
in the lungs at 8 and 24 h relative to those infected with control bacteria, demonstrating that 
CSE‐MRSA are better able to persist in the face of pulmonary immune defenses. Additionally, 
40% of mice infected with a higher inoculum of CSE‐exposed MRSA died within 48 h, vs. only 
10% of those infected with unexposed MRSA.

2.4. Potential consequences of virulence changes induced by cigarette smoke

While pulmonary infection with MRSA is devastating, much of the morbidity and mortality 
associated with MRSA infections is due to soft tissue infections. Because bacteria colonizing 
the nasopharynx do not necessarily remain there, propathogenic changes induced by CS in 
the nasopharynx are of concern for staphylococcal infections beyond the pulmonary system. 
Coughing, sneezing, etc. lead to significant opportunity to transfer MRSA from nasal pas-
sages and upper airway to the skin, where an increased capacity to adhere to and invade 
epithelial cells—as well as resistance to AMPs—reflect serious potential consequences of the 
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pro‐pathogenic effects of cigarette smoke for skin and soft tissue infections. Finally, MRSA 
are transmitted between humans in the community as well. Thus, more virulent strains gen-
erated by CS exposure may put the community at higher risk of invasive staphylococcal 
diseases.

3. E‐cigarette vapor increases staphylococcal virulence and impairs innate 
immune function

As the popularity of e‐cigarettes skyrockets, it becomes increasingly important to establish 
whether e‐cigarettes are indeed a safer alternative to conventional cigarettes. Simply, it is a 
battery operated device designed to deliver nicotine with flavors and other chemicals to users 
in vapor form instead of smoke. E‐cigarette vapor (EV) contains a far more limited array of 
chemicals than cigarette smoke, resulting from vaporization of e‐liquid containing nicotine, 
propylene glycol (PG), and vegetable glycerin (VG) solvents, with different flavors added 
in some cases. While PG is not harmful when ingested through the GI tract and is gener-
ally recognized as safe for use as a food additive [27], high wattage heating of these solvents 
results in the production of formaldehyde, aldehyde, and acrolein, resulting in significantly 
increased exposure of the airways to formaldehyde relative to a pack‐day smoker [28]. The 
absorption of nicotine in blood showed no difference between the latest generation e‐ciga-
rettes and conventional cigarettes. Nicotine itself is toxic at high doses, and as described in 
the preceding section, induces a shift in MRSA toward a less negative surface charge which 
confers resistance to AMPs. Thus, e‐cigarette “vaping” is exposing the colonizing bacteria to 
at least two components (formaldehyde and nicotine) with the potential to induce a signifi-
cant stress response.

3.1. MRSA growth suppression by e‐cigarette vapor

We tested the growth kinetics of MRSA cultures during exposure to different components of 
EV extract (EVE) including nicotine, PG, and VG. We also tested a number of different brands 
of e‐cigarettes. EVE suppressed MRSA growth, with cultures failing to achieve logarithmic 
phase. While nicotine mildly inhibited MRSA growth in a dose‐dependent fashion, the vapor-
ized vehicles likely account for most of the suppressive effects observed. Vaporized PG and/
or VG nearly abrogated MRSA growth, to the same degree as EVE [29]. Interestingly, MRSA 
growth suppression was observed in four of five brands, suggesting that the etiologic agent is 
a common component across brands. Thus, as with cigarette smoke, EV imposes significant 
stress on Staphylococcal cells. Bacterial survivors of the noxious exposure are likely to be 
hardier, and thus more difficult to kill.

3.2. Increased hydrophobicity, adherence, and invasion of keratinocytes by e‐cigarette 
vapor exposed MRSA

As with conventional CS, EV promotes a shift in phenotype that supports persistent MRSA col-
onization of the epithelium, as well as increasing the risk of invasive infection. Hydrophobicity 
was markedly increased following EV exposure (by 31%), with a corresponding doubling of 
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MRSA adherence to the human keratinocyte HaCaT cell line. EVE‐exposed MRSA demon-
strated increased invasion of and intracellular persistence within HaCaT cells. These changes 
do not appear to be induced by nicotine, as increasing the nicotine content by fivefold had no 
effect on adherence and invasion.

3.3. E‐cigarette vapor increases MRSA resistance to human antimicrobial peptide LL‐37

Increased survival of internalized MRSA suggests that e‐cigarette exposure may induce 
resistance to killing by epithelial cells. This effect is at least in part a consequence of moder-
ately increased resistance to killing by antimicrobial peptides (AMPs). One of the established 
mechanisms for bacterial virulence is alterations in surface charge. Most bacteria have pre-
dominantly anionic surfaces, which are targeted by the human innate immune system [30, 
31]. One of the human AMPs, LL‐37, acts through charge interactions between its cationic 
surface and the bacterial lipids which are negatively charged [30–32]. EVE exposure increased 
the MIC of LL‐37 from 7 uM in unexposed MRSA to 10 uM in EVE‐MRSA (P = 0.014). As 
with conventional CS, EVE exposure induces a shift in MRSA toward a less negative surface 
charge. In turn, this reduces the propensity of the cationic LL‐37 to bind the bacterial surface 
as it must for antimicrobial activity. This transition in surface charge was independent of the 
level of nicotine in EVE.

3.4. MRSA biofilm induction by e‐cigarette vapor

EV has other pro‐virulent effects on MRSA that may allow the bacteria to cause more severe 
infections—it promotes a moderate increase in biofilm formation. Antibiotics and our own 
immune cells have difficulty penetrating biofilm to kill embedded bacteria, thus allowing 
colonization (or infection) to perpetuate. The increased predilection for biofilm following EV 
exposure may reflect a response to nicotine in the vapor, as nicotine alone induced dose‐
dependent increases in biofilm formation. Interestingly, the increased biofilm formation 
occurring in response to conventional CS seemed to be due primarily to oxidative stress [29]. 
In our studies, MRSA incubated with only nicotine produced more biofilm than control. In 
the exposure to either EV or CS, a novel pathway in inducing MRSA biofilm was suggested 
[23, 29].

3.5. E‐cigarette vapor increases MRSA virulence in a mouse model of pneumonia

In vivo studies in mice also suggested that EV promotes propathogenic features. The same 
murine pneumonia model used to evaluate CS effects on MRSA was employed to deter-
mine EV effects. Mortality was increased in mice infected with EV‐MRSA (25 vs. 0% in mice 
infected with control MRSA, p < 0.05). In addition, bacterial burdens were 10‐fold higher in 
mice infected with EV‐MRSA relative to mice infected with MRSA controls. Exposure to EV 
enhanced both MRSA virulence and MRSA survival [29].

3.6. E‐cigarette vapor induction of MRSA virulence gene expression

Similarly to the effect of CS exposure on MRSA virulence, MRSA exposed to EV was more 
virulent than controls in the biological model. Thus, the expression of several well‐known 
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virulence factors after EV exposure was evaluated. Panton‐Valentine leukocidin (pvl), α‐
hemolysin (hla), coagulase (coa), α‐phenol soluble modulin (psm‐α), intracellular adhesion 
(icaA), staphylococcal protein A (spa), and quorum sensing (agrA) were quantified relative to 
16s rRNA as a housekeeping gene. After EV exposure, the expression of coa and pvl increased 
by 1.68‐ and 1.56‐fold, respectively [29]. Expression of spa did not change with EV exposure 
while icaA, agrA, hla, and psm decreased.

4. Cigarette smoke versus e‐cigarette vapor

These data provide suggestive evidence that EV induces pro‐virulent changes in MRSA 
comparable in type and magnitude to those promoted by exposure to conventional CS. 
Both EV and CS exposures resulted in shifts toward more hydrophobic and less anionic 
surface charges, with increased adherence and invasion of epithelial cells, and resistance 
to killing by the AMP LL‐37. Additionally, the phenotypic changes induced by exposure 
to both inhalants result in significantly increased virulence in a mouse pneumonia model. 
Without running assays in parallel, however, definitive comparisons cannot be made 
(Table 1).

Both CS and EV exposure result in a similar profile based on these assays, likely reflecting 
a general stress response. However, the primary component of the inhalants inducing these 

Cigarette smoke E‐cigarette vapor

Growth ↓↓ *** ↓↓ ****

Hydrophobicity ↑↑ **** ↑ *

Adherence ↑ * ↑↑ **

Invasion ↑↑ ** ↑↑ *

Surface charge changes ++++ **** + ****

Resistance to killing by:

Macrophage ↑↑↑↑ ****

Antimicrobial peptide (AMP) ↑↑ * ↑ *

Cell lysis ↓ ***

Biofilm formation ↑↑ **

Virulence in vivo ↑↑ * ↑ *

*p < 0.05.
**p < 0.01.
***p < 0.001.
****p < 0.0001.

Table 1. Comparison of the effects of cigarette smoke and e‐cigarette vapor on MRSA pathogenicity factors and virulence.
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phenotypic changes may be different. This likely reflects that CS contains a multitude of toxic 
chemicals, with a more limited range found in EV. However, both nicotine and degradation 
products of the e‐cigarette liquid solvents are clearly sufficient to induce concerning changes 
in MRSA in vitro. The effects of both CS and EV on MRSA in a physiologic setting may be 
synergistically negative due to the interplay of increased virulence with immunosuppres-
sive effects of these substances on airway cells. Current studies are limited to animal mod-
els, and more research must be carried out to evaluate whether these changes reflect those 
observed following physiologic exposure in human users of both conventional and e‐ciga-
rettes. Additional avenues of research include evaluating the effects of exposure to these sub-
stances on staphylococcal soft tissue infections and bacteremia. In addition, epidemiologic 
studies on the incidence of staphylococcal infections in e‐cigarette users are needed to assess 
the likelihood of our findings having a physiologic correlate.

Comparison of the effects of cigarette smoke and e‐cigarette vapor on MRSA pathogenicity 
factors and virulence.

5. Possible downstream consequences of CS and EV on antibiotic 
resistance in MRSA

The effects of EV and CS on MRSA hydrophobicity, surface charge, virulence, and resistance 
to killing by the innate immune system host defense antimicrobial peptides have potentially 
harmful implications on antistaphylococcal therapy. Vancomycin and daptomycin are the 
only drugs approved by the US FDA for the treatment of MRSA bacteremia and endocardi-
tis [33]. When MRSA causes endocarditis, it is due to the patient's colonizing strain. MRSA 
strains that are induced to relative resistance to cationic host defense peptides, such as platelet 
microbicidal proteins (PMPs), are associated with a proclivity to lead to persistent bacteremia, 
endocarditis, and metastatic infectious foci [34]. In other words, durable changes in MRSA 
physiology by EV and CS may have implications on the ability of this pathogen to establish 
endovascular infection in cases of an otherwise transient bacteremia that is thought to occur 
periodically in healthy hosts but otherwise rapidly quenched by the innate immune system. 
Furthermore, cross‐resistance between host PMPs and cathelicidin and vancomycin and dap-
tomycin have been well‐documented [34–36]. Thus, EV and CS may have serious implications 
on the proclivity of MRSA to develop heteroresistance to these drugs, even before the agents 
are administered to the patient.

Compounding this, resistance concern is the fact that persistent lingering of MRSA in vivo, 
as a result of resistance to host defense peptide killing, further creates a selective pres-
sure environment conducive to further cationic peptide resistance, and hence resistance 
to antimicrobial therapy [37]. These extrapolative hypotheses of the effects of EV and CS 
have yet to be proven, but if they are, have far greater public health implications than 
once thought.
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Abstract

Staphylococcus aureus is an important cause of bacteremia, and S. aureus bacteremia con‐
stitutes a serious condition with high morbidity and mortality, secondary to multiple 
complications including infective endocarditis and embolization. The incidence of bac‐
teremia with S. aureus is increasing with more frequent use of medications that lower 
immune system response, and with the utilization of more invasive medical procedures. 
In addition, the emergence of resistant S. aureus isolates is becoming more common and 
can negatively affect the outcome of an individual if not diagnosed and managed prop‐
erly. Health care workers encounter S. aureus bloodstream infections on a routine basis, 
and in certain situations, it becomes a very challenging infection to control. Because of 
the impact this entity has on health care costs and the increased use of resources, it is 
necessary to highlight the causes, clinical presentation, associated complications, and 
treatment measures. In this chapter, we will cover each of these points, with somewhat 
more emphasis on methicillin‐resistant S. aureus that is prevalent in both community 
and hospital settings and is more commonly associated with worsening prognosis and 
higher mortality.

Keywords: Staphylococcus aureus, Bacteremia, Sepsis, methicillin susceptible, methicillin 
resistant, community acquired, hospital acquired

1. Staphylococcus aureus infections: introduction

Staphylococcus aureus is a Gram‐positive staphylococci that can exist commensally with 
humans as a colonizer but can also exist as a pathogen. It is a major pathogen in bacteremia 
whether community acquired or hospital acquired. It has proven its versatility by continu‐
ing to be an important infectious pathogen that has contributed to increasing morbidity 
and mortality of patients over the years. Despite the advances in antibiotic therapy target‐
ing this pathogen, S. aureus remains a multipotent organism that causes infection using 
toxin production and nontoxin‐mediated pathways. This organism causes a wide array of 
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infections, from a simple skin infection to more dangerous situations such as bacteremia, 
endocarditis, pneumonia, bone and joint infections, and many others that may jeopardize 
the life of the patient. Bacteremia is one major cause of morbidity in both the inpatient 
and outpatient  setting, and S. aureus is notorious for causing invasive infections that lead 
to bacteremia.

Patients with S. aureus bacteremia can be at risk for many complications that may increase 
morbidity, with mortality rates of 20–40% that have been described. The higher the level of 
resistance, the higher the mortality rates. This is why methicillin‐resistant S. aureus (MRSA) 
is expected to have a higher morbidity/morality, longer hospital stays, and higher health 
care costs when compared with methicillin‐sensitive S. aureus (MSSA) bacteremia [1]. Also, 
in cases of infection with MRSA, there is a higher rate of treatment failure that may include 
death within 30 days of receiving therapy, persistent positive blood cultures for more than 
10 days after therapy, or recurrence of septicemia within 60 days after  finishing therapy.

2. S. aureus colonization

S. aureus is a part of the normal human flora; up to 50% of healthy individuals may be persis‐
tently colonized with it. Colonization with S. aureus can be persistent in up to 20% of cases, 
intermittent in 60%, and always absent in up to 20% of people. In a study performed on the 
general US population that looked at colonization rates in the nares with S. Aureus, it was 
found that the prevalence of MRSA colonization was 0.8% between 2001 and 2002, and went 
up to 1.5% between 2003 and 2004. The anterior nares is felt to be the major site of S. aureus 
colonization, but some people can be colonized with S. aureus outside the nares in areas such 
as the throat, axilla, inguinal region, and perirectal area. Several conditions may increase the 
rate of colonization such as diabetes mellitus, HIV infection, underlying skin diseases, and 
end stage renal disease requiring hemodialysis. Colonization typically precedes S. aureus 
infection. These conditions can place the subject at a higher risk of invasive staphylococcal 
infections such as bacteremia, which is why much of infection control and prevention efforts 
target colonization with S. aureus.

Nasal carriage of S. aureus colonization has been associated with the development of infec‐
tions. A substantial proportion of cases of S. aureus bacteremia appear to be of endog‐
enous origin as they originate from colonies in the nasal mucosa. This is one reason why 
strategies to prevent systemic S. aureus infections by eliminating nasal carriage need to 
be supported.

3. Epidemiology

Since methicillin‐resistant S. aureus constitutes a major burden on health care systems we 
will focus mainly on it. There are several terms for classifying MRSA infections, namely 
bacteremia. The first category is the health care–associated MRSA (also called nosocomial) 

Frontiers in Staphylococcus Aureus118 Frontiers in Staphylococcus aureus



that occurs more than 48 hours into hospitalization. The second category is community‐
onset health care–associated MRSA, which includes two factions: (1) patients in whom 
infection occurs less than 48 hours into hospitalization and (2) patients in the commu‐
nity who have had a prior hospitalization in the last 12 months (including for surgery 
or dialysis) or those who are residents of long‐term care facilities. The third category is 
community‐associated MRSA infections occurring outside of health care settings among 
individuals who do not have prior health care exposures. Several outbreaks of MRSA have 
occurred in the community without exposure to health care facilities. This reflects a great 
change in the epidemiology of MRSA‐related infections. Once solely a hospital pathogen 
and only seen among individuals with prior health care exposures, now MRSA is seen in 
populations without health care exposures. Poor hygiene conditions, close contact, con‐
taminated material, and damaged skin were found to be some of the risk factors for spread 
of MRSA infection in the community. In the United States, the most common MRSA com‐
munity‐acquired strain is the USA300 strain based on pulsed‐field gel electrophoresis. This 
community‐based clone mostly causes skin and soft tissue infections, but it may cause 
more invasive infections such as bacteremia in 5–10% of people. This clone is causing more 
nosocomial infections as well.

Besides being an important cause of community‐acquired bacteremia such as in cases of 
intravenous drug use leading to endocarditis, or cases of intravenous home infusion therapy, 
S. aureus is a leading cause of nosocomial bacteremia. It ranks second after coagulase negative 
staphylococci as a cause of primary bacteremia. In the hospital setting, a higher prevalence 
of methicillin‐resistant isolates is seen. Most of the time, bacteremia develops from S. aureus 
strains colonizing the host; however, this infection can be transmitted through contact with 
other colonized individuals or contaminated surfaces such as hands of health care workers 
or environmental spaces. Spread of staphylococci in aerosols of respiratory secretions from 
colonized patients has also been reported.

4. S. aureus virulence factors leading to bacteremia

In observing individual responses to MRSA infection, some hosts become severely ill while 
others have only mild symptoms. It is unclear why certain factors are directly linked to this 
discrepancy in response. There are several virulence factors of S. aureus that may be struc‐
tural and secreted products that could cause the pathogenesis of the disease with S. aureus. 
Microbial surface components recognizing adhesive matrix molecules (MSCRAMMs) are 
surface proteins that mediate adherence of S. aureus to host tissues. These molecules bind 
molecules belonging to different surfaces such as fibronectin, collagen, and fibrinogen. The 
MSCRAMMs help establish invasive and serious infections like endovascular infections, 
bone and joint infections, and prosthetic‐device infections. Figure 1 represents a schema 
of the structural and secreted products that S. aureus uses in order to achieve a high viru‐
lence level, and serious infections like blood stream infection. Table 1 listed a few selected 
 virulence factors [2].
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Figure 1. Pathogenic factors of Staphylococcus aureus with structural and secreted products both playing roles as 
virulence factors. (A) Surface and secreted proteins. (B and C) Cross sections of the cell envelope. TSST‐1, toxic shock 
syndrome toxin‐1. Source: With permission from the Massachusetts Medical Society. Copyright 1998 Massachusetts 
Medical Society.

Type of virulence factors Selected factorsa Associated clinical syndromes

Involved in attachment MSCRAMMs (e.g., clumping factors, 
fibronectin‐binding proteins, collagen, and 
bone sialoprotein‐binding proteins)

Endocarditis, osteomyelitis, septic 
arthritis, and prosthetic‐device and 
catheter infections

Involved in persistence Biofilm accumulation (e.g., polysaccharide 
intercellular adhesion), small‐colony variants, 
and intracellular persistence

Relapsing infections, cystic fibrosis, 
and syndromes as described above for 
attachment

Involved in evading/
destroying host defenses

Leukocidins (e.g., PVL and γ‐toxin), capsular 
polysaccharides (e.g., 5 and 8), protein A, 
CHIPS, Eap, and phenol‐soluble modulins

Invasive skin infections and necrotizing 
pneumonia (CA‐MRSA strains that 
cause these are often associated with 
PVL) abscesses (associated with capsular 
polysaccharides)

Involved in tissue 
invasion/penetration

Proteases, lipases, nucleases, hyaluronate 
lyase, phospholipase C, and metalloproteases 
(elastase)

Tissue destruction and metastatic 
infections

Involved in toxin‐mediated 
disease and/or sepsis

Enterotoxins, toxic shock syndrome 
toxin‐1, exfoliative toxins A and B, α‐toxin, 
peptidoglycan, and lipoteichoic acid

Food poisoning, toxic shock syndrome, 
scalded skin syndrome, bullous 
impetigo, and sepsis syndrome

With poorly defined role in 
virulence

Coagulase, ACME, and bacteriocin

Table 1. Selected Staphylococcus aureus virulence factors.
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5. Pathogenicity

Several mechanisms lead to blood stream infection with S. aureus. After adhering to tissues 
or prosthetic materials, S. aureus is capable of growing in various ways. It can evade host 
defenses and the activity of antibiotics by forming biofilms on host and prosthetic surfaces. 
Additionally, S. aureus may escape the defense mechanisms by surviving inside several types 
of cells (such as endothelial cells) as in the situation of bacteremia and endocarditis. Another 
mechanism of survival is that S. aureus can form small‐colony variants (SCVs) that can hide in 
host cells thus keeping them protected against defense mechanisms and leading to persistent 
and recurrent infection. The production of an antiphagocytic microcapsule is another method 
of defense escape used by S. aureus and can cause abscess formation. S. aureus can further 
halt host defenses by blunting neutrophil extravasation and chemotaxis to the infected area 
by producing chemotaxis inhibitory protein. Moreover, it produces leukocidins that destroy 
leucocytes by inflicting holes in the cell membrane.

Additional methods that help S. aureus in creating invasive blood stream infection exist and 
include the secretion of numerous enzymes that hydrolyzes tissues. This causes invasion, destruc‐
tion and further spread of the pathogen to distant organs via the blood stream. Septic shock can 
thus result through the activation of the individual's immune system and coagulation pathways.

Pathogenesis of S. aureus is also affected by regulation of the expression of virulence factors. 
It appears that expression of these factors in a coordinated manner reduces the metabolic 
demands of the pathogen. Thus, MSCRAMM proteins that get secreted early in the infectious 
process help the establishment of the infection in tissue sites, while the later production of 
toxins facilitates the spread of the infection. The accessory gene regulator (agr) is a quorum‐
sensing system that plays a critical role in the regulation of staphylococcal virulence.

Besides virulence factors of S. aureus, it appears that patients were sicker when they devel‐
oped an infection in the setting of negative colonization status. Noncarriers of the organism 
seem to have less protective immunity than those who are carriers. The formation of antibod‐
ies may also protect against the development of toxic shock syndrome.

Based on the above fact, S. aureus has many mechanisms to produce disease, namely bactere‐
mia, while evading host defenses.

6. Bacteremia caused by S. aureus

Bacteremia is defined as the presence of bacteria in normally sterile blood. Typically more 
than one bottle in the set will be positive for growth; however, only one positive bottle is 
needed to diagnose bacteremia. Risk factors associated with S. aureus bacteremia include 
the presence of prosthetic devices, surgical site infections, or skin conditions such as chronic 
ulceration, injection drug use (IDU), and host factors that incur predisposition to recurrent 
infections. Prosthetic devices include any intravascular catheter such as hemodialysis catheter 
or central venous catheter. Patients on hemodialysis are at a higher risk for  staphylococcal 
endocarditis and constitute a relatively new at‐risk group. Other factors include defects of 
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 polymorphonuclear leukocytes and congenital syndromes that are associated with more 
risk of S. aureus infections, such as the cases of neutropenia, chronic granulomatous disease, 
as well as Job’s, Chediak‐Higashi, and Wiskott‐Aldrich [3].

Clinical manifestations of S. aureus bacteremia typically involve systemic responses such as fever 
and hypotension. When bacteremia occurs secondarily to infection at a primary site, clinical 
symptoms associated with that organ system may also be present. Cellulitis, chronic ulceration, 
or trauma to skin and soft tissue may serve as portals of entry for the bacteria and the primary 
source of a S. aureus bacteremia. Tenderness or erythema surrounding a vascular catheter may 
also serve as a clinical manifestation of underlying bacteremia [4], though absence does not rule 
out the diagnosis. Patients with S. aureus pneumonia can develop bacteremia and have accompa‐
nying upper respiratory symptoms. S. aureus bacteriuria without the presence of a urinary cath‐
eter may be an indicator of S. aureus bacteremia [5]. S. aureus meningitis, though less common, 
may also occur in the setting of complication due to S. aureus  bacteremia [6] and in addition to 
fever can demonstrate confusion and nuchal rigidity associated with acute bacterial meningitis.

Clinical approach to a patient with S. aureus bacteremia should include a detailed history, thor‐
ough physical exam, and if required, additional imaging with possible infectious disease con‐
sultation. History should involve questions as to the presence or absence of potential portals of 
entry such as wounds and also determine the presence of prosthetic devices including hardware 
(orthopedic or cardiac) and intravascular catheters. Questions related to localization of pain 
may help determine if metastatic spread has occurred such as in cases of vertebral osteomyeli‐
tis/diskitis or endocarditis. Physical exam should include an extensive evaluation of the skin 
and mucous membranes to look for sites of bacterial entry. Cardiac evaluation should assess 
for the presence of murmurs associated with infective endocarditis. Other stigmata of endocar‐
ditis should be sought through fundoscopic exam and exam of the digits for the appearance 
of emboli in skin. Baseline mental status should be noted and carefully monitored for signs of 
deterioration which may be concomitant with development of additional complications.

Complications of S. aureus bacteremia range from colonization after a treatment to infective 
endocarditis. Infective endocarditis is one of the most severe complications, with S. aureus 
now recognized as the most common cause in the industrialized world [7]. Pathogenesis is 
due to a combination of adhesion factors (as discussed earlier) on the surface of S. aureus 
and bacterial‐induced platelet aggregation, which cause adhesion damage to heart valves [8]. 
Risk factors for IE in the setting of S. aureus bacteremia include prosthetic heart valve or pre‐
disposing cardiac abnormalities, IVDU, intravascular catheter infection, or persistent bac‐
teremia [9]. Specific clinical manifestations associated with S. aureus infective endocarditis 
include sepsis syndrome involving fever, tachycardia, and hypotension, cardiac failure due to 
valve destruction, and sequelae from septic emboli. Within the heart, once S. aureus adheres 
to and colonizes the valve its intrinsic procoagulant activity triggers deposition of platelets 
and fibrin which leads to the formation of a vegetation. The structural abnormality is typically 
associated with regurgitation, and if untreated can progress to cardiac failure. Transthoracic 
 echocardiography should be used as the initial diagnostic test in a patient with suspected 
endocarditis, as its specificity approaches 100% [10], however, specificity is lower being at 
most 75%. Transthoracic echocardiography is not 100% specific for infective endocarditis due 
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to potential false positives, however, given a sensitivity greater than 90%, it is the better of 
the two for identification of valvular vegetations. Vascular phenomena occur when septic 
emboli dislodge from the vegetation and occlude arteries in the periphery as well as centrally 
affecting vital organs. Peripheral manifestations including skin lesions (Janeway spots, Osler's 
nodes) and retinal lesions (Roth's spots), while splenic vein thrombosis can lead to infarction 
of the spleen. Neurological complications include cerebral infarctions, intracerebral or sub‐
arachnoid  hemorrhage, meningitis, cerebritis, and encephalomalacia.

7. Bacteremia treatment

Treatment of S. aureus bacteremia should first be approached by seeking out a potential focus 
of infection and determining whether or not it can be removed. Though no specific guidelines 
exist regarding duration of treatment, the general consensus advocates a 14‐day treatment 
course for S. aureus bacteremia in cases where the source such as an intravascular catheter or 
prosthetic device can be removed, or an abscess can be drained [11]. In cases where removal 
of an intravascular catheter is not possible, antibiotic lock therapy may be used in an attempt 
to salvage the line, which includes filling the catheter lumen with high concentrations of 
antibiotics and leaving them in place for several hours to days [12]. Longer treatment courses 
extending for 4–6 weeks are required for deeper wound infections such as endocarditis and 
osteomyelitis. Methicillin‐resistant S. aureus coverage should be included in empiric therapy 
with de‐escalation to a beta‐lactam agent if methicillin‐susceptible S. aureus is later identified.

Once S. aureus susceptibility is determined, antibiotic therapy may be directed toward either 
MSSA or MRSA. Beta‐lactams such as penicillins and cephalosporins, and if needed, glyco‐
peptides, are antibiotics classes used for the treatment of MSSA. Beta‐lactams inhibit bacterial 
cell wall assembly by binding to membrane bound enzymes called penicillin‐binding proteins 
that perform cross‐linking. The beta‐lactam ring binds to the penicillin‐binding proteins and 
prevents the cross‐linking component of cell wall assembly, causing cell death via autolysis 
of osmotic instability [13]. In cases where beta‐lactams cannot be used to treat MSSA, such as 
with history of anaphylaxis to penicillin, the class of antibiotics known of as glycopeptides 
(which includes vancomycin) may be used. It should not be used as primary treatment for 
MSSA, however, if drug intolerance is not an issue.

Since MRSA bacteremia constitutes a great deal of infection in this day and constitutes a major 
cause of increasing morbidity and mortality, we decided to elaborate more about its treatment 
in different settings and to discuss the newer treatment options that are available.

8. Management of MRSA bacteremia and infective endocarditis in adults

MRSA was described in 1961, shortly after methicillin was introduced. Unlike penicillin 
 resistance, which is achieved via the bacteria‐produced enzyme penicillinase, methicillin 
resistance is mediated by a newly acquired penicillin‐binding protein (called PBP2A) and 
encoded for by the mecA gene. The MecA gene is located on a mobile genetic element called 
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staphylococcal chromosome cassette (SCCmec) [14]. If methicillin‐resistant S. aureus bacte‐
remia is identified, vancomycin and daptomycin are generally recommended for treatment 
based on current guidelines. Glycopeptides are a class of antibiotics that include vancomycin 
and work by binding to bacterial cell wall precursors and interfering with penicillin‐binding 
protein enzymes, causing cessation of cell wall synthesis and later cell death. Daptomycin 
is a lipopeptide that is approved for the treatment of S. aureus‐complicated skin or soft tis‐
sue infection, bacteremia and right‐sided infective endocarditis [15]. Daptomycin diffuses 
through the peptidoglycan layer of Gram‐positive organisms to the plasma membrane where 
it caused rapid depolarization resulting in the loss of membrane potential leading to loss of 
protein, DNA, and RNA synthesis and resulting in cell death [16].

In the case of uncomplicated bacteremia that is determined by the absence of endocarditis, 
artificial hardware, multiple sites of infection, and for which repeated blood cultures do not 
grow MRSA and patients are clinically well, vancomycin or daptomycin 6 mg/kg/dose IV 
once daily can be given for at least 2 weeks. However, in the case of complicated bacteremia, 
a duration of 4–6 weeks of therapy is recommended, depending on the extent of infection. 
Sometimes, higher dosages of daptomycin at 8–10 mg/kg/dose IV once daily may be needed.

When MRSA bacteremia becomes complicated with infective endocarditis, IV vancomycin 
or daptomycin 6–10 mg/kg/dose IV once daily for 6 weeks is recommended. It is not recom‐
mended to add gentamicin or rifampin to vancomycin for bacteremia or native valve infective 
endocarditis.

It is also important to identify the source and extent of the infection with removal and debride‐
ment or drainage of other sites of infection to decrease the bulk of the infection. Blood cul‐
tures need to be collected every 2–4 days after initial positive cultures until documentation 
of the clearance of bacteremia. And echocardiography is recommended for all adult patients 
with bacteremia to eliminate the possibility of associated endocarditis; transesophageal echo‐
cardiography (TEE) being preferred over transthoracic echocardiography (TTE). In the cases 
of large vegetations that exceed 10 mm in diameter, occurrence of more than one embolic 
event during the first 2 weeks of therapy, severe valvular insufficiency, valvular perforation 
or dehiscence, decompensated heart failure, perivalvular or myocardial abscess, new heart 
block, or persistent fevers or bacteremia, evaluation for replacement of the affected valve 
should be considered in consultation with cardiothoracic surgery.

In conditions that are characterized by MRSA bacteremia complicated with infective endocar‐
ditis of a prosthetic valve, administration of IV vancomycin plus rifampin 300 mg PO/IV every 
8 h for at least 6 weeks plus gentamicin 1 mg/kg/dose IV every 8 h for 2 weeks is recommended, 
along with early evaluation for valve replacement surgery to decrease the risk of embolization.

9. Antimicrobial therapy that may be used for MRSA bacteremia

9.1. Clindamycin

Clindamycin is not specifically approved for treatment of MRSA infection, but it has been 
used for skin infections and invasive susceptible community‐acquired MRSA infections in 
children. It is bacteriostatic and, as such, is not recommended for bacteremia, endovascular 
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infections like infective endocarditis or septic thrombophlebitis. Clindamycin has excellent 
tissue penetration, particularly in bone and abscesses, but has poor penetration into the CSF. 
Community‐acquired MRSA infections are more susceptible to Clindamycin than hospi‐
tal‐acquired isolates. It is important to have a D‐zone test to look for inducible clindamycin 
resistance in erythromycin‐resistant, clindamycin‐susceptible isolates. Side effects include 
diarrhea and Clostridium difficile‐associated disease. Clindamycin is pregnancy category B.

9.2. Daptomycin

This is a lipopeptide class antibiotic that destroys cell membrane function through calcium‐
dependent binding, leading in a bactericidal activity in a concentration‐dependent manner. 
It is FDA approved for adults with S. aureus bacteremia, right‐sided infective endocarditis, and 
complicated skin infections. It is not supposed to be given in nonhematogenous MRSA pneu‐
monia because its activity is inhibited by pulmonary surfactant. The susceptibility breakpoint 
for daptomycin for S. aureus is ≤1 μg/mL. It appears that prior use of vancomycin and elevated 
vancomycin minimal inhibitory concentrations (MICs) has been associated with increases in 
daptomycin MICs and the emergence of nonsusceptible isolates. Monitoring creatinine phos‐
phokinase (CPK) while on daptomycin is necessary to avoid rhabdomyolysis, which is seen 
with higher doses. Therapy with daptomycin may be complicated with daptomycin‐induced 
eosinophilic pneumonia. Daptomycin is pregnancy category B.

9.3. Linezolid

Linezolid is a synthetic oxazolidinone and inhibits initiation of protein synthesis at the 50S 
ribosome. It is FDA‐approved for treatment of skin infections and nosocomial pneumonia 
due to MRSA. It has a 100% oral bioavailability. Resistance to linezolid is rare, but has been 
reported. An outbreak with linezolid‐resistant and methicillin‐resistant S. aureus in an inten‐
sive care unit has been reported in Spain. Resistance to linezolid was mediated by the cfr 
gene, as all isolates ended up carrying this gene. It is not approved for the treatment of MRSA 
bacteremia, although it has been used for this condition on several occasions. Long‐term use 
is not advisable as it may be complicated with hematologic toxicity, thrombocytopenia, ane‐
mia, neutropenia, peripheral and optic neuropathy, and lactic acidosis. Peripheral and optic 
neuropathy may not be reversible. Since it is a weak, nonselective, reversible inhibitor of 
monoamine oxidase, it may cause serotonin syndrome in patients taking concurrent selective 
serotonin‐receptor inhibitors. It is considered pregnancy category C.

9.4. Tedizolid

Tedizolid is an oxazolidinone drug. It has the advantage of oral and parenteral formulations, 
similar to linezolid. It was approved for the treatment of acute bacterial skin and skin struc‐
ture infections in 2014 and is administered once daily. Its use in bacteremia has not been 
recommended at this point.

9.5. Quinupristin‐dalfopristin

Quinupristin‐dalfopristin is constituted of two streptogramin antibiotics and inhibits protein 
synthesis. It is FDA approved for skin and soft tissue infections in adults and children >16 
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years of age. It has been used as salvage therapy for invasive MRSA infections in the setting 
of vancomycin treatment failure. It can have several side effects such as arthralgias, myalgias, 
and infusion‐related reactions that may limit its use. Quinupristin‐dalfopristin is considered 
pregnancy category B.

9.6. Rifampin

Rifampin is bactericidal against S. aureus and achieves high intracellular levels and good pen‐
etration in biofilms. It cannot, however, be used as monotherapy and is recommended to be 
used in combination with another antibiotic. It can be given at doses ranging from 600 mg 
daily in a single dose or in two divided doses to 900 mg daily in two or three divided doses. 
Rifampin is usually used in the setting of a S. aureus hardware infection.

9.7. Telavancin

Telavancin is an intravenous lipoglycopeptide. It inhibits cell wall synthesis by binding to 
peptidoglycan chain precursors and causing cell membrane depolarization. It has bactericidal 
activity against MRSA, vancomycin intermediate S. aureus (VISA), and vancomycin‐resistant 
S. aureus (VRSA). It is FDA approved for complicated skin and soft tissue infections in adults 
and is pregnancy category C. Nephrotoxicity was more commonly reported among patients 
treated with telavancin than among those treated with vancomycin, however, unlike vancomy‐
cin, there is no need to monitor telavancin levels in the serum. It may be given in bacteremia, 
but would be an off label use.

9.8. Tetracyclines

Doxycycline is a tetracycline that is approved for the treatment of skin and soft tissue infec‐
tions due to S. aureus. There is lack of data to support its use in more invasive infections 
like bacteremia. Tetracycline and doxycycline resistance in CA‐MRSA is associated with tetK 
gene, but does not affect minocycline susceptibility. Minocycline is available in oral and 
parenteral formulations. A newer tetracycline named tigecycline is a glycylcycline and is 
a derivative of the tetracyclines. It is FDA approved in adults for skin and soft tissue infec‐
tions and intraabdominal infections. It has a bacteriostatic activity against MRSA, thus it is 
not used in bacteremia; however, it was found that its use was associated with an increase 
in all‐cause mortality. Tetracyclines are pregnancy category D and are not recommended for 
children <8 years of age due to the potential for tooth enamel discoloration and decreased 
bone growth.

9.9. Trimethoprim‐sulfamethoxazole

TMP‐SMX is not FDA‐approved for the treatment of any staphylococcal infection, but since 
the majority of community‐acquired MRSA strains are susceptible to it in vitro, it has become 
widely used for skin and soft tissue infections. It may also be used in bone and joint infections. 
For more invasive cases such as staphylococcal bacteremia and endocarditis, it can be used, 
though not as a first line drug. In addition, its use in the elderly must be done in conjunction 
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with close monitoring of creatinine and potassium levels. It is not recommended in pregnant 
women in the third trimester (pregnancy category C/D).

9.10. Ceftaroline

Ceftaroline is a fifth‐generation cephalosporin. It is bactericidal against Gram‐positive and 
Gram‐negative pathogens and has activity against MRSA and VISA strains. It is recom‐
mended for skin and skin tissue infections and community‐acquired pneumonia. Its use in 
cases of S. aureus bacteremia is still under investigation.

9.11. Dalbavancin

Dalbavancin is a semisynthetic lipoglycopeptide that inhibits cell wall synthesis. Its half‐life is 
147‐258 hours, which allows use at once weekly dosing. It was approved in 2014 for treatment 
of acute bacterial skin and skin structure infections due to Gram‐positive organisms, includ‐
ing MRSA. It is not yet approved for cases of S. aureus bacteremia.

9.12. Oritavancin

Oritavancin is a semisynthetic glycopeptide that also inhibits cell wall synthesis. Its half‐life is 
100 hours, allowing for single dose therapy. It was approved for treatment of acute bacterial 
skin and skin structure infections in 2014.

9.13. Vancomycin

Vancomycin has been the mainstay of parenteral therapy for MRSA infections; it has slow 
bactericidal activity. There is evidence of emerging resistant strains. Vancomycin kills staphy‐
lococci more slowly than β‐lactams do in vitro and is inferior to β‐lactams for MSSA bactere‐
mia and infective endocarditis. Tissue penetration is highly variable and depends upon the 
degree of inflammation. Vancomycin's minimum inhibitory concentration breakpoints were 
changed in 2006 to improve the detection of intermediate susceptible strains (susceptible: 
MIC of 2 μg/mL or lower; intermediate: MIC of 4–8 μg/mL; and resistant: MIC 16 μg/mL or 
greater). The concept of MIC creep has arisen due to decrease in susceptibility to vancomycin 
among S. aureus isolates. S. aureus strains have been reported to “creep” up and approach 
the breakpoint of 2 with increasing frequency. This has been associated with worse clinical 
outcomes when vancomycin is used as therapy, when the MRSA isolate has a higher MIC to 
vancomycin. Vancomycin is considered pregnancy category C.

10. Management of persistent MRSA bacteremia and vancomycin 
treatment failures in adult patients

In cases of persistent positive blood cultures for S. aureus, it is necessary to look for deep‐seated 
infections and hidden foci that continually send particles of infection into the blood stream. 
Removal of these infectious foci by either drainage or surgical debridement is  recommended. 
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When vancomycin is used but the bacteremia persists, high‐dose daptomycin (10 mg/kg/day), 
if the isolate is susceptible, in combination with another agent such as gentamicin 1 mg/kg IV 
every 8 h, rifampin 600 mg PO/IV daily, or 300–450 mg PO/IV twice daily, linezolid 600 mg 
PO/IV BID, TMP‐SMX 5 mg/kg IV twice daily should be considered. But in case of reduced 
susceptibility to vancomycin and daptomycin, quinupristin‐dalfopristin 7.5 mg/kg/dose IV 
every 8 h, TMP‐SMX 5 mg/kg/dose IV twice daily, linezolid 600 mg PO/IV twice daily, or 
telavancin 10 mg/kg/dose IV once daily may be other options.

11. Recommendations for vancomycin dosing

In case of bacteremia, the dose of IV vancomycin is 15–20 mg/kg/day divided in two or three 
doses in order to conserve normal renal function. For seriously ill patients such as those 
with sepsis, meningitis, pneumonia, or infective endocarditis with suspected MRSA infec‐
tion, a loading dose of 25–30 mg/kg (actual body weight) may be considered. Monitoring 
of vancomycin trough levels is necessary to guide the dosing of this antibiotic. Serum 
trough levels should be measured prior to the fourth or fifth dose. For serious infections 
such as bacteremia, infective endocarditis, meningitis, pneumonia, and necrotizing fasci‐
itis due to MRSA, vancomycin trough concentrations of 15–20 μg/mL are recommended. 
Vancomycin trough monitoring is recommended for serious infections, patients who are 
morbidly obese have renal dysfunction or have fluctuating volumes of distribution. For 
isolates with a vancomycin MIC ≤ 2, the patient’s clinical response should determine the 
continued use of vancomycin; however, if the patient has not had a clinical or microbio‐
logic response to vancomycin despite adequate debridement and removal of other foci of 
infection, an alternative to vancomycin is recommended regardless of MIC. For the isolates 
with a vancomycin MIC >2 μg/mL (e.g., VISA or VRSA), an alternative to vancomycin 
should be used.

12. Prevention

Decolonization is important to achieve prevention of S. aureus bacteremia and other infec‐
tions. The role of decolonization in controlling the spread of S. aureus is still unclear. It is also 
unclear what the optimal regimen is. Options include agents for nasal decolonization such as 
mupirocin and topical body decolonization with an agent such as chlorhexidine gluconate to 
target the extra nasal sites. Systemic oral antibiotics can be used for decolonization; however, 
there are issues that are very important to consider for decolonization, recolonization, and 
development of resistance. The current guidelines suggest that decolonization be considered 
in patients with recurrent skin infections or ongoing transmission occurring among house‐
hold contacts despite optimizing wound care and hygiene measures. Hand hygiene consists 
of soap and water or an alcohol‐based hand rub before and after contact with infected areas. 
Sharing personal items is discouraged.
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As for hospitals, infection control and prevention strategies should include hand hygiene, 
active surveillance to identify S. aureus colonization, and environmental cleaning. Patient 
bathing with chlorhexidine gluconate in intensive care units leads to a reduction in S. aureus 
colonization and infection. It is felt that bathing with chlorhexidine gluconate is a measure for 
source control that may lead to less contamination of health care worker hands, thus less con‐
tamination of the environment and the spread of infection to other patients. One additional 
infection control strategy for years has been to create a vaccination against S. aureus. So far, 
attempts have been unsuccessful, but there is much research in this area.

13. Future perspective

S. aureus has had a steady increase in incidence over the last several decades. The higher 
frequency of artificial catheters, cardiac devices, joints being placed, of skin and surgical site 
wounds becoming infected, and intervenous drug use all serve as nidi for infection, particu‐
larly bacteremia. The cost and resource burden on health care systems is projected to continue 
to grow as the number of risk factors increase. There is also the problem to consider of how 
MRSA initially was only seen in health care settings but now makes up a large percentage of 
community‐based infections.

What are some of the ways the medical community is working on not only treating but also 
preventing a much more widespread and resistant phenomenon? The approval of several 
newer antibiotics to combat serious MRSA infections shown in 2014, and there are a number 
of prospective antibiotics being studied with the potential to come to market [17]. A con‐
certed effort among medical centers to make improvements at the level of the diagnostic stage 
(using transesophageal imaging more regularly) will be necessary in order to improve out‐
comes. In a different approach, the relationship among host immunologic factors in conjunc‐
tion with environmental factors would be an additional avenue for exploration and possibly 
result in additional, nonantibiotic regimens. Continued use and awareness of infection pre‐
vention measures such as use of isolation inpatient and basic hand hygiene are both effective 
 strategies in the greater attempt to not allow the bacteria to morph any and to prevent basic 
spread of the organism. Finally, there may be a time in the future when the ultimate means of 
infection control—a vaccination—would become available.
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Abstract

Phenol‐soluble modulins (PSMs) are multifunctional, amphipathic, α‐helical peptides 
produced by virtually all staphylococcal strains. They have recently drawn much atten‐
tion owing to the key contribution of some PSM peptides to staphylococcal virulence, 
in particular in highly virulent Staphylococcus aureus. High concentration of PSMs may 
cause cytolysis, damaging neutrophils, immune cells, red blood cells and white blood 
cells. Furthermore, all PSMs contribute to biofilm structuring and the dissemination of 
biofilm‐associated infection. Here we describe a method for PSM analysis in S. aureus by 
high‐performance liquid chromatography‐quadrupole time‐of‐flight mass spectrometry 
system (HPLC‐QTOF).

Keywords: phenol‐soluble modulins, HPLC‐QTOF, Staphylococcus aureus, determination

1. Introduction

Phenol‐soluble modulins (PSMs) are a family of multifunctional, amphipathic and α‐helical 
peptides produced by virtually all staphylococcal strains [1–3]. They have recently drawn 
much attention owing to the key contribution of some PSM peptides to staphylococcal viru‐
lence, in particular in highly virulent Staphylococcus aureus [4]. In addition, they have antibac‐
terial activity, likely to compete with other environmental rival bacteria such as streptococci 
[5, 6], as well as biofilm structuring and dissemination functions [7, 8]. Staphylococcus aureus 
is an important and versatile opportunistic human pathogen that can cause a wide range of 
acute and chronic diseases, which range from superficial infections to invasive and life‐threat‐
ening ones [9, 10].

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



PSMs were first identified in 1999 by the group of Seymour Klebanoff with the descrip‐
tion of a “pro‐inflammatory complex”. They were isolated by hot phenol extraction from 
S. epidermidis culture filtrate [11]. The peptides were named PSMα, PSMβ and δ‐toxin. 
Afterwards, the PSM compositon of S.aureus was also analyzed more systematically, which 
include the shorter α‐type (four PSMα1‐PSMα4 peptides and δ‐toxin) and the longer β‐type 
(the PSMβ1 and PSMβ2 peptides). The PSMs are encoded at three different locations in 
the genome. Four PSMα1‐PSMα4 peptides are encoded in the PSMα operon. PSMβ1 and 
PSMβ2 are encoded in the PSMβ operon. δ‐toxin is encoded within the coding sequence for 
RNAIII [12, 13].

S. aureus are considered to be second to salmonella as important foodborne pathogens, which 
have been frequently reported as agents leading to outbreaks of diseases caused by entero‐
toxins in ready‐to‐eat food and food products. The pathogenic mechanisms of S. aureus have 
been examined extensively through different stages of infection. Various staphylococcal 
components contribute to virulence with an improved understanding of specific functions 
[14–16].Proteomics studies have revealed that the production of virulence factors by different 
isolates of S. aureus is diverse and only a few of these seem to be invariantly produced [17]. 
PSMs are the most commonly identified staphylococcal virulence factors, especially in the 
community‐associated (CA)‐MRSA lineages. Recently, it was found that many in vitro PSM 
phenotypes were strongly inhibited by serum lipoproteins, and can exert their contribution to 
pathogenesis by intracellular killing and participate in neutrophil killing after phagocytosis 
[18]. In addition, PSMs at low concentration can lead to immune cell chemotaxis and inflam‐
matory reaction. High concentration of PSMs may cause cytolysis, damaging neutrophils, 
immune cells, red blood cells and white blood cells [19, 20]. Thus, it is important to develop 
a rapid, specific and accurate method to detect PSMs in food products for the prevention of 
transmission.

At present, there are only a few methods for determination of PSMs, such as imaging 
mass spectrometry and liquid chromatography‐ion trap or quadrupole mass spectrom‐
etry [11, 21]. The sample pre‐treatment of the method using imaging mass spectrometry 
is quite cumbersome and time‐consuming. The resolution of the method by liquid chro‐
matography‐ion trap or quadrupole mass spectrometry is too low to separate interfering 
substances with similar charge‐to‐mass ratios. Here, we describe a simple and effective 
method with higher sensitivity and selectivity for PSM analysis in S. aureus by high‐per‐
formance liquid chromatography‐quadrupole time‐of‐flight mass spectrometry system 
(HPLC‐QTOF).

2. Materials

2.1. Reagents and chemicals

1. Tryptone soy broth (TSB).

2. Staphylococcus aureus strains.
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3. 1‐butanol.

4. Acetonitrile.

5. Formic acid.

6. Ultrapure water.

7. Eluent A: 0.1% formic acid in water, Eluent B: 0.1% formic acid in acetonitrile.

2.2. Instrument and equipment

1. Chromatograph: High‐performance liquid chromatography‐quadrupole time‐of‐flight 
mass spectrometry system (1260 HPLC system connected to a 6530 Accurate‐Mass spec‐
trometer Q‐TOF/MS, Agilent, America).

2. Columns: Zorbax 300SB‐C8 (2.1 µm, 4.6×150 mm, Agilent, America).

3. Mass Hunter software (Agilent, America).

4. Centrifuge (3‐18K, Sigma, Germany).

5. Autoclave (DB‐200, Systec, Germany).

6. Incubator shaker (ZWY‐211B, ZhiCheng, China).

7. N‐EVAP (Organomation, America).

3. Methods

3.1. Extraction of PSMs

Pre‐cultures grown overnight from a liquid culture are used to inoculate bacterial cultures at 
1:100 dilution.

3.1.1. Extraction of PSMs from TSB for qualitative analysis

1. The Staphylococcus aureus cells were removed by centrifugation for 10 min (5000 rpm, 4°C) 
after overnight growth (~16 h) in 100 mL of culture medium (TSB) at 37°C with shaking at 
200 rpm.

2. Transfer supernatants to a 100‐mL volumetric flask.

3. Add 1/3 (v/v) of 100% 1‐butanol to the supernatants to make 25% (v/v) of 1‐butanol.

4. Shake the solutions vigorously at 37°C for 2 h.

5. After brief centrifugation, collect upper (butanol) phases.

6. Dry the extract under nitrogen and redissolve the dried sample in ultrapure water.

7. Filter the solution through a 0.22‐µm filter using a syringe before LC‐MS analysis.
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3.1.2. Extraction of PSMs from TSB and beverage for quantitative analysis

1. The Staphylococcus aureus cells were removed by centrifugation (5000 rpm, 10 min, 4°C) 
after overnight growth (~16 h) in 4 mL of culture medium (TSB or beverage) at 37°C with 
shaking at 200 rpm. The “beverage” means pure juice or juice beverage. Soda, water and 
coffee were not included.

2. Transfer 1.5 mL supernatants to 4‐mL centrifuge tubes.

3. The supernatants were incubated at a 1:1 ratio with 1‐butanol for 2 h (37°C, 200 rpm).

4. Transfer 1.0 mL supernatants to 2‐mL centrifuge tubes.

5. Dry the extract under nitrogen and redissolve the dried sample in 0.5 mL ultrapure water.

6. Filter the solution through a 0.22‐µm filter using a syringe before LC‐MS analysis.

3.1.3. Extraction of PSMs from milk for quantitative analysis

1. The Staphylococcus aureus cells were precipitated by acetonitrile after overnight growth 
(~16 h) in 4 mL of culture medium (milk) at 37°C with shaking at 200 rpm.

2. Remove fat by frozen centrifugation technology (5000 rpm, 10 min, 0°C).

3. Extract water layer 1.5 mL to 4‐mL centrifuge tubes.

4. The extract was incubated at a 1:1 ratio with 1‐butanol for 2 h (37°C, 200 rpm).

5. Transfer 1.0 mL supernatants to 2‐mL centrifuge tubes.

6. Dry the extract under nitrogen and redissolve the dried sample in 0.5 mL ultrapure water.

7. Filter the solution through a 0.22‐µm filter using a syringe before LC‐MS analysis.

3.1.4. Extraction of PSMs from pork for quantitative analysis

1. The Staphylococcus aureus cells were precipitated by acetonitrile after overnight growth 
(~16 h) in 4 mg of culture medium (pork) at 37°C with shaking at 200 rpm.

2. Add 1.5 mL 1‐butanol and remove fat by frozen centrifugation technology (5000 rpm, 
10 min, 0°C) after extraction of 2 h (37°C, 200 rpm).

3. Transfer 1.0 mL supernatants to 2‐mL centrifuge tubes.

4. Dry the extract under nitrogen and redissolve the dried sample in 0.5 mL ultrapure water.

5. Filter the solution through a 0.22‐µm filter using a syringe before LC‐MS analysis.

3.2. Analysis of PSMs

3.2.1. Liquid chromatography methodology

1. Transfer the supernatants into glass sample vials. Cool down the sample tray to 10°C and 
put the sample vials in it.
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2. An Agilent high‐performance liquid chromatography‐electrospray ionization‐qudropole 
time‐of‐flight mass spectrometry (HPLC‐ESI‐QTOF/MS) system was used to analyze the 
PSMs qualitatively and quantitatively.

3. The chromatographic separation was performed with a Zorbax 300SB‐C8 column (2.1 µm, 
4.6×150 mm, Agilent) in series with a flow rate of 0.5 mL/min.

4. The gradient program can be described as follows: 10% eluent B for 2.5 min; 50% eluent B 
for 2.5 min; a linear gradient from 50% to 90 % eluent B for 15 min.

5. Injections (10 µL) were made using an autosampler, and the column temperature was set 
at 30°C.

3.2.2. Qualitative analysis of PSMs from culture

1. Transfer the supernatants into glass sample vials. Cool down the sample tray to 10°C and 
put the sample vials in it.

2. The ESI experiments were carried out by Dual AJS ESI ion source in a high‐resolution 
instrument mode with a mass range of 3200 m/z and a positive scan mode with gas 
temperature at 325°C, drying gas flow rate at 5 L/min, sheat gas temperature at 350°C, 
and sheat gas flow rate at 7.5 L/min. The nebulizing gas was produced by a nitrogen 
generator.

3. The capillary voltage was kept at 4000 V and the fragmentor voltage was set to 175 V. 
Signals acquired in MS mode were used to make a preliminary identification, and data 
obtained in targeted MS/MS mode were searched from the online Mascot database, which 
could determine the PSMs accurately.

4. The peak area based on extracted ion chromatogram (EIC) can be used to quantitate the 
PSMs sensitively and rapidly.

4. Results and discussion

Examples of preset m/z ratios and retention times of S. aureus PSMs for qualitative and quan‐
titative analyses are shown in Table 1. Retention times may vary according to the LC sys‐
tem and MS detector. (d), (t) and (q) stand for doubly, triply and quadruply charged ions, 
respectively.

The chromatograms of PSMs extracted from the culture are shown in Figure 1. The result 
indicates that the new method has a high selectivity. Good linearity of the PSMs was 
achieved in the range 0.5~100 µg/L (R2 > 0.99). Compared with other analytical methods, 
the pre‐treatment of the new method is simple and rapid, and the high resolution makes 
the method highly sensitive and selective. The method has been used successfully for the 
determination of PSMs extracted from different culture mediums, such as milk, beverage, 
vegetable and meat.
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PSM MS (m/z) RT (min) MS/MS (m/z)

PSMα1 1144.6842(d) 14.353 330.1491, 302.1539

PSMα2 1153.6964(d) 12.727 330.1475, 302.1538

PSMα3 1318.2228(d) 11.705 289.0861, 436.1542

PSMα4 1100.6982(d) 20.250 344.1674, 316.1711

δ‐toxin 1002.8844(t) 15.010 474.1661, 587.2490

PSMβ1 1131.8610(q) 15.437 346.1059, 459.1892

PSMβ2 1121.8514(q) 11.353 318.1080, 702.3068

Table 1. m/z ratios and retention times of S. aureus PSMs.

Figure 1. Chromatograms of PSMs extracted from the culture.
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Abstract

The growth in food demand and production growth of vegetables have led to the
development of intensive production systems with the aim of having regular access to
enough high‐quality food. The aim is to determine the incidence of Staphylococcus aureus
in fresh lettuce by PCR in order to enhance the efficiency for detection and identification
process. The Baird‐Parker method was used for isolating pathogens from 54 lettuce
samples. Genomic DNA extraction was performed according the Mericon DNA Bacteria
Plus Kit. The detection by PCR was performed using the pair of primers: coa gene (5′‐
ATAGAGCTGATGGTACAGG‐3′ and 5′‐GCTTCCGATTGTTCGATGC‐3′). The phyloge‐
netic tree was constructed by comparing conserved sequences from the adjacent 16S gene,
using the F2C 5′‐AGAGTTTGATCATGGCTC‐3′ and C 5′‐ACGGGCGGTGTGTAC‐3′
primers. To test the antimicrobial effect, we used the disk diffusion method (Kirby‐Bauer)
using  Mueller‐Hinton  agar  and  five  antibiotics  with  different  concentrations.  The
incidence of S. aureus was 1.7%. All the isolates were situated in the ATCC 11632 clade in
accordance with other reported sequences belonging to this pathogen in the NCBI
database. All the isolates seemed to be resistant to penicillin (10U). The molecular
techniques used in this study are suitable for the identification of S. aureus isolated from
lettuce, increasing our capability of detecting this pathogen by improving the process and
increasing the efficiency contributing to the safety of this vegetable.

Keywords: S. aureus, fresh produce, lettuce, PCR, coa gene
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1. Introduction

1.1. Taxonomy

Staphylococcus is a member of the Micrococcaceae family and consists of Gram‐positive cocci,
catalase‐positive, that usually presents oxidative and fermentative metabolism of glucose. With
measurements around 1 μm in diameter, their cells show a characteristic cluster of irregular
arrangement as a result of cell division and some produce carotenoid pigments in yellow or
golden colors [1, 2].

They are coagulase variant, non‐spore‐forming, facultative anaerobes (except Staphylococcus
saccharolyticus reported to exhibit a faster and abundant development under aerobic condi‐
tions). Staphylococcus is catalase variant commonly positive (Staphylococcus aureus subesp.
anaerobius and S. saccharolyticus are catalases negative), with Gram‐variable capsule usually
negative, (but always present), immobile, and oxidase variant commonly negative (Staphylo‐
coccus caseolyticus, Staphylococcus lentus, Staphylococcus sciuri and Staphylococcus vitulus are
positive to the modified oxidase reaction). A O/F glucose test determines them as F (fermen‐
tative) microorganisms, with optimum growth temperature from 30 to 37°C. There are 44
species sensitive to lysis by lysostaphin, but resistant to lysozyme (S. arlettae, S. aureus subesp.
anaerobius, S. aureus subesp. aureus, S. auricularis, S. capitis subesp. capitis, S. capitis subesp.
ureolyticus, S. caprae, S. carnosus, S. caseolyticus, S. chromogenes, S. cohnii subesp. cohnii, S. cohnii
subesp. urealyticumk S. delphini, S. epidermidis, S. equorum, S. felis, S. gallinarium, S. haemoliti‐
cus, S. hominis, S. hyicus, S. hyicus subesp. hyicus, S. intermedius, S. kloosii, S. lentus, S. lugdunen‐
sis, S. lutrae, S. muscae, S. pasteuri, S. piscifermentans, S. pulvereri, S. sacharolyticus, S. saprophyticus
subesp. bovis, S. saprophyticus subesp. saprophyticus, S. schleiferi, S. schleiferi subesp. coagulans,
S. schleiferi subesp. schleiferi, S. sciuri, S. sciuri subesp. carnaticus, S. sciuri subesp. rodentium, S.
sciuri subesp. sciuri, S. simulans, S. vitulus, S. warneri, S. xylosusk). S. aureus subesp. aureus, S.
epidermidis, S. haemolyticus, S. lugdunesis, S. saprophyticus subesp. saprophyticus are species of
Staphylococcus isolated most frequently associated with human infections [1]).

S. aureus is considered a pathogen with high potential to cause multiple infections in humans
and animals; it was discovered by Dr. Alexander Ogston in 1880 [3]. Being the most common
pathogen causing nosocomial infections [4, 5], as well as cases of food poisoning [6], it is
considered the most virulent bacteria, responsible for a broad spectrum of diseases, ranging
from skin and soft tissue infections to serious diseases that threaten life. S. aureus belongs to
the normal human flora, and 25–50% of the healthy population is colonized with this bacteri‐
um, constituting a risk of dissemination, as it can be acquired through contact with other people
or through environmental exposure [3].

Pathogenicity of S. aureus infections is related to various components of the bacterial surface
generally formed by peptidoglycan and teichoic acids, in addition to protein A [7]. The
pathogenesis caused by this microorganism occurs when the combination of virulence factors
with decreased host defenses occurs [8], and these conditions favor the microorganism having
the characteristics of virulence and damage [9]. In addition, the situation is aggravated because
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this pathogen has developed resistance to multiple antibiotics, making the development of
novel treatments and medication for diseases caused by this bacterium more challenging [10].

1.2. S. aureus in food

The presence of pathogens in minimally processed vegetables and their ability to survive and
grow has been well documented [11]. S. aureus (including methicillin‐resistant S. aureus,
MRSA) is one of the most common pathogens in food and is considered responsible for the
most common types of poisoning in meats, salads, milk, and dairy products [12–14]. A wide
variety of foods can be a vehicle for S. aureus poisoning; besides pollution exposure (usually
human) and the use of raw materials and contaminated ingredients (typically but not exclu‐
sively of animal origin), ecological conditions must be met in food to favor growth of the
microorganism, including temperatures above 20–25°C, even for a few hours.

Therefore, it is considered that S. aureus has a remarkable ability to proliferate in various foods;
under conducive conditions, the growth rate can lead to enough concentration of enterotoxins
to cause severe outbreaks of gastroenteritis. Meat, dairy products, certain vegetables, and
cooked foods work as excellent growth medium to support their multiplication. It is important
to mention that not all foods are favorable substrate for the development of the microorganism;
in fact, some are inhibitory; development patterns of S. aureus in some foods are favorable (raw
meat, cooked chicken, fresh cheese, raw milk, yolk), unfavorable (raw vegetables, ground beef,
raw fruit, dried fruit, nuts), and inhibitory (chocolate, cocoa, mature dairy, processed juice,
fermented food) [12].

There are S. aureus strains more pathogenic than others: one example is the methicillin‐resistant
S. aureus (MRSA). Methicillin is a semi‐synthetic derivative of penicillin introduced in Europe
in 1959; one year after its introduction, the first strain of MRSA was detected, and in 1963, the
first nosocomial outbreak caused by this microorganism was reported. MRSA has been
thoroughly studied at a genetic level, due to its recurrent appearance in later years. In some
cases, it has been associated with food consumption, and knowledge about the spread and
epidemiology has been used to develop strategies to prevent the distribution of MRSA.
Simultaneously, the development of various molecular typing techniques has emerged, aimed
at detecting the phenotypes or specific molecular characteristics of each strain in question [15].

1.3. Staphylococcal intoxication

One of the most important foodborne diseases transmitted around the world is Staphylococcal
intoxications; of all outbreaks of food poisoning that occur, on average 20% are due to the
consumption of food contaminated with enterotoxins produced by bacteria of the genus
Staphylococcus and mainly for the S. aureus species. The intoxication is characterized by nausea,
vomiting, abdominal cramps, malaise, headache, and occasionally diarrhea without the
presence of fever. Symptoms can appear 30 min after consumption of the aliment, with the
most common incubation period going from 2 to 4 h [2].

Commonly, S. aureus has been isolated from plants [16]. Microbial contamination in food can
occur due to poor storage procedures, and an increase in temperature during shelf life has
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been identified as the cause of microorganism proliferation [11]. Infections by Staphylococcal
enterotoxins have constituted the leading cause of foodborne disease in the United States, and
these enterotoxins are the leading cause of outbreaks caused by contaminated food in the
European Union. In June 2000, Japan reported a mass intoxication of more than 10,000 cases
caused by this organism present in milk [6, 17]. The Center for Disease Control and Prevention
(US‐CDC) reports that consumption of contaminated food with S. aureus causes 185,060 cases
of infection, 1753 hospitalizations, and two deaths annually just in this country [13].

In the Middle East, many types of vegetables are eaten raw in salads or used as garnish
appetizers, and in traditional meals, they are perceived as healthy food; however, in other parts
of the world, these raw vegetables have been major contributors of foodborne diseases in recent
years [18, 19]. In the United States, green leafy vegetables have been identified as part of the
10 riskiest foods regulated by the Food and Drug Administration (FDA), representing almost
40% of foodborne outbreaks according to data obtained from the Center for Disease Control
and Prevention (CDC) [20].

The consumption of green leafy vegetables provides numerous health benefits, and there
is a direct relationship between consumption of these vegetables and the reduction of
chronic diseases such as hypertension, diabetes, atherosclerosis, and cancer [21]. Current‐
ly, most fresh‐cut products are washed in chlorinated water (50–200 mg L‐1 of active chlor‐
ine) to reduce the levels of microorganisms. Sodium hypochlorite (NaCl) is the most
widely used disinfectant in the fresh‐cut industry [22]. The lack of thorough cooking in
fresh cuisine can result in foodborne diseases if contaminated by pathogens. Despite these
foods being ready to eat, it has been reported that their quality is not satisfactory in Vien‐
na, Austria [23], Johannesburg, South Africa [24], Korea [25], and Catalonia, Spain [26].
Reports show that the main pathogens in ready‐to‐eat foods include Listeria monocytogenes,
S. aureus, Bacillus cereus, Salmonella spp., and Escherichia coli O157:H7, the last two being
involved in most outbreaks caused by fresh fruits and vegetables [27, 28] reported in low
doses of 10 and 2–2000 cells, respectively [29, 30].

In Mexico, staphylococcal intoxications are responsible for 45% of the outbreaks caused by
food poisoning. These data partially reflect the incidence of this disease in the country,
considering that it only represents the outbreaks that have been reported or studied; how‐
ever, it is useful to show that on a national level, staphylococcal poisoning is a major
foodborne [2]. The main places where the outbreaks were reported to occur are at parties
or social gatherings, schools or daycare centers, restaurants, and hospitals, in this order of
importance [31].

In recent years, Mexico has become one of the most dynamic markets for the US horticultur‐
al importers, displacing Japan to third place [32]. From January to April 2014, a total of
51,109 tons of lettuce equivalent to 42.289 mdd were exported, the main exporters being:
Guanajuato (56.8%), Nuevo Leon (19.9%), Baja California (17%), Sonora (1.9%), other states
(4.4%) [33].
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1.4. Identification of S. aureus

Various methods have been developed for the isolation and quantitative identification of S.
aureus; the selection of the method depends on the type of food, as well as the history of
incidence of the pathogen.

Processed foods may contain relatively small numbers of debilitated viable cells, whose
presence must be demonstrated by appropriate means (BAM, Bacteriological Analytical
Manual) [34].

Among the most important methods used globally are those recommended by the Association
of Official Analytical Chemistry (AOAC) (975.55‐1976, S. aureus in foods. Surface plating) and
the Food and Drug Administration (BAM, Bacteriological Analytical Manual Chapter 12: S.
aureus). In Mexico, the microbiological method to determine the account of S. aureus present
in national or imported foods is established in the Mexican Official Standard NOM‐210
appendix B [35], in accordance with the International Standard ISO 6888‐1:1999. Microbiology
of food and animal feeding stuffs—horizontal method for the enumeration of coagulase‐
positive staphylococci (S. aureus and other species)—Part 1: Technique using Baird‐Parker agar
medium.

A brief description of the method includes:

1.4.1. Baird‐Parker method

1.4.1.1. Preparation of the samples

Take different portions of the food, transfer 25 g or mL into dilution bottles with 225 mL of
phosphate buffer or peptone water to prepare a dilution 1:10, and homogenize for 1 or 2 min
in blender or peristaltic homogenizer.

1.4.1.2. Analytical procedure

Transfer 0.1 mL of direct sample with a sterile pipette if liquid, or 0.1 mL of the initial suspen‐
sion (dilution 10‐1) in the case of other products, onto plates with Baird‐Parker agar with
addition of egg yolk emulsion. Do this in duplicates and repeat this procedure for subsequent
dilutions 10‐2, 10‐3 if necessary.

Carefully distribute the inoculum on the agar surface as soon as possible, with a sterile glass
rod bent at a right angle, using one for each plate and dilution. The plates must be kept with
the top upward until the inoculum is fully absorbed by the agar.

Invert and incubate the plates from 44 to 48 h at 36°C and subsequently search for colonies
with typical morphology: black in color, circular, bright, convex, flat from 1 to 2 mm in
diameter, showing one opaque zone, wet and with a clear halo.

Select the plates having between 15 and 20 typical and atypical colonies for their confirmation.
From each sample, select five typical colonies for confirmation or five atypical colonies to
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perform Gram staining. In the case of observing positives bacilli, the colony will be taken as
negative for S. aureus; on the contrary if cocci are observed, the confirmation will continue.

When the plates contain <15 typical colonies, a note citing “estimated value” must be added
to the report of results.

1.4.1.3. Confirmation procedure

Coagulase test: Coagulase is a protein produced by various microorganisms that enables the
conversion of fibrinogen to fibrin. In the laboratory, it is used to distinguish between different
types of S. aureus [36]. Dehydrated rabbit plasma is used for the test (this is rehydrated
following the manufacturer's instruction).

For the procedure, select and inoculate each typical colony in a tube with 0.5 mL brain heart
infusion broth (BHI) and tubes with Trypticase soy agar (TSA). Simultaneously use a positive
control (S. aureus) and a negative control (S. epidermidis). Incubate at 35 + 1°C in a water bath
from 20 to 24 h. Keep the bacterial culture in ATS at temperature no more than 27°C for
subsequent tests. Add 0.1 mL of the previous bacterial culture to 0.3 mL of rabbit plasma with
EDTA (unless the manufacturer indicates other quantities). Incubate at 35°C in a water bath
and observe constantly at intervals of 1 h during the first 4–6 h; if there is no clot formation,
observe up to 24 h. Consider a positive result when the clot is completely formed and firm
when inverting the tube. On the contrary result, auxiliary tests should be performed such as
Gram staining of each bacterial culture, seeking Gram‐positive cocci grouped in clusters of
grapes, a catalase, and fermentation of glucose and mannitol tests.

Important note: For each new batch of reagents, a coagulation test must be performed on rabbit
plasma by adding a drop of 5% calcium chloride to 0.5 mL of reconstituted plasma, forming a
clot in 10–15 s.

1.4.1.4. Thermonuclease test

S. aureus produces a thermonuclease enzyme (this capacity is not limited to this species).
Detection of staphylococcal thermostable deoxyribonuclease (thermonuclease) in food is used
as an indirect test to evident the presence of large amounts of S. aureus in food and of staph‐
ylococcal enterotoxins.

The production of this enzyme is inhibited by anaerobiosis and is stimulated by the presence
of oxygen, it requires calcium ions for its enzymatic activity, its optimal pH is 8.6 and is
precipitated with ammonium sulfate. Its thermal stability (resistant to temperatures of 130°C
for 16.6 min) is the only association with the growth of S. aureus.

When interpreting this test, it is essential to consider the existence of enterotoxigenic strains
negatives to both tests. Among the negative coagulase strains, some have developed the ability
to synthesize enterotoxins. Although S. aureus specie is the typical producer of these toxins,
other species exhibit the same behavior: S. intermedius, S. hyicus, S. warneri, S. epidermidis,
among others [37, 38].
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For this test procedure, slides are prepared with 3 mL of toluidine‐DNA blue agar. Using a
Pasteur pipette makes equally spaced holes in the agar. In a boiling water bath, heat 0.3 mL of
bacterial culture in BHI for 15 min. With the use of a Pasteur pipette transfer a drop of bacterial
culture to a hole of toluidine blue agar‐DNA. Repeat for each strain including the positive and
negative controls. Incubate at 35 ± 1°C in a humid chamber from 4 to 24 h. The appearance of
a pink halo of at least 1 mm qualifies as a positive test.

See Table 1 for the characteristics of S. aureus, S. epidermidis, and micrococci, in order to
identifying the specie isolated or identificated.

Characteristic S.aureus S.epidermidis Micrococci

Catalase activity + + +

Coagulase production + – –

Thermonuclease production + – –

Lysostaphin sensitivity + + –

Anaerobic utilization of glucose + + –

Mannitol + – –

a+, most (90% or more) strains are positive; –, most (90% or more) strains are negative.

Table 1. Typical characteristics of S. aureus, S. epidermidis, and micrococcia.

1.4.2. Molecular methods

The molecular identification is centered of detection and sequencing a specific bacterial DNA
and used to identify and classify taxonomically several groups of microorganisms, including
bacteria by amplification of specific target region by PCR. Another strategy is amplified by
PCR‐specific genes that belong to certain species, based on specific features like virulence
factors or antibiotics resistance genes [39]. The development of identification techniques for a
clinical rapid diagnosis is necessary. The PCR is a rapid, sensitive, and less time‐consuming
than the conventional bacteriological identification methods [40] and is extensively used to
identify bacteria isolated from different kind of samples, including foods [41], soil [42], and
infected human tissue [43].

1.4.3. Identification based on 16S ribosomal RNA gene

The 16S rRNA gene is part of all bacteria and is commonly used for taxonomic purposes
because it is a highly conserved region; the rate of protection from change is assumed to result
from the importance as a serious constituent of cell function [44]. Into the sequence of 16Sr
RNA gene are indicated variable regions; Chakravorty et al. [45] in his study describe nine
regions with sufficient diversity that are suitable for taxonomic analysis; their investigation
determined that V1 hypervariable region best differentiated among S. aureus and coagulase‐
negative Staphylococcus sp. Linked to the PCR technique, the use of the 16S rRNA DNA
fragment, amplified by using specific oligonucleotides, has been proposed; this gene is widely
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used for the preparation of phylogenetic trees and useful in finding the evolutionary relation‐
ships between two or more individuals [40, 46]. For S. aureus, the sequence of 16S ribosomal
RNA is reported in the NCBI (National Center for Biotechnology Information) with just over
1.4 kb and access to the GenBank (KP728240.1) was reported by Nazari [47].

1.4.4. Coa gene

S. aureus is the only known bacterium that produces coagulase enzyme, which is deter‐
mined by the coa gene. This gene is considered useful and specific for the identification of S.
aureus and many years ago had been the principal criteria for the separation of S. aureus of
other Staphylococcus that is only ubicuous in this specie [2, 48]. The study of this gene is
directly related to the coagulase test. The sequence of coa gene is reported in the NCBI (Na‐
tional Center for Biotechnology Information) with just over 2.0 kb and access to the Gen‐
Bank is AB436964.1 [49].

2. Study case

2.1. Materials and methods

The aim was to determine the incidence of S. aureus in fresh lettuce by PCR in order to enhance
the efficiency for detection and identification process.

Study zone. Fifty‐four lettuce samples were obtained from a company of fresh products located
in Sonora, Mexico (Figure 1); all the productive process was evaluated, such as cut area, storage,
and transportation.

Figure 1. Location of the study area in Sonora, Mexico.
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It is important to mention that Mexican vegetable producers strive to be at the top of the market,
which involves providing the customers top‐quality products all the time. To achieve this goal,
they implemented quality control assurance programs as well as partnered with prestigious
external certification labs to help they watch every step of the way.

2.2. Transport and handling of sample

Samples were collected as described by Seow et al. [50], briefly, personnel of the laboratory
was transferred to the production site in the Yaqui Valley and sampled lettuce from the process,
were sampled in original package and immediately placed in sterile resealable bags, and later
were transported with iceboxes and stored to 4°C until analysis. Product information such as
production date, lote, and “best before” were registered in the database of the study. All the
samples were analyzed within 24 h after time of collection, in the meantime, keeping them in
their original storage conditions.

2.3. Isolation and identification

The Baird‐Parker method was used for isolating pathogens from 54 lettuce samples (Figure 2).
S. aureus ATCC 11632 was used as a positive control; the bacterial strains were cultivated on
nutrient agar slant and kept at 4°C. Every 25 days a subculture was carried out to maintain
bacterial viability; this process was only repeated two times. A BD Difco™ Tryptic Soy Broth
(Soybean‐Casein Digest Broth Medium, Ref 211825) was used for the genomic DNA extrac‐
tion, and the medium was maintained at 30°C with overnight shaking. Genomic DNA extrac‐
tion was performed according the Mericon DNA Bacteria Plus Kit for Gram‐positive bacteria
(Qiagen Ref 69534). After extraction procedures, the amount and purity DNA were measured
with spectrometer Nanodrop 2000c and the integrity of the DNA on the extracted material in
agarose gel electrophoresis was verified.

Figure 2. S. aureus in Baird‐Parker Agar isolated from lettuce.
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The detection by PCR was performed using the pair of primers of coa gene [48]. In an Eppendorf
PCR tube (0.2 mL), 3 mM MgCl2, 0.8 μM oligonucleotides, 1.6 μM dNTP, 1 unit of Taq DNA
polymerase, 10 ng/μl ADN, and buffer 1× were added to make a final volume of 25 μl. A
fragment of 674 bp was amplified by the primers coaf 5′‐ATA GAG CTG ATG GTA CAG G‐3′
and coar 5′‐GCT TCC GAT TGT TCG ATG C‐3′), and the PCR protocol was performed in a
SimpliAmp Thermal Cycler (Applied Biosystem Ref A24812): 94°C for 10 min (1 cycle), 35
cycles of: 94°C for 30 s, 56°C for 1 min and 72°C for 1 min, with a final cycle of 72°C for 5 min.

Additionally, sensitivity test was performed with base in the genomic DNA concentration. The
procedure was done according to Shree et al. [51]; briefly, from genomic DNA of the ATCC
11632 were done dilutions (50, 5, 0.5 ng/μl; 50, 5, 0.5 pg/μl and 50, 5, 0.5 fg/μl). PCR and
electrophoresis gel were carried out as we described previously for coa gene. The assay was
done in triplicates.

The phylogenetic tree was constructed by comparing conserved sequences from the adjacent
16S gene, using the F2C 5′‐AGAGTTTGATCATGGCTC‐3′ and C 5′‐ACGGGCGGTGTGTAC‐3′
primers, in order to obtain a fragment of approximately 1600 bp which was bidirectionally
sequenced; the mix reaction was as described above and the PCR conditions were as follows:
95°C for 10 min (1 cycle), 32 cycles of: 95°C for 1 min, 60°C for 1 min and 72°C for 2 min, with
a final cycle of 72°C for 5 min.

The purification of PCR products was performed according to the Qiaquick PCR Purification
Kit (Qiagen, EUA, Ref 28106), and 400 ng was evaporated in a dry bath at 56°C for 12 h for
bidirectional sequencing. The sequences of regions were compared with the National Center
of Biotechnology Information (NCBI) data (http://www.ncbi.nlm.gov/) using BLAST‐N. The
output was grouped such that all members exhibited more than 90% similarity; the alignment
of the DNA sequence data was analyzed in Mega 6 software for the phylogenetic tree building
with bootstrap analysis (1000 repeats).

To test the antimicrobial effect, the disk diffusion method (Kirby‐Bauer) was applied, using
Mueller‐Hinton agar (MCD Ref 7131) and five antibiotics with different concentrations:
tetracycline 30 μg (Oxoid Ref CT0054B), trimethoprim‐sulfamethoxazole 25 μg (Oxoid Ref
CT0052B), clarithromycin 15 μg (Oxoid Ref CT0693B), oxacillin 1 μg (Oxoid Ref CT0159B), and
penicillin G 10 U (Oxoid Ref CT0043B). Each assay was performed in triplicate and the diameter
of the inhibition zone was calculated (mm) [52].

3. Results

Figure 3a shows the temperature gradient for coa gene, where the range of 56–60°C was
observed a specific amplification and 56°C was selected temperature to annealing specific
primers in target gene. Figure 3b shows the sensitivity of the method for target coa gene in
range of genomic DNA concentrations (50, 5 and 0.5 ng/μl; 50, 5 and 0.5 pg/μl; 50, 5 and 0.5 
fg/μl); the method has a sensitivity up to 0.5 pg/μl.
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Figure 3. (a) Agarose gel electrophoresis showing temperature gradient for coa target gene by PCR with specific pri‐
mers. M, size marker (1 kb plus DNA Ladder, Invitrogen™); lane 1, 50°C; lane 2, 52°C; lane 3, 54°C; lane 4, 56°C; lane 5,
58°C; lane 6, 60°C and lane 7, negative control (ultrapure water, Invitrogen™). (b) Agarose gel electrophoresis showing
the sensitivity of detection for coa gene using different DNA concentrations. M, size marker (1 kb plus DNA Ladder,
Invitrogen™); lane 1, 50 ng; lane 2, 5 ng; lane 3, 0.5 ng; lane 4, 50 pg; lane 5, 5 pg; lane 6, 0.5 pg; lane 7, 50 fg; lane 8, 5 fg
and lane 9, 0.5 fg.

The incidence of S. aureus was 1.7% (Figures 2 and 4). All the isolates were situated in the ATCC
11632 clade in accordance with other reported sequences belonging to this pathogen in the
NCBI database with a bootstrap of 98 (Figure 5). Similar reports were given by the GenBank
sequences D83357.1, D83355.1, JN315147.1, JN390832.1, JN390831.1, JN315154.1, JN315153.1,
JN315151.1, JN315150.1, and JN315149.1 being reported in the same operational taxonomic
unit (OTU) with similarities in their morphologic, physiologic, and biochemical characteristics.

All the isolates seemed to be resistant to penicillin G 10 U and were susceptible to oxacillin,
tetracycline, clarithromycin, and trimethoprim‐sulfamethoxazole (Figure 6).

Figure 4. Amplification of target pathogen isolated from lettuce by PCR with specific primers. M, molecular marker (1 
kb plus DNA Ladder, Invitrogen™); lane 1, positive control ATCC 11632; line 2, isolated 1; line 3, isolated 2 and line 4,
negative control (ultrapure water, InvitrogenTM).
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Figure 5. Phylogenetic tree of S. aureus maximum verisimilitude constructed from partial sequences of 16S ribosomal
DNA of 2 prokaryotic clones and 17 reference sequences obtained from NCBI.

Figure 6. Tests of antibiotic susceptibility; 1: positive control (Staphylococcus aureus ATCC11632), 2: isolated 1, 3: isolat‐
ed 2. (a) Oxacillin 1 μg, (b) trimethoprim‐sulfamethoxazole 25 μg, (c) penicillin G 10 U, (d) tetracycline 30 μg, and (e)
clarithromycin 15 μg.

4. Discussion

For coa gene, the temperature gradient showed that 56°C was the optimal annealing temper‐
ature (Ta) for oligonucleotides, showing an adequate specificity for the detection of S. aureus.
The Ta is defined as the highest temperature where the optimal aligning and amplification
occur [53]; this parameter is crucial for the standardization of the method because a low Ta can
cause nonspecific amplification, giving undesired PCR products; this is when two or more
bands are observed in gel electrophoresis. In this study, the primers features and the correct
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design lead us to obtain a good and specific amplification in a range of 56–60°C. Likewise, a
high Ta can cause a low or non‐amplification, reducing the possibility to anneal; for this reason,
an optimization of priming temperature is necessary [54]. Additionally, annealing was
satisfactory at low DNA concentrations (up to 0.5 pg/μl) showing adequate sensitivity. Isolated
from lettuce samples were confirmed by amplification of the 674 bp fragment.

For the strategy with the 16S an optimal annealing temperature of 54°C was established for a
fragment of approximately 1400 bp; isolates 1 and 2 were aligned in the same clade as the
positive control (ATCC 11632) strain. Clinical animal isolates reported at NCBI D83357.1,
D83355.1 and isolated from human throats suffering clinical infections JN315147.1, JN390832.1,
JN390831.1, JN315154.1, JN315153.1, JN315151.1, JN315150.1, and JN315149.1 show that
isolates 1 and 2 are potentially dangerous if the vegetable is not properly sanitized before
consuming.

Low incidence of S. aureus is directly related to good manufacturing practice of packing
companies, mainly because the exposure time of the product in contact with the exterior is
very short. Likewise, the product is never in direct contact with the staff due to the use of
hairnets, gloves, face masks, aprons ,and boots, as well as all staff washing and disinfecting
their hands before entering work and after toileting.

The bacterial counts found in this study were below the health limit of 102–103 CFU g‐1 of S.
aureus in food set by the Codex Alimentarius, stabilizing a good quality of lettuce with respect
to this pathogen. A study by Viswanathan and Kaur [55] reports the presence of S. aureus in
23% of a total of 120 samples from various vegetables in India. This incidence is attributed to
postharvest and human contamination due to the management of the foods. These results
make evident the permanence of the pathogen in this food group, the proper handling of
Mexican producers, and the safety of their food.

5. Conclusion

The molecular techniques used in this study are suitable for the identification of S. aureus
isolated from lettuce, increasing our capability of detecting this pathogen by improving the
process and increasing the efficiency, contributing to the safety of this vegetable.
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Abstract

Foodborne transmission of pathogenic microorganisms has been recognized as an impor-
tant hazard. One of foodborne pathogens that was well known for 30 years, that associ-
ated with animals, have presented as illness-causing agents in humans, is Staphylococcus 
aureus. S. aureus is a bacterium that produces enterotoxin, causing poisoning to humans. 
These bacteria are found in foods that contain high protein such as sausage, eggs, meat, 
beef, poultry products, and milk products. S. aureus is a Gram-positive bacterium that is 
an indicator of contamination from the worker and tools. S. aureus contamination on raw 
animal products such as eggs, raw beef, and poultry products also milks in Indonesia 
has been reported by many researchers. Indonesia is a tropical country that has high 
humidity, heavy rain, and two seasons (dry and wet) that contribute to S. aureus con-
tamination especially in animal products. Furthermore, poor postmortem handling on 
animal products also causes the contamination. Preventive methods are needed for food 
processing and food storage especially for animal products in Indonesia. This chapter in 
this book explains the contamination of S. aureus in animal products in Indonesia and the 
preventive methods used in Indonesia to reduce the contamination. Plant extracts, herbs, 
spices, bacteriocins, and lactic acid bacteria have been widely used in food processing in 
Indonesia that proved as biopreservatives for animal products.

Keywords: prevention, Staphylococcus aureus, animal products, Indonesia

1. Introduction

Foodborne transmission of pathogenic microorganisms has been recognized as an impor-
tant hazard. The predominant foodborne pathogens that were known 30 years ago are 
Salmonella, Clostridium botulinum, Clostridium perfringens, and Staphylococcus aureus and have 
been joined by a widening array of pathogens of bacterial, viral, and parasitic origin. Those 
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pathogens that were only seen associated with animals have been presented as illness-
causing agents in humans [1]. S. aureus is a Gram-positive bacterium that is an indicator 
of contamination from the workers and tools. S. aureus is a normal flora on the skin and in 
the respiratory organs in humans, and it is generally found in 20–50% of healthy popula-
tion [2]. S. aureus contamination in food could also occur after the food has been cooked. In 
relation to cases of food poisoning, S. aureus enterotoxin intoxication on consumers occurs 
through the establishment of contamination on food consumed. This enterotoxin is resistant 
to heat (heat stable), acid-resistant, and resistant to the effects of proteolytic enzymes such 
as pepsin and trypsin.

S aureus contamination is found in animal products that are marketed in Indonesia, such as 
eggs, chickens, and raw beef and also other raw meat products. Poor handling and improper 
storage methods cause the contamination of S. aureus, which survive on kitchen utensils and 
unwashed hands.

Some S. aureus contamination that is in animal products marketed in Indonesia is as 
follows:

a. Chicken eggs

Egg contamination can be derived from the environment. S. aureus would stick to the 
eggshell and subsequently on holding it penetrates into the egg through the pores in the 
eggshell.

b. Chicken meats

Population of S. aureus contamination on chicken breast meats is 2.71 ± 0.02 log CFU/g up to 
3.25 ± 0.28 log CFU/g in Java Island, Indonesia (research result). S. aureus contamination on 
breast chicken meat can be derived from the contents of the digestive tract during slaughter-
ing process in the poultry abattoir. Contamination on the carcass also occurs from the air or 
feces that contaminates skin and carcass [3]. External factors that influence the contamination 
of S. aureus are pH value and aw (water activity) on breast chicken meat. aw that is optimum in 
food for growth factor of S. aureus is 0.8–1.0.

c. Beef

Contamination of S. aureus on fresh beef at traditional market in West Java, Indonesia, has 
been investigated. The population of S. aureus was approximately 2.48 log CFU/g [4] and 
increased continuously every hour in the room temperature of storage.

2. Antimicrobials agents against Staphylococcus aureus

2.1. Spices, herbs and plant extract as antimicrobials against Staphylococcus aureus

The compounds found in herbs and found beneficial as traditional medicine can also be 
used as antibacterials and natural preservatives. The use of antibacterial synthetic or syn-
thetic preservatives in foods such as the addition of formaldehyde or borax (borax) if taken 
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continuously will cause a disease. The existence of the above phenomenon encourages 
people to find the best solution for health. An alternative solution is to replace synthetic 
antibacterial agents with natural antibacterial agents. Preventive methods have been used 
through the application of indigenous Indonesian herbs, plant extracts, and spices. The 
antimicrobial activities of plant extracts used for seasoning in foods have been recognized. 
The most common plant secondary metabolites that have antimicrobial activities occur in 
the following groups: alkaloids, anthraquinones, coumarins, essential oils (terpenoid and 
phenylpropanoids), flavonoids, steroids, and triterpenoids [5]. Some of them have antimi-
crobial activities.

2.1.1. Curcuma domestica val

Turmeric (Curcuma domestica val) is one of the plants that is used for traditional medicine by 
our ancestors long ago. Turmeric has great potential in the pharmacological activity that is, 
anti-inflammatory, anti-immunodeficiency, anti-virus (bird flu virus), anti-bacterial, and anti-
fungal [6]. The antibacterial properties in turmeric are caused by the chemical content of its 
main and essential oil curcuminoid.

2.1.2. Ginger

Ginger can grow in the lowlands of the mountainous regions with an altitude of 0–1500 m 
above sea level. It has been used in food for seasoning in Indonesia. Meat cooked with ginger 
can have longer storage duration than without ginger. Ginger contains gingerol bioactive 
compound, which is a major component that can be converted into shogaol or zingerone 
shogaol formed from gingerol during the heating process [7].

2.1.3. Garlic

Raw garlic can be minced, pressed, sautéed, pickled, boiled, and juiced. Garlic sulphur 
compound(s) is(are) the primary bioactive agent(s). The major thiosulfanates, allicin, account 
for approximately half of the total of thiosulfanates from the Allium sativum genus [8]. Allicin 
was described as colorless oil, extremely pungent for the principal odor and taste of garlic. 
It was reported that allicin in concentrations of 1: 85,000 in broth was bactericidal to a wide 
variety of Gram-negative and Gram-positive organisms. A 5% garlic extract concentration has 
a germicidal effect on S. aureus [9]. Garlic extract used for seasoning in Indonesian food has 
strong antibacterial activities against S. aureus (Figure 1).

2.1.4. Clove oil

Clove oil has a potential as a preservative for food products and is known as Generally 
Recognized As Safe (GRAS) as a food ingredient. In addition, various studies have shown that 
clove oil has antimicrobial properties against Salmonella sp., Listeria monocytogenes, Pseudomonas 
aeruginosa, Bacillus subtilis, Escherichia coli, and S. aureus. An amount of 0.25/100 ml of clove oil 
could inhibit S. aureus. The application of clove oil in processed meat products showed that at 
a concentration of 1 ml/l, it reduces the bacterial population significantly (P < 0.05), as much 
as 0.88 log CFU/g.
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2.1.5. Roselle flower

An essential ingredient contained in rosella flower petals is the pigment anthocyanin that 
forms flavonoids and acts as antioxidants. Anthocyanin that causes the red color of this plant 
contains delfinidin-3-siloglukosida, delfinidin-3-glucoside, and sianidin-3-siloglukosida, 
while flavonoids contain gossypetin and mucilage (rhamnogalacturonan, arabinogalactan, 
and arabinan). Hibiscus sabdariffa Linn (Roselle flower) also contains phenol compounds that 
can be chemically defined by the presence of the aromatic ring carrying one (phenol) or more 
(polyphenols) substitution of hydroxyls [10]. The working of phenol in killing microorgan-
isms is by cell protein denaturation. Phenol derivatives interact with bacterial cells through 
adsorption process involving hydrogen bond. At low levels, protein complex forms phenol by 
weak bonds and immediately occurs as decomposition, followed by phenol penetration into 
cells, causing precipitation and protein denaturation. Roselle flower extracts were proven for 
their antibacterial activities against S. aureus (Figure 2) and are used in yoghurt products in 
Indonesia as flavoring and preservatives.

2.1.6. Red dragon fruit extract

Flavonoids, phenols, hydroquinones, and saponins are the phytochemical compounds found 
in red dragon fruit peel extract. Steroids and triterpenoids compounds are also found in the 
red dragon fruit peel. The phytochemical substances of red dragon fruit extract have antibac-
terial activity that reacts with the bacterial cell wall proteins.

Red dragon fruit peels were extracted by modification maceration. Dragon fruits were 
cleaned and peeled manually before being cut into small sizes (2 mm). Red dragon fruit peels 
were dried at 50°C with an oven and ground to a powder. Peel powder was added with a 
solvent (1:50) for 60 min and filtered. The solution was evaporated at a vacuum evapora-
tor temperature of 60°C. The extract was stored at −20°C and continued to be used in the 

Figure 1. Inhibition zone of antimicrobial activities of garlic extract against S. aureus.
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 antimicrobial analysis. Analysis of antimicrobial activity was performed by the well diffusion 
method. Bacterial culture was inoculated in NaCl 0.85% to obtain the bacteria concentration 
of 108 CFU mL−1. The dilution of the bacterial culture was done to obtain a culture concentra-
tion of 106 CFU mL−1. The other culture was grown in Mueller-Hinton Agar medium (DifcoTM, 
USA) and provided with holes as well with a predetermined diameter. Extracts were inserted 
into the well and covered with filter paper. Grail was stored in a refrigerator for 2–3 h, fol-
lowed by incubation at 37°C for 24 and 48 h. The antimicrobial activity was characterized by 
the formation of clear zones around wells and measured for its diameter (mm). The inhibi-
tion zone produced by red dragon fruit peel extracts showed strong antibacterial activity 
(Figure 3).

Gram-positive bacterium, S. aureus ATCC 25923, was more sensitive to the antibacterial 
activity of red dragon fruit peel extract. The Gram-positive bacteria are more susceptible to 
antibacterial activity due to the absence of a lipoprotein wall that is capable of preventing 
antimicrobial compounds. Red dragon fruit peel extract due to its antibacterial compounds 
such as phenolic compounds could inhibit the growth of bacteria [13]. Application of red 
dragon fruit extract on beef sausages showed that S. aureus was not detected during 20 days 
of cold storage.

2.1.7. Teak leaf extract

Teak leaf extracts have a composition of flavonoids, alkaloids, tannins, anthraquinones, and 
naphthoquinones as antimicrobial substances that inhibit the growth of bacteria [11]. Addition 
of teak leaf extracts effectively inhibited S. aureus in the sausages. The 0.5 and 1% concentra-
tions of teak leaf extracts addition on sausage formula in the processing could effectively 
inhibit S. aureus [12]. The method of teak leaf extraction is as follows: The extraction of teak 

Figure 2. Inhibition zone of antimicrobial activities of Roselle flower extract against S. aureus.
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leaf was performed using ethanol extraction. Fresh teak leaf was oven-dried at 60°C for 24 h, 
chopped, and blended. Two hundred milliliters of 96% ethanol was then added into 20 g of 
teak leaf powder (10:1 ratio) and was boiled using waterbath at 70°C for 2 h. The mixture was 
centrifuged at 6000 rpm for 15 min. Ethanol was then removed by air-dry evaporation. The 
inhibition zone of antimicrobial activities was performed using diffusion methods [12]. The 
result of the antibacterial activities of teak leaf extract against S. aureus is shown in Figure 4.

2.2. Bacteriocins as antimicrobials and their application as meat product biopreservatives

Bacteriocins produced by Indonesian lactic acid bacteria Lactobacillus plantarum IIA-1A5 
was purified and characterized. Plantaricin IIA-1A5 has been previously isolated from 
Indonesian lactic acid bacteria of L. plantarum IIA-1A5. This plantaricin has been shown 

Figure 3. Inhibition zone of antimicrobial activities of red dragon fruit extract against S. aureus.

Figure 4. Inhibition zone of antimicrobial activities of teak leaf extract against S. aureus.
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to inhibit the growth of S. aureus [13], making it a promising preservative substance to 
replace the use of chemical preservatives. Plantaricin could be digested by trypsin enzyme. 
It was heat stable at 80°C for 30 min and 121°C at 15 min, also active in a broad pH range 
of 4.0–9.0. Plantaricin IIA-1A5 could inhibit the growth of pathogenic bacteria, such as E. 
coli, Salmonella Typhimurium, Bacillus cereus, and S. aureus. Plantaricin IIA-1A5 showed good 
characteristics as an antimicrobial [14]. Plantaricin IIA-1A5 employs bactericidal activity 
since it disrupts the cell membrane and promotes the release of ions, proteinaceous, and 
genetic materials [13]. The cell wall of Gram positive has a thicker peptidoglycan layer, 
which is dominantly composed of lipoteichoic acid (LTA). The LTA is the target recognition 
of bacteriocin, facilitating the absorption of bacteriocin in the cell wall of Gram-positive 
bacteria [15].

2.2.1. Genes involved in the production of plantaricin

The genes responsible for bacteriocin production in L. plantarum IIA-1A5 are at least orga-
nized in two different operons: plnABCD and plnEFI [13]. The genes have been sequenced. 
PlnB (representative of operon plnABCD) amino acid sequence is derived from translation of 
partial DNA sequences using the software APE plasmid editor (http://biologylabs.utah.edu/
jorgensen/wayned/ape/). Regardless of its open-frame reading, partial sequence of plnB is 
shown in Figure 5.

To identify what kind of protein is encoded by plnB gene, we performed protein BLAST. 
BLAST results showed that the DNA sequence has 100% similarity with the histidine kinase 
genes for plantaricin on L. plantarum (Figure 6). The histidine kinase has been reported as one 
of the genes responsible for bacteriocin production. It is located in the locus responsible for 
plantaricin production in some of the plantarum strain. Histidine kinase is a quorum sensor 
to monitor the cell density of a bacterial population. At a certain concentration threshold, his-
tidine kinase will be activated through a certain mechanism and induced with the production 
of bacteriocin [13].

Sequencing of plnEF gene and translation plnEF gene to amino acid has been conducted. 
PlnEF amino acid sequences were also obtained from the translation of DNA sequences using 
the software ApE plasmid editor (http://biologylabs.utah.edu/jorgensen/wayned/ape/). PlnB 
translation of DNA sequences to amino acid sequences is presented in Figure 7.

Figure 5. Amino acid sequences translation of plnB derived from its DNA sequences. The number on the left and right 
side shows the numbering sequence of the DNA sequence (top row) and amino acids (the second row). Bases in DNA 
are written in capital letters, while the amino acids are written in the format of three letters.

Prevention of Staphylococcus aureus Contamination on Animal Products Using Indonesian Natural Products
http://dx.doi.org/10.5772/66045

173



BLAST results showed that the DNA sequence of plasmid Ape editors has a high homology 
with the pln locus from several strains of plantaricin from L. plantarum. This means plnE 
correct encoding plantaricin [13]. Alignment results either in whole or in part show that the 
homology of plnE is more than 90% with various strains of the plantaricin (Figure 8).

Figure 6. Multiple amino acid sequence alignment PlnB (35555) with homologous proteins. Each homologous proteins 
used in the alignment presented in the access code in the database. The red sequence shows the location of homology 
in the alignment.

Figure 7. PlnE translation of DNA sequences into amino acids. The number on the left and right side shows the 
numbering sequence of the DNA sequence (top row) and amino acids (the second row). Bases in DNA are written in 
capital letters, while the amino acids are written in one letter.
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2.2.2. Application of plantaricin IIA-1A5 as a biopreservative

Plantaricin IIA-1A5 could be used as biopreservatives for raw beef after slaughtering from 
abattoir. The initial contamination of S. aureus on raw beef is 2 log CFU/g. The addition of 
0.2% plantaricin IIA-1A5 by spraying it onto raw beef surface could enhance the safety of 
beef from S. aureus contamination. Population of S. aureus on beef with 0.2% plantaricin is 
lower than maximum standard allowed by Indonesian standard of fresh beef (2 log CFU/g). In 
control (without plantaricin addition), population of S. aureus increased continuously every 
hour (3 log CFU/g). Plantaricin IIA-1A5 is able to extend the shelf life of meat stored at room 
temperature, according to physicochemical and microbiology quality [4].

Another application of plantaricin is as a biopreservative in meat products. S. aureus has been 
observed in meatballs without preservatives after 5 h of storage at room temperature. The 
0.3% plantaricin IIA-1A5 addition displayed inhibition of S. aureus to be as strong as 0.3% 
nitrite. Until 20 h storage at room temperature, meatballs with nitrite or plantaricin IIA-1A5 
were considerably safe to be consumed, which is a proven and promising potential use of 
plantaricin as a nitrite replacer for meatballs preservative [16].

3. Bacteriocin produced by S. aureus

S. aureus produced bacteriocins and bacteriocin-like substances that were correlated with the 
presence of a plasmid usually involved in type B exfoliative toxin production. The bacterioci-
nogenic plasmids carried by the S. aureus strains are identified as plasmids larger than 40 kb 
that code for a high-M bacteriocin and that do not confer immunity [17]. S. aureus was isolated 
from bovine mastitis cases in 56 different Brazilian dairy herds and has been successfully 
investigated to produce antimicrobial substance (AMS). The bacteriocins may possess poten-
tial practical applications since they were able to inhibit important pathogens such as B. cereus 
and L. monocytogenes isolated from nosocomial infections [18] and show a potential applica-
tion in food preservation [19]; meanwhile, the pathogenicity of S. aureus should be discussed 

Figure 8. Multiple sequence alignment of amino acid sequencing of plantaricin EF.
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for safety of bacteriocin. The antimicrobial activity of the bacteriocin produced by S. aureus 
is detected to be resistant to heat treatment at 65°C; however, treatment at 80°C completely 
abolished its antimicrobial properties [19].

Although S. aureus also produced bacteriocin, it could not kill and inhibit the cell itself because 
of immunity system. Bacteriocin-producing bacteria protect themselves from similar bacterio-
cin by immunity proteins. When these proteins are expressed in sensitive cells, they strongly 
protect against externally added similar bacteriocin. The immune system can work synergis-
tically to protect the producing cells from their own bacteriocin [17]. Plasmid carried by the 
S. aureus strains confers immunity identified as small plasmids (8.0–10.4 kb), which code for 
bacteriocins or bacteriocin-like substances with a low M [18].

4. Conclusion

To prevent S. aureus contamination, many antimicrobial substances originated from 
Indonesia and are widely used for food processing and as preservatives. Herbs, plant 
extracts, spices, and indigenous bacteriocin isolated from Indonesian lactic acid bacteria also 
prove to be effective antimicrobial agents for animal products. Many different types of mode 
of action and antimicrobial mechanisms could be synergic as animal product preservatives 
in Indonesia.
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Abstract

Staphylococcus aureus  causes hospital-acquired (HA), community-acquired (CA) and
companion animal and livestock-associated (LA) infections. Molecular epidemiology
studies suggest that although host specificity may be associated with specific genetic
lineages,  recent  human-to-animal  and  animal-to-human  transmissions  related  to
mobile genetic elements have been described. Gene transfers include virulence and
antibiotic resistance genes, thus making it difficult to control multidrug resistance S.
aureus  infections. Bacteriophages (phages) and endolysins, the enzymes responsible
for bacterial lysis by phages, are alternatives to the use of antibiotics for the control of
S. aureus infections. In this work, we review current advances in the development of
phage therapy and the study and design of recombinant endolysins to treat S. aureus
infections.  Preliminary  results  of  bacteriophage  isolation  based  on  molecular
epidemiology knowledge show that bacteriophages are specific of genetic lineages and
that this strategy may be used as an approach to isolate and evaluate new bacterio-
phages for therapy.

Keywords: bacteriophage therapy, endolysins, enzybiotics, antibiotic resistance, mo-
lecular epidemiology
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1. Introduction

1.1. Staphylococcus aureus as a zoonotic pathogen

Besides  infecting  human  hosts  in  hospital-acquired  (HA),  in  community-acquired  (CA)
infections as an opportunistic pathogen and in food poisoning by enterotoxic strains, S. aureus
has also been isolated from animal hosts, both in livestock-associated (LA) and in companion
animals’ infections. Due to the raise of methicillin-resistant S. aureus (MRSA) strains, this feature
was included as a phenotypic marker to identify S. aureus, and now they are described as MRSA
or methicillin-sensitive S. aureus (MSSA). Molecular epidemiology approaches helped to the

Genetic line‐

age

Original descri‐

bed host

Further reports Other features

ST1 Human Cow, horse, chicken,

piga

–

CC5 Human Chicken, turkey, dogb,c ST5. Major HA clone; dog isolates in Japan and Spain

ST8 Human Horse, cow, fishd USA300. Major CA clone; fish isolates in Japan

ST9 Pig Chicken –

ST22 Human Cat, doge,c EMRSA-15 global CA epidemic clone

CC97 Cow Human, pigf,g Loss and acquisition of virulence gene and pathogenicity is-

lands lead to change in host specificity; recent transmission be-

tween cattle and pigs in Slovenia and Italy

ST121 Human Rabbit –

CC126 Cow – –

CC130 Cow Sheep, deerh In semiextensive red deer farm in Spain

CC133 Sheep Goat, cow, catb, dogc Cat isolates from Japan; dog isolates from Spain

ST239 Human Cow HA clone in Europe; isolates from bovine milk in Turkeyi

CC705 Cow – –

CC385 Chicken Wild birds –

ST398 Pig Human, cow, chicken,

horse, dogc

Acquisition of genetic elements to evade immune response in

new hosts. mecALGA251 (mecC); Spanish kennel dogs isolates

ST425 Cow – –

ST1464 Sheep – –

Modified from Refs. [5, 59, 60]; a[61]; b[62]; c[63]; d[64]; eST deduced from homology between pet and human strains by
PFGE and by spa-typing [65]; f[7]; g[8]; h[66]; i[67].

Table 1. Animal-associated genetic lineages of S. aureus.
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understanding of the genetic structure of the S. aureus genetic population dynamics and hence
in making predictions on transmissions between humans and animals. Multilocus sequence
typing (MLST) is one of those molecular approaches. MLST analyzes the allelic combination of
seven-to-nine (in S. aureus and other bacterial species) housekeeping genes that are randomly
distributed along the genome. Mutations in S. aureus genes (arcC, aroE, glpF, gmk, pta, tpi and
yqiL) are registered in an open public database (http://saureus.mlst.net) hosted at the Imperial
College of London and supported by the Wellcome Trust Foundation. Each allele for each gene
is designated with a specific number, so the allelic profile of a strain is designated by the numbers
of alleles designated for each gene in the order described previously. Each allelic profile is
designated with a sequence type (ST) number. STs sharing six or less alleles are grouped in clonal
complexes (CC) in which the STs with the highest frequencies and number of shared alleles are
designated as founder or subfounder clones, giving the name to the CC or related subgroups
[1, 2]. Genetic lineages represented by a particular ST or CC are associated with specific hosts
and geographical distributions. Some of them were originally described as specific for human
or animal hosts and further reports associated them with animal or human transmissions,
respectively, thus suggesting the zoonotic potential of S. aureus lineages. Table 1 shows the major
genetic lineages of S. aureus associated with animal hosts.

It is important to establish that the original description of a genetic lineage associated with a
particular host followed by posterior reports of association with other hosts may not represent
the evolutionary story of that lineage; it may only represent the original interest for the host
due to the anthropocentric reasons or by the importance of the animal host as a food source
or its contact with the human owner.

ST398 is one of the most reviewed cases of a clone showing animal-to-human transmission.
Due to the whole-genome sequencing of strains from human endocarditis and bovine mastitis,
differences in genomic content suggested that ST398 may be originated in humans. By loss,
acquisition and reacquisition of pathogenicity islands or a staphylococcal chromosomal
cassette related to methicillin resistance (SCCmec), and particular virulence genes like those
encoding Panton-Valentine leukocidin (PVL) or the tetracycline resistance gene tetR, ST398
susceptible to methicillin was originally transmitted from humans to animals and then back
to humans as a methicillin-resistant strain [3, 4]. Similar events may occur for bovine-specific
clones from CC97. Staphylococcal protein A (spa) and clumping factor A (clfA), which are
important in human pathogenesis, appear as nonfunctional mutants in bovine isolates,
suggesting that they are not important for bovine colonization. Alleles of von Willebrand factor
are specific for each host, and pathogenicity islands seem also specific for each host [5,6].

Reports of interspecies transmission of S. aureus infections are becoming more frequent. In a
study of CA-MRSA distribution in Slovenia, ST398, an originally pig-associated genotype, was
found in 9.9% of the cases [7]. CC97 was first described as associated with bovine mastitis cases
and now has also been found in humans and pigs. Of particular interest is the case of a
multidrug-resistant LA-MRSA genotype from Italy that has been transmitted to pigs as MSSA
and spilled back after methicillin resistance acquisition [8]. Ovine-associated S. aureus isolates
are represented by CC133. In a global survey in Western Europe and Mediterranean countries,
CC700 and CC522 were also ovine-associated. This distribution differs from North and South
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America and Australia, where CC133 is the major ovine clone. Isolates from CC97 (bovine-
associated), CC5, CC8 and CC30 (human-associated) were also found in this report, indicating
high interspecific transmission of these genotypes [9]. Among zoological park animals in
Greece, human-associated lineages ST80, ST8 and ST15, some of them with human pulsotype
by PFGE analysis, suggest human-to-animal transmission [10]. ST80 and ST15 genetic lineages
were also found in companion animals with close human contact in a veterinary teaching
hospital in Greece. Panton-Valentine leukocidin (PVL), a necrotic toxin involved in skin
infection, was found in 68.2% of MSSA isolates and in 50% of MRSA isolates, reinforcing the
probable human origin of those strains. Also ST398 MRSA isolates were found that belong to
the human cluster [11]. S. aureus has also been associated with wildlife animals. Studies in
Spain demonstrate the presence of ST398 (pig- and human-associated) and ST1 (human-
associated) MRSA isolates harboring the novel mecC methicillin resistance gene (see below) in
either red deer, Iberian ibex, wild boar or Eurasian griffon vulture, suggesting a probable
human origin of these isolates [12–14]. All of these examples represent the high transmission
capability of apparently species-specific S. aureus genetic lineages and urge to the implemen-
tation of both molecular epidemiology surveillance and novel infection controls.

Antibiotic resistance is also a major problem of S. aureus infections. There is a constant
interchange of mobile genetic elements modifying the virulence arsenal of S. aureus genetic
lineages. This suggests that genetic background may be considered for the design of modern
strategies to control S. aureus infections.

After the discovery of penicillin by Alexander Fleming in 1928 and its application to treat S.
aureus infections in 1940, the first penicillin-resistant S. aureus strains were reported by 1945.
Later in 1959, methicillin appears as an alternative to the use of penicillin. By 1961, the first
methicillin-resistant S. aureus (MRSA) strains were reported. A similar story occurred for
vancomycin-resistant (VRSA) and vancomycin-intermediate (VISA) S. aureus. Methicillin
resistance is encoded by a staphylococcal chromosome cassette named SCCmec containing the
mecA or mecC (mecALGA251) genes conferring resistance in humans and animals, for which at
least 11 variants have been described. Apparently, these cassettes originated from a macro-
coccal mecB gene, which originated mecA (SCCmec and chromosomal forms) and mecC in
staphylococci [15]. mecC has been almost exclusively associated with SCCmec type XI and
located in animal strains from different STs and CCs [16], suggesting an intense intergeneric
mobilization of SCCmec cassettes. VRSA strains seem not to be a major problem since only a
dozen of clinical strains has been reported in the last decade. Vancomycin resistance is
mediated by a complex of four genes (vanA, vanH, vanX, vanY) carried in a transposon. These
modify a D-alanyl residue to D-lactate rendering the peptidoglycan structure resistant to
vancomycin binding. vanA plasmids have also been reported, one of them being efficiently
transmissible. This may predict that in the future, VRSA will also become a public health
problem. Spontaneous mutants giving raise to VISA clones within vancomycin-susceptible S.
aureus (VSSA) populations are known as heterogeneous-VISA (hVISA). hVISA/VISA is
difficult to detect because on a first screening isolates behave as VSSA. Under the presence of
vancomycin, VISA individuals are selected, and on a second screening, they behave as VISA.
hVISA/VISA phenotypes have been associated with mutations in around 20 different genes
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that divert metabolism to peptidoglycan synthesis. Peptidoglycan then entraps vancomycin.
hVISA/VISA reports are becoming more frequent in the literature, and it is to date considered
of more relevance than VRSA. Staphylococci also present multidrug resistance genes such as
erm (conferring resistance to macrolides, lincosamides and streptogramin B—MLSB-) and vga
(conferring resistance to lincosamides, pleuromutilins and streptogramin A) genes. Some of
these genes are located in plasmids or transposons that are highly mobile genetic elements [16].
All of these evidences suggest that antibiotic resistance is becoming a major public health
problem for the control of S. aureus infections, so alternative biotechnological approaches
different from classical antibiotic treatments must be used in the future to control S. aureus
infections. Bacteriophage therapy is one of those approaches.

1.2. Bacteriophages

Bacteriophages are viruses that infect only bacteria. They coevolve with their hosts optimizing
its spread and release mechanisms from the bacterial cell to the environment and cause (in the
case of lytic bacteriophages) lysis of the bacteria. They are also a major driving force in S. aureus
evolution as a pathogen since many virulence genes are mobilized between different strains
by means of transduction [17]. Bacteriophages are the most abundant biological entities of
nature, although they are present in all environments, it is in aquatic systems where they are
in greater proportion [18, 19]. Early indications of the presence of viral particles were reported
in 1896 when bacteriologist Ernest Hanking observed that from the waters of the river Jumma
in India, they identify a “substance” with antimicrobial activity against Vibrio cholerae and this
substance was also heat labile and capable of passing through the filters of porcelain used at
that time [20]. Two years later in 1898 Gamaleya observed a similar phenomenon in Bacillus
subtilis. In 1915 and 1917, Twort and D’Herelle, respectively, discovered the viral particles
called bacteriophages [21]. Frederick Twort in 1915 reported antimicrobial activity against
Staphylococcus aureus suggesting that it could be viral particles among other possibilities. As
of D’Herelle, he coined the term bacteriophage in 1917; this discovery was due to their previous
studies to develop a vaccine against dysentery where he observed lytic plaques later named
as bacteriophages [22]. In 1923, the National Institute of Bacteriophages in Tbilisi Georgia was
established. Since then, the search for lytic bacteriophages for the biological control of
infectious diseases has been in the scene.

1.3. Generalities

Bacterial viruses (bacteriophages or phages) possess genetic material in the form of DNA or
RNA; morphologically, they consist of a head and a tail both constituted of protein. The head
is the core package of nucleic acid surrounded by a protein shell or capsid also called lipo-
protein. The tail varies on complexity from one bacteriophage type to another [23]. According
to their lytic activity, they can be divided into two groups: lytic and lysogenic bacteriophages.
When bacteriophages infect their host, they reproduce and the process ends with lysis of the
bacteria and release of viral progeny. This is known as the lytic cycle. When the bacteriophages
are able to integrate its genetic material into the bacterial genome and thus reproduce for
several generations together with their host’s genome, they are called temperate phages and
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they reproduce by a lysogenic cycle [24]. Bacteriophages which possess double-strand DNA
express highly specific enzymes called viral-associated peptidoglycan hydrolyses (VAPGH)
that bind to the bacterial cell surface and cause disruption of the cell wall to inject their DNA
into the host cell [25]. The filamentous phage releases their viral progeny without causing the
death of the bacteria [18], while nonfilamentous phages cause bacterial lysis by synthesizing
endolysins (enzymes encoded by double-strand DNA phages) that hydrolyze peptidoglycan
as part of an holin-endolysin system. The endolysins and holins are synthesized at late stages
of phage infection. Endolysins accumulate in the cytoplasm until viral particles are assembled
and holins form pores in the membrane allowing cytoplasmic translocation of endolysins
through the membrane for peptidoglycan degradation [26]. Furthermore, single-stranded
DNA or RNA bacteriophages synthesize “lysines” which interfere or inhibit the synthesis of
the bacterial peptidoglycan [27]. The VAPGHs and endolysins are able to degrade the pepti-
doglycan when applied externally, which is why these enzymes represent an alternative to be
used as enzybiotics in Gram-positive bacteria [28]. Bacteriophages and their endolysins are
highly specific, infecting or hydrolyzing only a single species of bacteria attaching to specific
receptors on the surface of host cell. The specificity of interaction between phage attachment
structures and host cell surface receptors determinates host range. [29].

2. Bacteriophage reproduction

2.1. Lytic cycle

Phages replicate inside bacterial host and the process finalizes with lysis of the host and
spreading of phage progeny. Phage replication includes the following steps [30]:

1. Adsorption. Phage attachment to a specific host cell in a process involving interaction
with receptors on the surface of a susceptible host cell and an infecting virus. There are
two major types of receptors: components of a bacterial cell like lipopolysaccharide,
peptidoglycan, outer membrane proteins and teichoic acids, and fimbriae-type receptors
like pilli or flagella.

2. Nucleic acid injection. Through the tail, phage injects its genetic material into the cell
after peptidoglycan degradation behind pore formation (by VAPGH). The phage coat
protein that includes capping head and tail structure remains attached to the bacterial
surface.

3. Replication. After injection of its nucleic acid, phage expresses early genes that redirect
host synthesis machinery to the reproduction of viral nucleic acid and proteins.

4. Assembly and packing phage particles. Once the viral components are synthesized, the
genetic material is encapsulated in its protein coat, and complete virus particles are
formed.

5. Phage progeny release. Phage late proteins like holins and endolysins or murein synthesis
inhibitors are produced, and they are responsible for the lysis of the host cell and the
release of viral particles to the environment.
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2.2. Lysogenic cycle

The lysogenic cycle comprises the same steps as lytic cycle, but after penetration of the genetic
material, the phage nucleic acid is inserted into the chromosome of the bacteria and is
replicated as a segment of the own bacterial genome for one or more generations without
metabolic consequences for the bacterium. After this cycle, the genetic material of the phage
can be excised from the bacterial chromosome and enter into a lytic cycle; usually, this occurs
under physiological stress or damage of the genetic material.

3. Endolysins

The term endolysin was coined until 1958 to refer to the phage component responsible for the
bacterial lysis. Lytic phages present a genetic cassette encoding a holin-endolysin system. At
the end of the reproductive cycle, once mature viral particles have been assembled, holins are
synthesized in critical concentrations and inserted into the cell membrane, creating pores for
the translocation of endolysins, previously accumulated in the cytoplasm, to reach the
peptidoglycan structure [19]. Endolysins are classified according to its enzymatic activity
(Figure 1) in: (1) N-acetylmuramoyl-alanine amidases, which hydrolyze the amide bond

Figure 1. Enzymatic activities of endolysins. (A) N-acetyl-muramidase catalyzes the hydrolysis of N-acetylmuramoil-
β-1,4-N-acetylglucosamine. (B) N-acetylglucosaminidase catalyzes the hydrolysis of N-acetylglucosaminil-β-1,4-N-ace-
tylmuramine. (C) Endopeptidase hydrolyzes peptidic bonds on amino acids chains linked to the glycan moiety or in
the pentapeptidic bridge. (D) N-acetylmuramoyl-L-alaninamidase hydrolyzes the amide bond that connects the glycan
with the amino acids. (E) Transglycosylases attach the glycosidic β-1,4 bonds resulting in the formation of a 1,6 anhy-
drous ring in N-acetylmuramic acid (modified from Barrera-Rivas et al. [19]).
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between the N-acetyl-muramic in the glycan chain and the L-alanil residues; (2) endo-β-N-
acetylglucosaminidases, which hydrolyzes the N-acetylglucosamine β-1,4-N-acetylmuramine
acid linkage; (3) N-acetyl-muramidases, which catalyze the hydrolysis of N-acetylmuramoil-
β-1,4-N-acetilglucosamine bond; (4) transglycosylases, which disrupt β-1-4 glycosidic bonds
by forming a 1–6 anhydride ring in the N-acetylmuramic residue; (5) endopeptidases, which
may hydrolyze both the tetrapeptide linked to the glycosil moieties and the pentapeptide
entrecrossing bridge [31, 32].

Endolysins encoded by double-stranded DNA bacteriophages have a molecular weight be-
tween 25 and 40 kDa [33]. Most of endolysins are composed of at least two functional do-
mains: one containing the catalytic activity located generally in the N-terminal domain
and one responsible for the recognition of a specific substrate associated with the C-termi-
nal domain. In some cases, more than one catalytic domain or more than one recognition
domain are present [19]. The recognition domain usually joins to specific molecules in the
bacterial cell envelopes such as monosaccharides, coline or teichoic acids [34]. Endolysin
activity is usually species specific, although there have been reports of endolysins with a
wider substrate range. Besides, the cell wall recognition domain is not always essential for
endolysin activity. The endolysin got a wider substrate range, but it conserved certain spe-
cificity, since it was no active against all bacteria. Studies of crystallography and mutation
analysis with endolysin PlyL against Bacillus anthracis led to propose that the C-terminal
domain of this endolysins inhibits the activity of the catalytic domain by particular inter-
molecular interactions. This inhibition is released when the C-terminal domain binds to its
particular ligands in the target cell wall, thus acting as a regulatory domain [35]. Most of
the reported endolysins from phages against S. aureus have two catalytic domains and a
cell wall recognition domain being LysK one of the must studied endolysin models. LysK
has a cysteine/histidine-dependent aminohydrolase/peptidase (CHAP) catalytic domain
that hydrolyzes the peptidic bond between the D-alanine of the oligopeptide chain attach-
ed to the sugar backbone and the first glycine of the pentaglycine bridge that is typical of
S. aureus peptidoglycan and confers resistance to lysozyme. CHAP presents the higher ac-
tivity of both hydrolytic domains. LysK also has an N-acetylmuramoyl L-alanine amidase
or amidase-2 (Ami-2) catalytic domain which catalyzes the hydrolysis of the N-glycosidic
bond between the N-acetylmuramic residue and the L-alanine of the oligopeptide attached
to the sugar backbone. A third domain called SH3b is responsible for the specific recogni-
tion of cell wall components, strain specificity and modulator of hydrolytic activities [36,
37]. Endolysin 2638A has similar triple domain structures: an amino-terminal domain with
endopeptidase activity, a central Ami-2 domain (with the highest activity in this phage)
and a SH3b cell wall recognition domain [38]. Modular structure of S. aureus endolysins
has allowed the construction of chimeric endolysins by the combination of catalytic and/or
recognition domains. An example is the endolysin Ply187AN-KSH3b, which is a transla-
tional fusion of the CHAP domain of phage Ply187 and the cell wall recognition domain
SH3b from LysK endolysin. This endolysin was effective in a mouse model of endophthal-
mitis that also decreased inflammatory response and protected the retina from tisular
damage [39].
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4. Evolution of phage therapy

Since the discovery of bacteriophages, it raised the idea of using them for treatment of bacterial
infections. D’Herelle began testing the therapeutic effects of phages, using animal models such
as chickens and cows first, which provided successful results. Subsequently, there was carried
out human testing and the development of phage therapies became more extensive. In 1923,
the development of phage-based therapy strengthened with the foundation of the Eliava
Institute in Tbilisi, Georgia, in the former USSR. In 1940, they began to commercialize phage
in the United States. During World War II, phage cocktails were used to treat diseases such as
dysentery and gangrene in the soldiers of the former Soviet Union. Their application was
topical, oral and intravenous, although the latter favors the immune response of the individual
treated due to the protein content of the virus, resulting in the elimination of the phage from
the body [40–42]. Until a few years ago, therapies were based solely on the administration of
the complete bacteriophage, but it was until 2000 that the studies for the identification and
purification of lytic enzymes to treat infections caused by bacteria begun. In addition to using
bacteriophages and their enzymes as enzybiotics (enzymatic activities with antibiotic effect)
in the treatment of infections in humans, animals and agriculture, they are also used in the
food industry as preservatives and disinfectants [19]. After the discovery of penicillin, the
development and commercialization of antibiotics in the 1940s and 1950s soon occupied the
global antibacterial market. The lack of knowledge of the biology of phages, the lack of studies
of epidemiology of diseases and also a lack of control during the preparation of therapeutic

Bacteriophages Antibiotics

Advantages

• More abundant entities in nature

• They are natural enemies of bacteria

• Ecologically friendly

• Don’t affect normal microbiota

• Bacteria don’t develop resistance

• Doses are easy to determine

• Broad spectrum of action for the treatment of several

infections; immediately used without identifying the specific

strain causing the infection.

Disadvantages

• Just a small number of phages are effective as

therapeutic agents

• It is necessary to identify the specific strain causing

the infection to use the specific and active phage

• Production of synthetic or semisynthetic antibiotics can

contaminate environment

• Destroy all bacteria cells including normal

microbiota

• Bacteria develop resistance

Table 2. Advantages of bacteriophages over antibiotics.
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stocks led to a temporary delay in the research and development of phage therapy. In early
studies of phage preparations, successful results showed high antimicrobial activity in in vitro
and in vivo assays; however, in subsequent trials, some phages had little or no ability to destroy
bacteria or became lysogenic [43].

Because of the concern in the treatment of diseases caused by pathogens with multiple
resistance to antibiotics, it has revived the interest in the development and use of the bacter-
iophage therapy and their enzymes to treat diseases in animals and humans. Phage therapy
has been used in plants, animals and humans with varying degrees of effectiveness; in addition,
bacteriophages have some potential advantages over antibiotics but also have some disad-
vantages [44] (Table 2). The specificity of phage-host interaction permits the use of some
phages in therapy because they do not have influence on normal microbiota in humans,
animals, plants, food or inert surfaces. On the contrary, the use of broad spectrum antimicro-
bials has an effect on the eradication of a wide range of infecting pathogens but also kills
bacteria from the natural microbiota thus causing a disequilibrium in the host normal micro-
biota and promotes secondary bacterial or fungi infections or even physiological or endocri-
nological disorders.

5. Bacteriophages and its interaction with animals

There is a high diversity of phages in microbial communities living in symbiosis with animals,
for example, in the pig digestive tract and in the cow rumen [45, 46]. In the animals gut
microbiota, there is a complex ecosystem with approximately 500 species of microorganisms,
which are interacting with mutual benefits [47]. When the abundance of one of those bacteria
changes and alters the dynamic equilibrium, it results in some disorders or disease in the host.
Phages play an important ecological role for the health regulating the relative amount of the
different bacterial strains in microbiota. On the other hand, the presence of phages in animals
could present some disadvantages for health. When phages insert into the bacterial genome
genes that encode toxins like Panton-Valentine, Shiga and diphtheria toxins [48, 49] or some
other virulence factors, further excision may be aberrant, leading the phage genome to carry
those virulence genes by transduction. These aberrant phages may insert in new hosts and
transfer virulence properties. In fact, some genetic elements related to virulence may be
originated from aberrant prophages. Also, prophages confer its host resistance to the infection
of other phages. In addition, phages can also impact in host immune response through
modifications in bacteria’s antigenicity. Density of host bacteria determines the ability of
phages to infect and reproduce because phages encounter their host through random collision.
There are four models in the literature explaining the behavior of phages and bacteria in the
regulation of animal microbiota. (A) “kill the winner”: phages are more abundant than
bacteria but don’t infect them because of the lower abundance of its host, when some strains
overgrow, phages can depredate and kill them by lysis, and system comes back to an initial
healthy equilibrium. (B) “kill the relative”: some phages are reproduced from lysogenic strains
so they don’t need to be abundant; strains with prophages produce phages that kill their
genetically related strains which aren’t resistant to the phage. The result is an advantage in the
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abundance of lysogenic population in comparison with non-lysogenic strains. (C) “community
shuffling”: temperate phages act negatively on their host, temperate phages kill their host
under some stress situation and this don’t occur with non-lysogenic strains. Positive feedback
could take place if massive lysis causes host reactions like inflammation on another immune
response. This causes an imbalance in the microbiota and in some cases disorders or diseases
related to the change in populations. (D) “invade the relative”: prophage propagates itself by
infecting new hosts without lysing them, but establishing lysogeny [47]. Other contribution of
phages to bacteria strains in animal microbiota is when phages function as vectors of virulence,
for example, changing the expression of antigens in outer membrane like O-antigens [50],
giving to bacteria genetic adaptation; it results in new and more virulent strains for the animal
host.

6. Phage therapy in animal infections caused by S. aureus

The use of bacteriophages or bacteriophage cocktails and the use of endolysins represent a
potential alternative for the treatment of infections caused by S. aureus. Although several
diseases caused by S. aureus in animals have been described in a previous section, most of the
research in phage therapy has been done for bovine mastitis, so it will be the central point of
this section.

7. Mastitis and S. aureus

Mastitis is characterized by the inflammation of the mammary gland in one or more quarters
of the udder accompanied of leukocyte production, mainly monocytes and blood serum
proteins such as cytokines, chemokines and interleukins [51]. It is caused mostly by contagious
pathogens such as S. aureus and Streptococcus spp. and environmental pathogens such as E.
coli. Also, in less proportion, mastitis can be caused by or promoted by injury, allergies and
neoplasias [52]. Mastitis causes large economic losses in the milk and dairy products industry
for about 2 billion of dollars each year in the USA [53]. Among the pathogens causing mastitis,
Staphylococcus aureus is considered a causal agent of great concern because of the low cure rate
of S. aureus infections by antibiotic treatment and its ability to persist in a herd in the form of
undetected subclinical infections [54]. Vaccines for the treatment of mastitis have limited
efficacy. Cure rates for antibiotic treatment are often lower than 15%. This is caused by the poor
penetration of the gland by antibiotics allowing S. aureus to survive inside the epithelial or
phagocytic cells. Antibiotic resistance in S. aureus is also a growing concern, with overall rates
of antimicrobial resistance in bovine S. aureus isolates varying widely by region [55]. The
continued emergence of MRSA strains in humans and animals points to the need to develop
new antimicrobial agents or therapies treatment for this pathogen. The treatment of bacterial
infections with bacteriophages and their derivatives is such an option. Table 3 describes those
approaches.
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Experiment Observations/treatment  

Reference

Bacteriophages

Use of phage K to treat cow with

subclinical mastitis. Twenty-four

lactating Holstein cows with pre-

existing subclinical S. aureus

mastitis were treated. Prior to

experimentation with dairy cows,

the phage preparations were

screened in mice to determine

acute toxic effects

Treatment consisted of 10 ml intramammary infusions of

1.25 × 1011 PFU of phage K and infusions with saline for control,

administered once per day for 5 days. The cure rate was established

by the assessment of four serial samples collected following treatment

The cure rate was 3 of 18 quarters (16.7%) in the phage-treated group,

whereas none of the 20 saline-treated quarters were cured which were

already infected with S. aureus. Phage-infused healthy quarters

continued to shed viable bacteriophage into the milk for up to 36 h

postinfusion

 [54]

Study of bacteriophage

(MSa) active against Staphylococcus

aureus, including methicillin-

resistant staphylococcal strains

A lethal dose of S. aureus A170 was given to mice; phage MSa rescued

97% of mice and completely eradicated bacteria in vivo within 4 days

of phage treatment; when applied to nonlethal (5 × 106 CFU/mouse)

10-day infection, the phage also fully cleared the bacteria

The phage MSa, delivered inside macrophages by S. aureus, kills the

intracellular staphylococci in vivo and in vitro

Phage MSa was well tolerated by the animals, it drastically reduced

inflammation, and it did not stimulate the production of neutralizing

antibodies

 [68]

Isolation of a novel virulent

bacteriophage (MSA6) from a cow

with mastitis

Isolated phage was capable of infecting a wide spectrum of

staphylococcal strains of both human and bovine origin

 [69]

Isolation of bacteriophages

virulent against Staphylococcus

aureus associated with goat

mastitis. Bacteriophages were

isolated from soil

and fecal samples

Three of the bacteriophage isolates, phage/CIRG/1, phage/CIRG/4 and

phage/CIRG/5, exhibited lytic activity against over 80% of the

staphylococcal isolates. All isolates were stable up to 3 months at

37°C, and for 16 months at 4°C but the stability of their respective

endolysins only lasted for 12–23 days at 37°C and 6 months at 4°C.

Lytic activity was determined in vitro

 [70]

Isolation of a phage that infects S.

aureus from bovine mastitis. SA

phage was isolated from sewage

water

Authors analyzed in vitro the sensibility to phage infection of five S.

aureus strains with drug resistance. Phages were stable at wide

temperature and pH ranges

SA phage efficiently reduced bacterial growth in the bacterial

reduction assay

 [71]

Endolysins

Fusion of endopeptidase domain

from streptococcal endolysin SA2

with either lysostaphin or LysK

endolysin and the recognition

domain of endolysin LysK

In a mouse model of mastitis, chimeric SA2-E-Lyso-SH3B and SA2-E-

LysK-SH3B reduce S. aureus CFUs by 1–3 log units in cow milk and by

0.63–0.8 log units in mammary glands. Synergism with lysostaphin

reduced CFUs by 3.36 log units

 [72]
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Experiment Observations/treatment  

Reference

Engineering triple-acting

staphylolytic peptidoglycan

hydrolases. Both

amidohydrolase/peptidase and

amidase domains from LysK

bacteriophage fused with the N-

terminal domain of lysostaphin

Modification of the triple-acting lytic construct with a protein

transduction domain significantly enhanced both biofilm eradication

and the ability to kill intracellular S. aureus as demonstrated in

cultured mammary epithelial cells and in a mouse model of

staphylococcal mastitis shows that bacterial cell wall degrading

antimicrobial enzymes can be engineered to enhance their value as

potent therapeutics

 [73]

Endolysin gene from novel

bacteriophage IME-SA1 expressed

in pET-32a fused with Trx-SA1

Each udder quarter suffering from mild clinical mastitis received the

experimental treatment of intramammary infusion of 20 mg of

recombinant endolysin once per day. Milk samples were taken on

days 1, 2 and 3 from each infected udder quarter before treatment for

SCC determination and microbiological analysis. Preliminary results

of therapeutic trials in cow udders showed that Trx-SA1 could

effectively control mild clinical mastitis caused by S. aureus

 [74]

Table 3. Bacteriophages and endolysins therapy for treatment of S. aureus mastitis.

8. Animal models for treatment of other S. aureus infections

Animal models have been widely used to evaluate the performance of phage therapy in the
treatment of a variety of infections caused by S. aureus, usually nosocomial infections in
humans. Table 4 presents the use of phages and/or their endolysins in infections by S. aureus
in animal models.

Experiment Observations/treatment Reference

Bacteriophages

Isolation of ϕMR11 phage,

tested against S. aureus in mice

causing bacteremia

Intraperitoneal administration of purified ϕMR11 can protect mice with

bacteremia caused by methicillin-resistant S. aureus. Use of ϕMR11 did not

cause any adverse effects

[75]

Isolation of Stau2 phage from

hospital effluents. Tested in

mice infected with S. aureus S23

S. aureus inoculated in an injection with 0.5 ml in intraperitoneal cavities of

the mice. Protection by Stau2 from a lethal bacterial infection occurred in a

dose-dependent manner. Immediate phage administration provided better

protection than delayed administration. The surviving mice remained

healthy during the 14-day observation period. Injection with a large amount

of phage (7.5 × 1010 PFU) or SM buffer alone did not affect their physical

condition during the same period. Injection with a mechanical bacterial

lysate of strain S23 did not protect the mice from a lethal infection,

[76]
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Experiment Observations/treatment Reference

suggesting that bacterial components, such as bacteriocins, were not

involved in protection

S13 phage against lung-derived

lethal septicemia by S. aureus

strain SA27 in a mouse model.

Intranasal application of S. aureus strain SA27 induced 93% lethality in 3

days. S13 phage was done administered 6 h postinfection with 0.2 ml of

solution of 15 × 1010 PFU/ml. The survival rates of phage administered and

control groups were 67% and 10% on day 5, respectively.

The administration of phage S13 reduced the S. aureus cell densities with

significant phage replication in different tissues and it rescued the infected

mice

[77]

Endolysins

Endolysin LysGH15 derived

from staphylococcal phage

GH15 was used against MRSA

in vivo using mice and in vitro

Mice were infected with 2× of the minimum lethal dose of MRSA. The

bacterial growth in spleens was determined 1–24 h after the lethal infection.

Although the number of bacteria in spleens decreased slightly 6–12 h after

infection, it increased until death. In contrast, the number of MRSA cells in

spleens declined by 2 log units at 5 h after LysGH15 treatment (50 μg/

mouse) in the lethal MRSA-infected mice and continue decreasing to reach

an undetectable level. Also, LysGH15 treatment could modulate

inflammation reducing the levels of IL-6, IL-4 and IFN-γ mRNA in spleens

[78]

PlySs2 bacteriophage lysine

derived from Streptococcus suis

was used to treat MRSA which

cause bacteremia in mice

Mice were infected i.p. with MRSA (MW2). PlySs2 protected mice and result

in 89% survival in a bacteremia model, while in the control group without

treatment with PlySs2 only 6% of mice survived

[79]

Nine endolysins within an

homology group sharing SH3b

domain but diverse classes of

peptidoglycan hydrolyses

(PGHs) from S. aureus were

tested to determinate their

antimicrobial activity

Proteins were expressed, purified and tested for staphylococcal activity in

vitro. Cut sites from endolysins were determined. PGHs show different

degrees of activity in vitro. Some PGHs can eliminate biofilms. Six of the

nine PGHs protected from death at 100% of infected mice with MRSA

[80]

Table 4. Use of phages and endolysins against S. aureus infections using animals models.

9. A functional molecular epidemiology approach to isolate bacteriophages
against specific genetic lineages of S. aureus

As stated previously, particular genetic lineages are related to host specificity and pathogenic
strategies of S. aureus. In a previous work, we isolated and typed S. aureus isolates from bovine
mastitis in backyard farms in México. Most of these isolates were related to CC5 subgroups
ST97 and ST126 and present diverse spa-types [56,57]. An isolate of ST8 (CA, human-associ-
ated) genetic background was also found. Several isolates from different STs were selected
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according to their spa-type or their antimicrobial resistance profile. Table 5 shows examples of
phages isolated using the selected molecular-typed S. aureus strains. All of the strains used for
isolation belong to CC5 subgroup 97, but differed in their spa-type and their resistance profile,
or belong to the ST8. Twenty-eight bacteriophages were isolated from 10 different S. aureus
genetic lineages. Host ranges of isolated phages included strains from the same genetic lineage
(CC5 subgroup 97). NST-1 corresponds to a new ST that is a single locus variant of ST126. None
of these bacteriophages were active against the isolate with ST8 genotype. Restriction fragment
length polymorphism with XbaI enzyme revealed only four different phage genotypes (data
not shown). Phages MICHSAF5 and MICHSAF9 were clustered in the same RFLP group,
whereas MICHSAF1 and MICHSAF15 were from different groups.

Phage Strain for

isolation

Genotype (ST and spa‐type) and

antibiotic resistance

Susceptible STs Susceptible CCs

MICHSAF1 MRI-166 ST352/t267/GM 97, 352 5 subgroup ST97

MICHSAF5 MRI-150 ST97/t4570/NB, GM, FOX 126, NST-1, 97, 3525 subgroups ST97 and ST126

MICHSAF9 MRI-150 ST97/t4570/NB, GM, FOX 126,NST-1, 97, 352 5 subgroups ST97 and ST126

MICHSAF15MRI-151 ND/ND/NB, GM, FOX, C, CC, L, E, LZD 97, 352 5 subgroup ST97

NB, novobiocin; GM, gentamicin; FOX, cefoxitin; C, chloramphenicol; CC, clindamycin; L, lincomycin; E,
erythromycin; LZD, linezolid; ND, not determined.

Table 5. Preliminary analysis of phage isolation using a molecular typing background.

It is interesting to note that phages MICHSAF5 and MICHSAF9 were isolated using the same
strain as host, and both presented the same host range and RLFP pattern. Phages MICHSAF1
and MICHSAF15 were associated with strains with different STs and resistance patterns, and
the genotypes of the susceptible S. aureus strains were similar. All strains used for the isolation
of bacteriophages and the susceptible strains belonged to CC5 subgroups ST97 and ST126.
These results suggest that genetic background of the strain used for isolation of the bacterio-
phage will determine the host range of the bacteriophage.

10. Conclusions

Bacteriophages and their endolysins in its natural or recombinant forms have proven to
function in animals and animal models to control diverse forms of S. aureus infections. More
structure-function studies of endolysins will contribute to design recombinant enzybiotics for
the control of S. aureus infections. Functional molecular epidemiology is the applied use of the
knowledge generated by molecular epidemiology to establish strategies for the control of
infectious diseases [58] such as bacteriophage therapy. Bacteriophage selection using finely
typed strains will help to properly select phages for therapy and to analyze the host range of
the isolated bacteriophages. The strains typed by molecular approaches may also be useful to
test ranges of activity of phage-derived endolysins. These, along with genetic engineering for
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the study and expression of endolysins, will help to design better biotechnological approaches
for the control of infectious diseases.
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Abstract

Bacteria of the genus Staphylococcus are important human and veterinary pathogens. 
A crucial characteristic for this group of bacteria is that they can easily acquire mecha-
nisms of antibiotic resistance for a plethora of antibiotics currently in use for human 
and animal therapies. Therefore, there is a great need to find novel, non-antibiotic che-
motherapeutics with marked antistaphylococcal activity. Promising but still underesti-
mated group of potential antistaphylococcal chemotherapeutics constitute bee products: 
honey, pollen, royal jelly, fermented pollen and especially propolis. Another group of 
natural products that exhibit promising antibacterial activity is essential oils. Usefulness 
of bee products and essential oils in the treatment of infections caused by S. aureus has 
been confirmed by results of many investigations carried out by researches in different 
regions of the world. In this chapter, we have presented the review of publication in this 
area as well as perspectives and limitations of future applications of these two groups of 
natural products.

Keywords: Staphylococcus aureus, resistance, bee products, honey, propolis, pollen, 
fermented pollen, essential oils

1. Introduction

1.1. Staphylococci: important human and veterinary pathogens

Staphylococcus aureus is a species of bacteria commonly found in many ecological niches i.e., 
in soil, water and public places. These bacteria also colonize the skin and mucosal surfaces 
of humans and also several animal species. The most important site of S. aureus coloniza-
tion is anterior nares of the nose, but these bacteria are also often isolated from the pharynx, 
perineum and axilla [1–3]. It was revealed in several independent studies that persistent 

© 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,
distribution, and reproduction in any medium, provided the original work is properly cited.



 colonization with S. aureus is observed in approximately 20% of human population, about 
30% carry these microorganisms transiently and 50% are non-carriers [3–5]. S. aureus simi-
larly as several other species of the genus Staphylococcus are classified as commensal Gram-
positive bacteria. Like other commensal microorganisms, staphylococci have the ability to 
cause disease under certain conditions. It should be noted, however, that S. aureus is defi-
nitely one of the most dangerous commensal bacteria which colonize any part of the human 
body. Its high pathogenicity is based on production of a wide array of virulence factors such 
as protein A, coagulase, collagenase, hyaluronidase, hemolysins, lipases, multiple toxins, 
adhesive proteins and also proteins involved in biofilm formation. The ability to express 
these virulence factors has been confirmed not only for clinical isolates of S. aureus, but also 
for strains isolated from animal sources, e.g. bovine mastitis [6, 7] and food [8, 9]). All these 
isolates are potentially dangerous human pathogens. S. aureus has also developed several 
mechanisms that enable them escape from protective immune responses of infected humans 
or animals. Among them, protein A (SpA), staphylokinase and staphylococcal binder of 
immunoglobulin are the most important and the best characterized [10]. Another crucial 
characteristic for this group of bacteria is that they can easily acquire mechanisms of antibi-
otic resistance for a plethora of antibiotics currently in use for human and animal therapies. 
Especially important problem is rapidly growing number of isolation of strains resistant to 
methicillin, designated as Methicillin Resistant Staphylococcus aureus (MRSA). MRSA isolates 
are resistant to all β-lactam antibiotics. Moreover, some of them are classified as multidrug 
resistant (MDR)—not susceptible to the antibiotics that belong to various chemical groups. 
The MDR phenotype is usually associated with strains recovered from medical environ-
ment—Healthcare Associated MRSA (HA-MRSA). The drugs of choice for treatment of MRSA 
infections are glycopeptides, mainly vancomycin. Unfortunately, staphylococci developed 
also resistance to this group of antibiotics, and prevalence of isolation of vancomycin-inter-
mediate S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA) strains is constantly 
growing. The number of other antibiotics, which could be used for eradication of HA-MRSA 
infections, is very limited. In fact, only three antibiotics recently introduced to routine medi-
cine procedures are effective in treatment of HA-MRSA infections: from the oxazolidinone 
group—linezolid; streptogramin group—quinupristin/dalfopristin, and from the glycyl-
cycline group—tigecycline [11–13]. HA-MRSA are also usually susceptible to rifampicin, 
fusidic acid and co-trimoxazole; however, the last one does not give results good enough in 
treatment of acute infections, and in the case of two other drugs, resistance is easily acquired 
by treated bacteria [12–14]. The problem regarding therapy of staphylococci-related infec-
tions is additionally enhanced by the staphylococcal ability to form biofilm. Some of the 
previous studies proved that the biofilm-forming bacteria (including S. aureus) may be in 
fact 10–1000 times more resistant to antimicrobial agents than the same cells growing in a 
planktonic manner [15, 16].

Staphylococci also belong to the most important animal pathogens. Infections caused by these 
bacteria leads to huge economic losses in agriculture and food industry. Contamination of 
food products by these bacteria is a serious issue due to their completely lack of susceptibility 
to lysozyme and very low susceptibility to nisin, two important agents used as preservatives 
in food industry [17, 18].
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1.2. Natural products as potential antimicrobial agents

All presented above aspects (the prevalence of the staphylococci in the environment, their 
high virulence potential and first of all rapid increase in antibiotic resistance) clearly indicate 
that there is an urgent need to develop new, effective inexpensive and not covered by current 
existing mechanisms of resistance antistaphylococcal agents. Interesting groups of antimicro-
bials, which meet all these expectations and could be used for treatment of S. aureus human 
and animal infections, but also for protection of food products against contamination by these 
bacteria, are bee products (honey, propolis, pollen, bee bread and royal jelly) and obtained 
from a broad spectrum of plant sources, essential oils (EO). Both these groups of products 
should be classified as well-known but rarely used antimicrobial agents. For centuries, herbs, 
bee products, venoms of some of animals (snakes and spiders) and other natural products 
were the only medicines that people knew and used. In some cases, the effects of the so-called 
folk/traditional medicine were surprisingly good, also in the case of therapy of infections. 
Unfortunately, from the beginning of “antibiotic era”, they were nearly completely eliminated 
from clinical. One of the most spectacular examples of successful application of natural prod-
ucts for treatment infections is discovered by Prof. Tu Youyou, artemisinin. Artemisinin and 
its semi-synthetic derivatives exhibit the most rapid action against Plasmodium falciparum and 
are now standard treatment worldwide for P. falciparum malaria. For the discovery of arte-
misinin, Professor Youyou received the Prize of Nobel in 2015. The success of Prof. Youyou 
clearly confirms the high therapeutic potential of natural products, and it is also a good occa-
sion for promotion of other natural products that exhibit antimicrobial activity but in fact are 
nearly completely forgotten, or rather eliminated, from clinical practice.

The main purpose of the preparation of this chapter is to demonstrate that bee and plant 
products are still interesting and promising group of antimicrobials. Their antibacterial activ-
ity is not only a matter of history from the pre-antibiotic era. Their large antimicrobial poten-
tial was confirmed with modern microbiological methods and analytical techniques and is 
well-documented in many scientific publications.

2. Antimicrobial activity of bee products

2.1. Honey

2.1.1. Basic information and mechanisms of antimicrobial activity

From ancient times, honey was a very valued component of the diet. This is mainly due to 
its characteristic sweet taste. The main uses of honey are as follows: as a spread on bread, a 
sweetener for tea, milk and coffee, for preparing desserts and cakes. Recently, it has been also 
proposed to use honey as a component of healthy, high energetic, beverages. The sweet taste 
of honey is apparent from its chemical composition. Sugars, mainly fructose and glucose, 
and minor amounts of oligosaccharides account for about 80% of its weight. The centuries of 
observations have also shown that regular consumption of honey is beneficial to the health 
of consumer. Therefore, this product was widely used as drug in traditional medicine, one 
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of the most important except of herbs. The research carried out during several last decades 
finally confirmed that honey (and also other bee products) is a beneficial agent in treatment 
of a wide spectrum of human diseases, such as some cardiovascular and gastrointestinal tract 
disorders, infections within upper respiratory tract including cough, as well as in healing of 
infected wounds [19]. While folk medicine was based only on tradition and experience, the 
achievements of modern science and medicine have found confirmation of the therapeutic 
potential of honey, as the consequence of its chemical composition. It has been revealed that 
crucial for therapeutic properties of honey are its non-sugar components such as: enzymes, 
peptides, free amino acids, vitamins, organic acids, flavonoids, phenolic acids and other phy-
tochemicals, minerals [20]. Especially interesting subject seems to be its antimicrobial activity. 
As it was mentioned above, this product was successfully used in treatment of skin and soft 
tissue infections and for elimination of pathogens infecting mucosal of respiratory tract. In all 
these situations, physical contact of honey (its components) with infected tissue (microorgan-
isms infecting the tissue) is possible. The antimicrobial action of honey is based on several 
mechanisms: the acidity (low pH, usually in the range from 3.4 to 6.1), osmotic pressure of 
sugars present in honey and the presence of bacteriostatic and bactericidal substances such 
as H2O2, antioxidants, lysozyme, polyphenols, phenolic acids, flavonoids, methylglyoxal and 
bee peptides [21–24]. The crucial component that is responsible for the antimicrobial activity 
of majority of the honey types is hydrogen peroxide, which is formed as a side product of the 
oxidation of glucose by glucose oxidase—the enzyme which is introduced to the honey from 
the salivary glands of bees. Interestingly glucose oxidase is inactive in non-diluted honey [25]. 
The inhibition of growth of bacteria in honey, at the original concentration of this product, 
is mainly caused by high concentration of sugars (high osmotic pressure) coupled with high 
acidity [21, 22]. Therefore, it can be stored for long period of time (at least 2 years) without 
any additional treatment or supplementation with preservatives. When honey is diluted to 
certain extent, its antibacterial activity is shifted from osmotic- and pH-dependent to perox-
ide-dependent mechanism of action based on the generation of H2O2 [26]. This scenario takes 
place when honey is used for treatment of infections, e.g. infected wound. On the basis of 
current state of knowledge, it can be said that other mentioned above components of honey, 
mainly phytochemicals, seem to only support the antibacterial effect of generated H2O2. The 
dominant role of the enzyme in the antimicrobial activity of several polish unifloral honeys 
was recently confirmed in the researches that were carried out in our group. Preincubation 
of honeys solutions in 80°C for only 10 min resulted in complete loss of antibacterial activ-
ity of all tested honeys. The same effect was observed when suspensions of tested bacterial 
cells in solutions of honeys were supplemented with catalase. In both cases the observed, 
complete losses of activity of honeys were the consequence of lack of possibilities for H2O2 
generation. Heat treatment resulted in denaturation of the enzyme, and in the presence of 
catalase, the generated hydrogen peroxide was immediately decomposed [27]. On the other 
hand, antimicrobial activity of honey also depends on the botanical source which was used by 
bees to collect the nectar. Buckwheat, thyme and cornflower honeys usually exhibit high anti-
microbial activity, whilst produced in Poland in large amounts rape honey do not affect the 
growth of neither Gram-positive nor Gram-negative bacteria [27, 28]. Thus, the types of phy-
tochemicals as well their concentration is important for final antimicrobial potential of honey. 
The issue of role of phytochemicals in the antimicrobial potential of honey is still not clear 

Frontiers in Staphylococcus Aureus206 Frontiers in Staphylococcus aureus



and is a subject of many interesting research. Hydrogen peroxide is also a known cytostatic 
agent; however, its concentration in honey is on a very low level which is safe for humans 
and animals. According to Lusby et al. [29], the concentration of H2O2 in honey is thousand 
times lower than in the common 3% antiseptic solution available in pharmacies; however, its 
constant production causes prolonged activity which can be considered as an advantage. The 
concentration of hydrogen peroxide on a non-toxic and stable level is probably regulated by 
antioxidants and pollen-derived catalase which destroy excess amounts of H2O2 [30].

2.1.2. Honey as a potential antistaphylococcal agent

The results of many investigations, carried out in different geographical regions of the world, 
revealed especially high efficiency of honey in treatment of infections caused by Gram-
positive microorganisms, e.g. staphylococci. The mentioned above investigation carried out 
in our group revealed that honeys obtained from some species of plants, namely cornflower 
(Centaurea cyanus L.), buckwheat (Fagopyrum esculentum Moench) and thyme (Thymus vulgaris 
L.) were able to inhibit the growth of reference strain S. aureus PCM 2051 at the concentration 
of 3.12 or 6.25% (v/v). Satisfactory activity (minimal inhibitory concentration—MIC ≥6.25%) 
was observed for honeys obtained from linden tree (Tilia spp.), heather (Calluna vulgaris 
L.), savory (Satureja hortensis L.) and coriander (Coriandrum sativum L.). Other tested bacte-
ria Staphylococcus epidermidis PCM 2118 and especially Pseudomonas aeruginosa ATCC 27853 
and Escherichia coli K12 were less susceptible [27]. Quite similar results were obtained in the 
research carried out by the other polish group that investigates antimicrobial potential of bee 
products. Buckwheat, linden tree and heather honeys were found very active. Moreover, the 
authors also revealed high activity of goldenrod honey (Solidago spp.)—that was not observed 
in our research and honeydew honey—not investigated in our research. The latter is a specific 
kind of honey produced by bees, which collect the honeydew, the sweet secretions of aphids 
or other plant sap-sucking insects [28]. The observed in our studies activity against S. aureus 
was similar to the activity exerted by Slovenian chestnut, fir honeydew and forest honey 
(MIC = 2.5%, v/v) reported by Kuncic and coworkers [31] as well as Chilean Ulmo tree honey 
(MIC = 3.1%, v/v) reported by group of Sherlock [32]. The MIC values (against S. aureus) in 
the range of concentrations from 3.12 to 12.5% (v/v) were also observed by Anthimidou and 
Mossialos, who investigated a collection of 31 Greek and Cypriot honeys, they also revealed 
that Gram-negative bacteria P. aeruginosa revealed a bit higher resistance with MICs values in 
the range from 6.25 to 25% (v/v) [33]. Lallam and coworkers investigated antibacterial poten-
tial of 32 samples of honey (14 monofloral and 18 multifloral) collected from the Algerian 
Sahara Desert against four bacteria; Bacillus subtilis, Clostridium perfringens, Escherichia coli 
and S. aureus. The research confirmed high antimicrobial activity of honeys collected from 
this region; however, only disc diffusion method was used by the authors. All floral origins 
of honey showed antimicrobial activity against S. aureus but with rather similar reactions 
(9–10.5 mm), except with P. persica-based honey, whose activity was only 6 mm [34]. High 
anti-staphylococcal potential of honeys was also confirmed for clinical isolates of these bacte-
ria, including MRSA strains. Effective inhibition of growth of MRSA isolates has been revealed 
in the case of mentioned above Chilean honey obtained from Ulmo tree [32], Malaysian mela-
leuca honey [35], some Thai honeys, especially from longan flower [36], Finland [37] and also 
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many other geographical regions. Moreover, some authors revealed high activity of honey in 
eradication MRSA infections using in vivo models [38]. Considering honey as a  therapeutic, 
antimicrobial agent the honey produced from the manuka bush (Leptospermum scoparium) 
indigenous to New Zealand and Australia deserves special attention. In contrast to major-
ity of other nectar and honeydew honeys, the crucial factor responsible for the bactericidal 
activity of manuka honey is high concentration of 1, 2-dicarbonyl compound—methylglyoxal 
(MGO) in this product. High acidity and sugar concentration as well as hydrogen peroxide 
generation play in this case supporting roles [39, 40]. As a consequence, antimicrobial activity 
of this honey is not affected by heat treatment, catalase or proteolytic enzymes (hydrolysing 
glucose oxidase) [37, 40]. Several investigations in vitro confirmed high bactericidal, including 
antistaphylococcal activity of this honey [e.g. 27, 33]. Jenkins and Cooper revealed synergistic 
action between manuka honey and some antibiotics against MRSA and P. aeruginosa strains 
isolated from wounds [41]. Moreover, manuka honey has been successfully used for treat-
ment of chronic wound infections caused by MRSA [42].

2.1.3. Perspectives and limitations of treatment staphylococcal infections with honey

From the point of view of possibilities of exploiting of the therapeutic potential of honey espe-
cially promising, and most realistic, seem to be application of this product as a component of 
wound dressing materials. Using honey to eliminate pathogens from infected wounds has a 
long tradition, which can be counted in hundred or even thousands of years. Currently, sev-
eral companies specialize in production of dressings containing honey. However, many tech-
nical problems still have to be solved: (1) elimination of indigenous flora of honey, especially 
spores, without thermal or chemical treatment—results in deactivation of glucose oxidase 
and loss of antimicrobial activity, (2) inhibition of natural process of crystallization of honey, 
(3) large diversity of antimicrobial activity of honey—only the honeys with certified anti-
bacterial activities should be used for medical applications. These problems could be partly 
solved by using manuka honey. However, research of many investigators revealed that many 
“classical honeys”—which activity is based mainly on the generation of hydrogen peroxide, 
exhibit even higher activity in comparison to manuka honey with a high content of methylg-
lyoxal—550 mg/L [27, 28, 33]. Thus, they are also good candidates to be used in clinical prac-
tice as a component of dressings, ointments and creams, or direct application on the surface of 
infected skin, sores, diabetic foot, or mucous, e.g. in the oral cavity or genital tract.

2.2. Propolis

2.2.1. Basic information

The bees collect four products: nectar and honeydew for production of honey (source of carbo-
hydrates), pollen (source of proteins) and propolis. Propolis is not a component of bees’ diet; 
however, it is absolutely necessary for the proper development of bee colonies. This product, 
which is also called bee glue, is a natural resinous substance produced from plants’ buds and 
exudates, modified by addition of bees’ salivary secretions and wax. Similarly, as in the case 
of honey, propolis is a product of complex chemical composition. Some of its ingredients 
mainly polyphenols and flavonoids exhibit high antimicrobial activity. As a consequence, it 
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is used as a hive disinfectant. Bees use propolis for elimination of pathogenic microorganisms 
from the walls of hive and cells of honeycomb, in which larvae develop (nest wells) and honey 
is stored [43]. It is important for prevention of development of such dangerous pathogens as 
Paenibacillus larvae, the bacteria responsible for American foulbrood, one of the most impor-
tant diseases of bees [44]. Some authors also suggest that components of propolis, at least 
partially, affect the growth of Varroa destructor—most damaging parasite affecting honeybee 
colonies [45]. Because of its antimicrobial activity, propolis is also used by bees for mum-
mification of larger pests such as mice invading the hive, which were killed as a result of the 
sting. Mummification prevents the decomposition of the body of the pest—development of 
pathogenic flora as well as generation of unpleasant odour. Due to its physical and chemical 
properties (high viscosity, low water solubility), propolis is also used as an important build-
ing material for sealing the hive or natural habitats of these insects (protection against wind or 
rain, stabilization of construction), which is also important for safety of bees’ colonies.

2.2.2. Possibilities of application of propolis in therapy of bacterial infections

Similarly to honey, propolis was widely used in traditional medicine. The detailed history 
of using propolis in medicine and a discussion of perspectives of its future application have 
been recently presented by Silva-Carvalho and coworkers [46]. The chemical composition 
of this product depends on many factors: the geographical region where it was collected 
(the species of plants which were available for bees), season, weather conditions and many 
other. Some significant correlations were found primarily in the case of chemical composi-
tion of propolis and place of its isolation. On this basis, several different types of propolis 
have been proposed, e.g. poplar propolis, birch, green, red, “Pacific” and “Canarian”. This 
classification still evaluates and new, different types of propolis are being recognized, e.g. 
Mediterranean or Portuguese [46]. At least, 13 different types of propolis have been identi-
fied in Brazil [47]. Because of differences in chemical composition the biological, including 
antibacterial, activity of different propolis samples may vary significantly. However, the 
carried out to date studies revealed that staphylococci and other Gram-positive bacteria are 
usually highly sensitive to this product collected in many different geographical locations. 
Propolis remains especially popular in the non-conventional medicine in Brazil as well as 
in other tropical countries, thus the product obtained in this region is well-characterized. 
The global market size of propolis was about 2300 tons in 2015 (it is established that it will 
increase to 2900 tons in 2021), and Brazil is the largest production and exporting country 
of this product (https://www.whatech.com/market-research/materials-chemicals/125806-
world-propolis-industry-trends-share-size-2021-forecast-report). High anti-staphylococcal 
activity of propolis sourced from State of Paraná, in Brazil, was observed by Pamplona-
Zomenhan and coworkers, the MIC50 and MIC90 for the 210 strains (162 MSSA and 48 
MRSA) were both 1420 μg/mL [48]. The results of investigations performed by the groups 
of Fidoralisi [49] and Santana [50] indicated that propolis extracts might be effective against 
mastitis-causing S. aureus. The group of Fidoralisi observed reduction in S. aureus growth 
on average, 1.5 and 4 log10 times at concentration of propolis 200 and 500 μg/mL, respec-
tively. At concentrations of 1000 μg/mL, all tested propolis samples reduced bacterial 
growth to zero [49]. The same effect was observed by Santana and coworkers, but only 
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in BHI (Brain Hearth Infusion) medium. The authors noticed that in milk the bactericidal 
dose was at least 20-fold greater [50]. Interesting results were also published by Suleman 
and colleagues [51]. Some of 39 South Africa propolis samples exhibited much higher anti-
staphylococcal activity in comparison to three tested samples of Brazilian propolis with 
MIC and MBC values of only 6 μg/mL [51]. Al-Waili and coworkers revealed that ethano-
lic extracts of propolis collected from Saudi Arabia (EEPS) and from Egypt (EEPE) effec-
tively inhibited the growth of antibiotic resistant E. coli, S. aureus and C. albicans in single 
and polymicrobial cultures [52]. Strong antioxidant and antibacterial activity of propolis 
sourced from three different areas of Sonoran Desert in northwestern Mexico were con-
firmed in the research of Velazquez group [53]. The MIC against S. aureus of the most active 
sample (coming from Ures) was 100 μg/mL [53]. An antimicrobial effect of propolis har-
vested from honeybees in subtropical eastern Australia was investigated by Massaro and 
coworkers. The two tested propolis crude, ethanolic extracts showed bactericidal effects 
against S. aureus ATCC 25923 reference strain at the concentrations of 0.37–2.04 mg/mL 
[54]. Propolis produced in many Asian and European apiaries is also effective in elimina-
tion of staphylococci. The number of publications presenting results of biological proper-
ties of propolis sourced from this region has evidentially increased during the last decade. 
Because of limited size of this chapter only selected investigations can be described herein. 
Some promising results regarding antistaphylococcal activity of ethanolic extract of Polish 
propolis (EEPP) against methicillin- sensitive S. aureus (MSSA) and methicillin-resistant S. 
aureus (MRSA) clinical isolates have been recently revealed by Wojtyczka and coworkers. 
The investigated EEPP displayed varying effectiveness against twelve S. aureus strains, with 
MIC in the range from 0.39 to 0.78 mg/mL, determined by broth microdilution method, and 
minimal bactericidal concentration (MBC) of the EEPP ranged from 0.78 to 3.13 mg/mL. 
The disk diffusion assay revealed also that EEPP-enhanced antistaphylococcal activity of 
eight classical antimicrobial antibiotics, namely: cefoxitin, clindamycin, tetracycline, tobra-
mycin, linezolid, trimethoprim+sulfamethoxazole, penicillin and erythromycin [55]. The 
same authors also investigated EEPP activity against biofilm-forming coagulase-negative 
Staphylococcus strains. The biofilm formation ability of all tested S. epidermidis strains was 
inhibited at EEPP concentrations ranging from 0.39 to 1.56 mg/mL [56].

Due to its health-promoting properties, propolis is widely used as a component of cosmetics, 
some food and beverages. In our opinion, these applications are not adequate to the biologi-
cal properties of this product. The results of many presented above studies clearly indicate 
that propolis is a promising antimicrobial agent. Moreover, many other biological activities 
of this product have been described, including antioxidant, antiviral, antitumor, antifungal 
and immunomodulatory properties [46]. Large diversity of its chemical composition and con-
sequently its biological activity eliminate propolis from clinical applications. Nevertheless, 
this limitation should be considered in therapy of serious, life-threatening infections (or other 
diseases), where the exact amount of biological active agent has to be used. Staphylococci are 
often responsible for many, not really serious, but bothersome infections. We would suggest 
more frequent use of propolis for treatment of this type of diseases. Currently, most of these 
infections are treated with antibiotics, which should be rather reserved for serious infections. 
It leads to the overuse of antibiotics and development of resistance phenomenon. In contrast 
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to antibiotics, propolis is a mixture of many antimicrobial components, thus development of 
resistance against this product (parallel resistance to all active constituents) is not possible. 
We also agree with other authors that it is necessary to continue research on correlation of 
biological activity and chemical composition of this product. Identification of crucial ingredi-
ents or their compositions could be used also for treatment serious, life-threatening diseases.

2.2.3. Other bee products: pollen and royal jelly

Investigation of antimicrobial activity of pollen, fermented pollen (bee bread) and royal jelly is 
not as popular as in the case of honey and propolis. However, several authors confirmed that 
these products also reveal some antimicrobial potential. Boukraa and coworkers revealed that 
MIC value for royal jelly against S. aureus is about 2% (v/v) [57], and the group of Gunaldi [58] 
when using this product obtained promising results in the preservation of implant-related 
infection in rats. The activity of royal jelly is probably a consequence of presence within com-
position of this product some peptides that inhibit growth of bacteria including members of 
the genus Staphylococcus [59].

Antimicrobial, antimutagenic, antioxidant and even anti-inflammatory activity of bee pollen 
(collected in Portugal and Spain) has been revealed in the research of Pascola and colleagues 
[60], and S. aureus was found as the most sensitive microorganism to the activity of these 
products. High antimicrobial activity of methanolic and ethanolic extracts of several mono-
floral Slovakian bee pollens was observed by the group of Fatracova-Sramkowa. S. aureus 
was found as most sensitive to the poppy pollen ethanolic extract. The most sensitive bac-
teria of rape bee pollen methanolic extract and sunflower ethanolic extract was Salmonella 
enterica [61].

2.2.4. Honey and other bee products as a source of bacteriocinogenic bacteria with bactericidal 
antistaphylococcal activity

However, bacteriocins are usually active against bacteria closely related to producing strain, 
but there are also many exceptions to this general rule, e.g. nisin, which is active against 
broad spectrum of Gram-positive bacteria [62]. Recently carried out research of the group of 
Prof. Worobo from Cornell University revealed that honey should be considered as a poten-
tial source of microorganisms producing promising antimicrobial compounds, especially 
bacteriocins [63]. The mentioned authors analyzed two Manuka honeys from New Zealand 
and six domestic honeys from US. The 2217 isolates out of 2398 strains (92.5%) exhibited 
activity at least against one of the tested microorganisms. Among all the bacterial indicator 
strains, Listeria monocytogenes had highest susceptibility (69%) to the various antimicrobial 
compounds produced by all active bacterial isolates (1655 out of 2398), whereas S. aureus 
showed the second highest susceptibility of all indicator microorganisms tested. Growth of 
this bacterium was inhibited by 66.9% of all the isolates (1605 out of 2398) [63]. The bacte-
rial isolate TH13 was found as an efficient producer of peptide compound with high activity 
against P. larvae spp. larvae, which are etiological agents of American Foulbrood. It is a dis-
ease of honeybees that results in the annihilation of the honeybee colony [64]. Another iso-
late, identified as Bacillus thuringiensis SF316, was shown to efficiently produced thuricin H, 
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a bacteriocin which strongly inhibits the growth of Bacillus cereus [65]. Thus, it was shown 
that antimicrobial activity of honey is attributed not only to hydrogen peroxide (formed by 
glucose oxidase originating from honeybees), antioxidant components or dimethyloglyoxal 
(in the case of Manuka honey), but also to microorganisms which are present in this product.

However, results of some successful investigations have been published the trials of isolation 
of bacteriocinogenic bacterial strains from honey and other than honeybee products were 
rarely carried out to date. In our opinion, especially, promising source of bacteria producing 
interesting bacteriocins could be fermented pollen—it is pollen which is collected by bees 
for the winter and early spring. The high antimicrobial activity of fermented pollen is the 
consequence of lactic acid bacteria (LAB) presence in this product, and the products of LAB 
metabolism—lactic acid, as well as bacteriocins.

3. Antibacterial activity of essential oils and plant extracts against S. aureus

Essential oils (EO) and their components are becoming increasingly popular as antimicrobial 
agents. They belong to the group of secondary metabolites that are enriched in compounds 
based on an isoprene structure and are called terpenes. They occur as di-, tri-, tetra-, hemi- and 
sesquiterpenes. The compounds that contain additional elements, usually oxygen, are termed 
terpenoids. Terpenes, terpenoids, as well as essential oils containing these substances exhibit 
antibacterial activity against broad spectrum of microorganisms including staphylococci [66].

One of the best characterized EO, which effectively inhibits growth of S. aureus, including 
MRSA isolates, is tea tree oil (TTO) derived mainly from the Australian native plant Melaleuca 
alternifolia. The antimicrobial activity of TTO is attributed mainly to its major component—
terpinen-4-ol, and α-terpineol which is present in a lower concentration [67]. Several groups 
of researchers have evaluated the activity of TTO against MRSA. Carson et al. examined 
64 MRSA isolates from Australia and the United Kingdom and showed that the MIC and 
MBC for the Australian isolates were 0.25 and 0.5% (v/v), respectively, while for the United 
Kingdom isolates were 0.312 and 0.625%, respectively [68]. The TTO has been also evaluated 
as an alternative decolonization agent for MRSA. The ointment and body wash containing 
4 and 5% of TTO, respectively, were found as more effective in eradication of MRSA car-
riers than classical therapies with using 2% mupirocin nasal ointment and triclosan body 
wash [69]. Carson and coworkers revealed that TTO and its main components compromise 
the cytoplasmic membrane of S. aureus [70]. The most important consequences of the dam-
ages of lipid bilayer are as follows: leakage of important cytoplasmic components, inhibi-
tion of respiration (leakage of potassium ions), loss of sodium chloride tolerance and some 
changes in cell morphology [70, 71]. TTO, terpinen-4-ol and α-terpineol showed strong activ-
ity against biofilm formed by S. aureus on biomaterials. Partial destruction of 24-h-old biofilms 
was achieved in the concentration 4–8 times greater than MIC after 1 h, whereas 2–4 × MIC 
was adequate to obtain 90% reduction metabolic activity of biofilm after 4 h of treatment 
[72]. The research of some authors showed transient decreases in antibiotic susceptibility in 
several bacteria that had been exposed to TTO. It raises concerns that TTO may hinder the 
effectiveness of conventional antibiotics and influence the development of resistance [73–75]. 
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However, recently Hammer et al. showed that the presence of TTO or terpinen-4-ol resulted 
in only minor changes in antibiotic susceptibility of S. aureus isolates that were serially sub-
cultured with sub-inhibitory TTO or terpinen-4-ol [76].

Promising results were also obtained in the investigation of antimicrobial potential of laven-
der oil (LO). The oil obtained from Lavandula angustifolia demonstrated in vitro activity against 
MRSA at concentration of <1% [77]. Several chemically characterized lavender oils were 
assessed for their antibacterial activity using the disc diffusion method. All tested lavender 
oils inhibited growth of both MSSA and MRSA with inhibition zones ranged from 8 to 30 mm 
in diameter at oil doses ranging from 1 to 20 μL, respectively [78]. Some significant differences 
in the chemical composition and antibacterial activity of LO, which mainly depend on the 
origin of the lavender samples, were observed in research carried out by different authors. 
For example, it was demonstrated that oil from lavender of Bulgarian origin, which contains 
51.1% linalool and 9.5% linalyl acetate as main components, was more effective against bac-
teria than oil originated from lavender sample of French origin containing 29.1% linalool and 
43.2% linalyl acetate. It is believed, however, that lavender oil may be useful, first and fore-
most, as a prophylactic or topical application for surface infection [79].

Another interesting, from the point of view of its antimicrobial properties, is Thymus essen-
tial oils (TOs). Its main chemical components are α-thujone, α-pinene, camphene, β-pinene, 
p-cymene, α-terpinene, linalool, borneol, β-caryophyllene, thymol and carvacrol [80]. Different 
chemotypes of the essential oil from the genus Thymus were distinguished based on the pres-
ence of chemical components [81]. The antimicrobial properties of TOs are related to their high 
content of carvacrol and thymol, which were identified as the most efficient against bacteria 
[80]. Using an agar dilution method, the MIC values for MSSA and MRSA were reported for 
carvacrol (0.015–0.03%, v/v) followed by thymol (0.03–0.06%, v/v) [82]. The Thymus essential 
oils blended, in which the principal components were thymol, linalool, terpinen-4-ol and 
α-terpinene, exhibited significant inhibitory and bactericidal effects against strains of epidemic 
MRSA. The mean MIC and MBC values for the oil blend was 0.3 and 0.6%, respectively, whereas 
for the linalool chemotype thyme oil the MIC and MBC values were 0.4 and 0.8%, respectively. 
In the disc diffusion assay, the essential oils blended resulted in the formation of mean zone of 
inhibition size of 34.8 mm, while linalool chemotype produced a mean zone of 20.7 mm [83].

Recently research of many authors showed also the antimicrobial activity of geranium 
oil (GO) against MRSA [84, 85]. Among 67 components of geranium oil from Pelargonium 
 graveolens Ait, citronellol, geraniol, nerol, citronellyl formate, isomenthone and linalool are the 
main constituents responsible for its biological activity. The research based on agar dilution 
method showed that the geranium oil had very strong activity against the clinical S. aureus 
strains, including MRSA strains, exhibiting MIC values of 0.25–2.50 μL/mL [85]. Moreover, 
Rosato et al. showed the occurrence of a synergism between geranium oil and norfloxacin 
against reference S. aureus strains [86].

The antibacterial activity of essential oils from oregano (Origanum vulgare) against multire-
sistant bacteria, including MRSA, was analysed by Costa et al. [87]. The MIC values were 
determined by the microdilution method. MRSA were inhibited by the essential oil at the 
 concentration of 0.125%. Nostro et al. investigated activity of essential oils from oregano 
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against biofilm-grown S. aureus and the effects of the oil on biofilm formation. The bio-
film inhibitory concentrations (0.125–0.500%, v/v) and biofilm eradication concentrations 
(0.25–1.0%, v/v) were twofold or fourfold greater than the concentration inhibitory plank-
tonic growth. Sub-inhibitory concentrations of the oils from oregano prevented biofilm 
formation by S. aureus strains [82].

Nigella sativa is a herbaceous plant cultivated in many countries in the world [88]. Crude 
extract and seed essential oil possess antibacterial activity against several bacteria [89]. The 
antibacterial effect may be due to the presence of the two important active compounds of 
N. sativa, thymoquinone and melanin [90]. The activity of N. sativa extract against clinical 
isolates MRSA was investigated by Hannan et al. [91]. They showed that all MRSA isolates 
were sensitive to N. sativa extract at a concentration of 4 mg/disc and MIC was in the range 
of 0.2–0.5 mg/mL. On the other hand, the multidrug resistant S. aureus strains isolated from 
nasal and milk samples of cows and buffalo were completely inhibited by N. sativa extract 
at concentration of 40 μg/mL on disc and MIC values were between 0.3 and 2.5 mg/mL [92].

Essential oil of cinnamon and cinnamaldehyde, which is main chemical constituent of this oil, 
also showed activity against MRSA. Essential oil from Cinnamomum osmophloeum (clone B) 
had an excellent inhibitory effect with the MIC of the essential oil and cinnamaldehyde 
against MRSA from human stand at 250 μg/mL [93]. The antimicrobial activity of cinnamon 
essential oil and trans-cinnamaldehyde against Staphylococcus spp. from clinical mastitis of 
cattle and goats was not dependent on the antibacterial susceptibility profile. However, the 
best antimicrobial activity was showed with trans-cinnamaldehyde and this compound could 
be used in the treatment of mastitis [94].

The number of research on antibacterial properties of extracts from medicinal plants against 
MRSA increased in recent years. These researches are conducted in different countries and 
show that extracts of plants are rich source of unique phytochemicals with activity against 
MRSA. Among recently investigated plant was Schinus areira L., which grows naturally in 
Argentina, Peru, Bolivia and Northern Chile. The essential oil from leaves and fruits of two 
specimens of S. areira differ in chemical profile. The limonene-rich oil isolated from the leaves 
and fruits had potent antibacterial effect on MRSA. When using 3.2 and 15 μL/mL (MICs 
value) of essential oil from leaves and fruits, respectively, the complete inhibition of MRSA 
growth was observed. Leaves and fruits oils showed bactericidal action after incubation for 
24 h with 20 and 40 μL/mL, respectively. On the other hand, the α-phellandrene-rich fruit oil, 
having a lower content of limonene, was inactive against MRSA [95].

According to research of Endo and Dias Filho [96], MRSA is also sensitive to berberine (plant 
alkaloid) which is used in Chinese medicine. MICs values of berberine ranged from 62.5 to 
250 μg/mL and MBC values were the same or twofold above the MIC. Highly potent anti-
MRSA activity with MIC values in range of 25–50 mg/mL was detected among Libyan medici-
nal plants such as Cistus salviifolius, Salvia officinalis, Pistacia atlantica, Arbutus pavarii and Myrtus 
communis [97]. Significant anti-MRSA activity was documented in many studies on extracts of 
plants used in traditional medicine in Brazil. A mixture of hydrolyzable tannins from Punica 
granatum and the naphthoquinones α-lapachone I and α-xyloidone II from Tabebuia avellanedae 
showed antibacterial activity against all S. aureus strains tested, including MRSA isolates [98]. 
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Turnera ulmifolia L. occurs in the north and northeast Brazilian regions and ethanol extract 
from this plant showed synergistic effect on gentamicin and kanamycin against MRSA strains. 
Coutinho et al. [99] found that the presence of ethanol extract of T. ulmifolia in growth medium 
at concentration of 32 μg/mL causes a significant reduction in the MIC for these antibiotics. 
The other studies conducted in India reported that ethanol, methanol and acetone extracts of 
Moringa oleifera, Elettaria cardamomum and Tamarindus indica seeds from India showed antibac-
terial activities against multidrug resistant MRSA isolates from wound infection [100].

4. Conclusions

Staphylococci belong to the most important pathogens for both humans and animals. The 
number of antibiotics effective in treatment of infections caused by these pathogenic bacteria 
is rapidly decreasing. Many centuries of observation and the use of bee products and essential 
oils in folk medicine as well as the results of advanced scientific research carried out dur-
ing the last several decades clearly confirm high antimicrobial, including antistaphylococcal 
activity of these products. We have no doubt that they are an interesting and promising alter-
native to classical antibiotics and should be more seriously considered as therapeutic agents.
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