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Preface

Staphylococcus aureus is the most ubiquitous microorganism in humans, animals, 
and the environment, existing as commensal as well as pathogenic bacterium. The
pathogen is a major etiology of bovine mastitis that compromises economy and 
public health. Its greater prevalence in dairy farms results in culling of animals
from the production system due to its contagious nature. Several preventive and 
therapeutic approaches have been applied to stop S. aureus from infecting animals. 
Inability to control this pathogen from spreading from animals to humans and back
to animals may result in extensive resistance.

Due to the rise in antibiotic resistance, new strains and types of S. aureus are
developing. These include methicillin-resistant S. aureus (MRSA) and its different
types, which include hospital-acquired MRSA (HA-MRSA), livestock-acquired 
MRSA (LA-MRSA), and community-acquired MRSA (CA-MRSA). Moreover, newer
strains have recently developed against the antibiotic vancomycin: vancomycin-
resistant S. aureus (VRSA) and vancomycin-intermediate S. aureus (VISA). Further
isolates are expected to emerge against other antibiotics, including penicillin, 
cephalosporins, tetracycline, aminoglycosides, mupirocin, and macrolide. It is
evident that resistance in S. aureus may spread both vertically (from parent to
offspring) as well as horizontally (transformation, transduction, and conjugation) 
by modifying drug target, limited uptake, inactivation of drug, and active efflux.

Several anti-methicillin-resistant S. aureus drugs are now becoming ineffective. 
Food and food products are harboring resistant strains of S. aureus, which is a threat
to the environment. In humans, skin infections are a typical representation of
strains that take longer than normal to treat. In addition to antibiotics, several other
methods are being used to combat S. aureus, such as vaccines and bacteriophages. 
The use of lytic bacteriophages and their byproducts is a promising alternative
for bacterial control, since they infect and lyse the pathogen without the inconve-
nience of side effects as well as contribute to lower consumption of antimicrobials, 
reflected in the reduction of rates of antibiotic resistance.

This book highlights mechanisms of resistance in S. aureus against different antibi-
otics. The first section discusses the status of resistance and reasons for its increase. 
The second section discusses the pathogenesis of S. aureus in animals and humans, 
as well as possible solutions. The book summarizes insights into drug resistance
in S. aureus and its impacts on animals and humans. It opens up new horizons for
further research to better cope with S. aureus infection.

Amjad Aqib
Department of Medicine, 

Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Pakistan

XII



Preface

Staphylococcus aureus is the most ubiquitous microorganism in humans, animals, 
and the environment, existing as commensal as well as pathogenic bacterium. The 
pathogen is a major etiology of bovine mastitis that compromises economy and 
public health. Its greater prevalence in dairy farms results in culling of animals 
from the production system due to its contagious nature. Several preventive and 
therapeutic approaches have been applied to stop S. aureus from infecting animals. 
Inability to control this pathogen from spreading from animals to humans and back 
to animals may result in extensive resistance.

Due to the rise in antibiotic resistance, new strains and types of S. aureus are 
developing. These include methicillin-resistant S. aureus (MRSA) and its different 
types, which include hospital-acquired MRSA (HA-MRSA), livestock-acquired 
MRSA (LA-MRSA), and community-acquired MRSA (CA-MRSA). Moreover, newer 
strains have recently developed against the antibiotic vancomycin: vancomycin-
resistant S. aureus (VRSA) and vancomycin-intermediate S. aureus (VISA). Further 
isolates are expected to emerge against other antibiotics, including penicillin, 
cephalosporins, tetracycline, aminoglycosides, mupirocin, and macrolide. It is 
evident that resistance in S. aureus may spread both vertically (from parent to 
offspring) as well as horizontally (transformation, transduction, and conjugation) 
by modifying drug target, limited uptake, inactivation of drug, and active efflux.

Several anti-methicillin-resistant S. aureus drugs are now becoming ineffective. 
Food and food products are harboring resistant strains of S. aureus, which is a threat 
to the environment. In humans, skin infections are a typical representation of 
strains that take longer than normal to treat. In addition to antibiotics, several other 
methods are being used to combat S. aureus, such as vaccines and bacteriophages. 
The use of lytic bacteriophages and their byproducts is a promising alternative 
for bacterial control, since they infect and lyse the pathogen without the inconve-
nience of side effects as well as contribute to lower consumption of antimicrobials, 
reflected in the reduction of rates of antibiotic resistance.

This book highlights mechanisms of resistance in S. aureus against different antibi-
otics. The first section discusses the status of resistance and reasons for its increase. 
The second section discusses the pathogenesis of S. aureus in animals and humans, 
as well as possible solutions. The book summarizes insights into drug resistance 
in S. aureus and its impacts on animals and humans. It opens up new horizons for 
further research to better cope with S. aureus infection.

Amjad Aqib
Department of Medicine,  

Cholistan University of Veterinary and Animal Sciences,
Bahawalpur, Pakistan





1

Section 1

Resistant Strains and 
Mechanisms





3

Chapter 1

Antibiotic Resistant Staphylococcus 
aureus
Arun Kumar Parthasarathy and Roma A. Chougale

Abstract

Staphylococcus is an adaptable pathogen and leads to rapid development of 
antibiotic resistance. The major targets for antibiotics are (i) the cell wall,  
(ii) the ribosome and (iii) nucleic acids. Resistance can either develop intrinsically 
or extrinsically via horizontal gene transfer, drug site modification, and efflux 
pumps etc. This review focuses on development of resistance to currently used anti-
biotics in Staphylococcal infection, novel therapeutic approaches resistance pattern 
of antibiotics and also the future prospectus for new antibiotics usage.

Keywords: Staphylococcus aureus, MRSA, antibiotic resistant

1. Introduction

Staphylococcus is normal resident bacterium that lives in nasal cavity, throat, 
skin and mucous membrane of humans as well as a variety of animals and birds [1]. 
Approximately 20% of healthy populations are persistent nasal carriers and 30% 
are intermittent carriers of S. aureus. Individuals who are colonized with S. aureus 
are at a great risk of infection and also serve as an important source of transferring 
S. aureus in the community and hospital settings [2].

Based on the Coagulase production, Staphylococci are classified into Coagulase 
negative staphylococci (CONS) and Coagulase positive staphylococci (COPS). Of 
these, CONS causing infections are mostly seen in immune-compromised patients 
[3]. COPS (eg. S. aureus) is a pathogen of great concern, because of its intrinsic 
virulence property, its ability to cause a variety of life-threatening infections 
(superficial skin infections to deep seated infections), and its capacity to adapt to 
different environmental conditions [4].

S. aureus is a major problem in animals. It causes mastitis or intramammary infec-
tions and is a cause of major financial losses in the dairy industry. In Poultry industry, 
S. aureus causes a variety of disease manifestations such as comb necrosis, bacterial 
chondronecrosis and also leads to leg weakness, lameness and septicemia [5].

In the modern world, antibiotics are used in treatment and prophylaxis of 
human and animal infection. They are also used in poultry industry to prevent 
bacterial infection and reduce the financial loss [6]. In some developing and under- 
developed countries, antibiotics are used as growth promoters in animal feed, espe-
cially in poultry industry to increase the yield of meat production. Due to irrational 
use of antibiotics, S. aureus has emerged to become increasingly antibiotic resistant. 
This leads to treatment failure and leaves us with limited choice of antibiotics to be 
used in future [7]. Resistant bacteria can be transmitted from animals to humans 
among poultry workers and other agricultural workers, who are in close contact 
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with these animals. It is documented that, after using the antibiotic, ‘Avoparcin’ 
as growth promoter in animal feed, there is emergence of glycopeptide- resistant 
Enterococcus. These resistant determinants are transferred to other gram positive 
bacteria such as MRSA via horizontal gene transfer method. These leads to develop-
ment of resistance to Vancomycin, a drug of choice for the treatment of MRSA. 
Simarily, ‘Tylosin’ or Enrofloxacin (a derivative of fluoroquinolones) is used as a 
supplement in animal feeds. This has resulted in the development of Erythromycin 
and Ciprofloxacin- resistant Staphylococci [8].

2. Mechanisms of antibiotic resistant

2.1 Methicillin resistant Staphylococus aureus (MRSA)

Alexander Flemming introduced the antibiotic, Penicillin in 1940s for the treat-
ment of bacterial infection. At that time, S. aureus infections were well controlled. 
However, with the widespread use of this antibiotic in the 1950s, Penicillin-resistant 
S. aureus appeared. It produces pencillinase enzyme, which can hydrolyze the beta-
lactum ring of Penicillin. In 1959, substitution of the natural aminoadipoyl chain 
from Penicillin with bulkier moieties, developed a semi-synthetic Penicillin, named 
Methicillin. However, it was not widely used because of its toxicity. It was replaced 
by similar, more stable Penicillins like Oxacillin, Flucloxacillin and Dicloxacilllin. 
These antibiotics show good antibacterial activity and are resistant to beta-lactamase 
substrate. In 1961 the British scientist, Jevons isolated the penicillin stable resistant 
S. aureus. However, the name Methicillin resistant S. aureus (MRSA) continues to be 
used [9].

Bifunctional Transglycolylase-transpeptidase (Penicillin binding protein ‘a’ 
or PBPa) is the inhibitory target of beta-lactam antibiotics in S. aureus. The trans-
glycolylase domain is responsible for transferring the disaccharide pentapeptide 
(L-alanine, D-glutamine, Lysine and 2 D-alanines) from membrane bound lipid to 
growing chains of polysaccharide. Domain of Transpeptidase (TP) cross-links the 
glycine bridge and links the D-alanine of 4th position to adjacent chain of pepti-
doglycan layer to make the cell-wall strong. The active site of Transpeptidase (TP) 
serine is blocked (i.e., PBP2a) by causing structural analogous changes of D-Ala4 
to D-Ala5. This leads to breakdown of beta lactam ring and a penicilloyl-O-serine 
intermediate is formed [10].

PBP2a is encoded by mec A gene. This mecA gene is a mobile genetic element 
integrated into the chromosomal element (SCCmec) of Methicillin sensitive 
S. aureus. The mecA gene is transfered to other S. aureus via horizontal gene 
transfer mechanisms. Resistance confered by mec A gene is broad spectrum 
and shows resistance to all beta-lactum antibiotics except Ceftaroline and 
Ceftobiprole [11].

SCCmec contains two essential components such as mec gene complex and ccr 
gene complex. The mec gene complex contains mecA and is associated with regula-
tory and insertion sequences. It has been classified into 6 different classes (A, B, C1, 
C2, D and E) along with ccr complex (Cassette chromosome recombinase) genes. 
It encodes for the enzyme, ‘recombinase’ that helps in integration and excision of 
SCCmec into the chromosome. There are 3 different types of recombinase enzymes, 
namely ccrA, ccrB, and ccrC. Recombinase enzymes are further classified into eight 
different types based on the existing recombinase and allotypes in the different 
characteristics.

SCCmecs are classified into 8 types and subtypes according to ‘International 
Working Group on the Staphylococcal Cassette Chromosome elements’ [12].
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2.2 Vancomycin resistant S. aureus

Vancomycin is a glycopeptide antibiotic which has been used as the first line 
drug in the treatment of MRSA infections. It was introduced for human use 
in late 1958 [13] and resistance to Vancomycin was reported in Enterococci by 
1980s. Thereafter slowly S. aureus showed reduced susceptibility to Teicoplanin 
(structurally similar to Vancomycin) in European countries [14]. The first VRSA 
(Vancomycin Resistant S. aureus) was identified in 2002, in Michigan, USA. In 
the same year, total 52 isolates carrying Van gene were identified in USA, India, 
Iran, Pakistan, Brazil and Portugal [15]. S. aureus having reduced susceptibil-
ity to Vancomycin is classified into 3 groups based on the MIC value by CLSI as 
follows [16]:

1. Vancomycin Susceptible S. aureus (VSSA) with MIC ≤2 μg/ml

2. Vancomycin Resistant S. aureus (VRSA) with MIC ≥16 μg/ml

3. Vancomycin Intermediate S. aureus (VISA) with MIC 4-8 μg/ml

2.2.1 VISA

The first vancomycin intermediate S. aureus was reported in 1997 from Japan 
with MIC value of 8 μg/ml [17]. VISA strains are generally preceded from heteroge-
neous Vancomycin resistant S. aureus (hVISA). hVISA is the precursor of VISA and 
is composed of cell subpopulations with various degrees of Vancomycin resistance. 
Vancomycin-intermediate S. aureus (VISA) are those isolates with a MIC between 4 
and 8 mg/l, whereas heterogeneous VISA (hVISA) strains appear to be sensitive to 
Vancomycin with susceptible range of 1–2 mg/l, but containing subpopulation of 
Vancomycin-intermediate daughter cells (MIC ≥4 μg/ml). Vancomycin-resistant 
S. aureus (VRSA) are defined as those having MICs of at least 16 mg/l [16]. This 
means that, in the same culture plate, some strains are sensitive and some strains 
show Intermediate resistance to Vancomycin which may lead to treatment failure 
[18]. The underlying mechanism is still not completely known. However, scientists 
have put some efforts to identify the genetic determininants of VISA via differ-
ent molecular identification methods such as comparative genomics, proteomics, 
transcriptomics etc. This lead to identification of genes responsible for VISA such as 
WalKR, GraSR, and VraSR [19]. The following are the fundamental characteristics 
of VISA phenotypes [14]:

1. Increased cell wall thickness

2. Reduced cross- linking of peptidoglycan

3. Decreased autolytic activity of bacteria

4. Changes in surface protein profile

5. Dysfunction of agr system (The accessory gene regulator (agr) of S. aureus is 
a global regulator which secretes virulence factors and surface proteins) and 
changes the growth profile of bacteria.

GraRs gene regulates the transcription of cell wall biosynthesis and specifi-
cally up-regulates the genes responsible for capsule biosynthesis operon. It also 
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up-regulates the dlt operon and the mprF/fmtC genes, which are linked to teichoic 
acid alanylation and alters the cell wall charge. Moreover, the GraRS mutation can 
modify the expression of rot (repressor of toxins) and agr (accessory gene regulator). 
This leads to downstream effect of global regulators [20].

2.2.2 VRSA

Vancomycin resistance is mediated by Van cluster which are found in bacteria such 
as S. aureus, E.fecalis, E.faceium, Clostridium difficile, Acintomycetes (Amycolotopsis 
orientalis, Actinoplanes teichomyceticus, and Streptomyces toyocaensis) as well as 
anaerobic bacteria from the human bowel flora such as Ruminococcus species and 
Paenibacillus popilliae [21].

Based on the Van gene, homologues Vancomycin resistance is classified into 
several gene (Van) clusters which encode for the enzymes which synthesize 
D-Alanyl-D-lactate and D-alanyl-D-serine. Eleven van gene clusters have been 
discovered till now, namely, VanA, VanB, VanD, Van F, VanI, VanM, VanC, VanE, 
VanG, VanL, and VanN [22].

1. vanA, vanB, vanD, van F, vanI, and vanM encode for synthesis of  
d-Alanyl-Lac ligase and are responsible for high-level Vancomycin resistance 
with MIC range > 256 mg/ml

2. vanC, vane, vanG, vanL, and vanN clusters encode for synthesis of D-ala-ser-
ligases and are responsible for low level Vancomycin resistance with MIC range 
8-6 mg/ml [23].

VRSA resistance mechanism is mediated by van A operon, which is carried on 
the mobile genetic element (Transposon) Tn1546. VanA cluster is encoded by 5 pro-
teins such as VanS, VanR, VanH, VanA and VanX, having the following functions;

1. vanS and vanR together form two-component system and upregulate the vanA 
gene clusters in the presence of Vancomycin

2. VanH, VanA, and VanX are responsible in modifying D-ala-ala precursors of 
cell wall to D-ala-D-lac, which confer resistance to Vancomycin

3. vanH produces dehydrogenase enzyme which reduces pyruvate to D-lac.

4. vanX produces D,D dipeptidase that hydrolyses the native precursors and  
prevents the synthesis and cros- linking of cell wall peptidoglycan [24].

Enterococcus spp. is the major reservoir of Vancomycin resistance and it is 
transferred to other bacterial species by the horizontal gene transfer method of 
bacterial conjugation. The Inc18 incompatibility conjugative plasmid naturally 
occurs in Enterococcus but not in Staphylococci spp. The Inc18 contains pSK41-like 
multi-resistant conjugative plasmids. These plasmids are transferred from E. faecalis 
to S. aureus [25].

2.2.3 Treatment challenges

Deletion of Van cluster components has lead to recovery of Vancomycin sen-
sitivity. This is a promising target for new drug development [26]. For example, 
hydroxyethylamines, posphinate and phosphonate transition-state analogues have 
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been used for the inhibiton of VanA [27, 28]. Phosphinate based covalent inhibitors, 
and sulfur-containing compounds have been demonstrated in VanX inhibitors [29]. 
These inhibitors can be used in combination with Vancomycin to increase uptake of 
the antibiotic inside the bacterial cell [21].

2.3 Mechanisms of tetracycline resistance

Three different tetracycline resistance mechanisms have been described:

1. Ribosomal protection, which is the most common resistance mechanism,

2. Active efflux of the antibiotic and

3. Enzymatic inactivation of the drug.

All these mechanisms are based on the acquisition of one or several tetracycline 
resistant determinants, which are widely distributed among bacterial genera [30]. 
Additionally, mutations in the rRNA, multidrug transporter systems or permeabil-
ity barriers may be involved in developing resistance to several antibiotics including 
Tetracyclines [31].

Efflux of the drug occurs through some export proteins from the major facilita-
tor super family (MFS). These export proteins are membrane-associated proteins 
which are coded for by tet efflux genes and export Tetracycline from the cell. Export 
of Tetracycline reduces the intracellular drug concentration and thus protects the 
ribosomes within the cell.

Ribosome protection proteins that protect the ribosomes from the action of 
Tetracyclines [32] are cytoplasmic proteins. They are similar to elongation factors EF-Tu 
and EF-G that bind to the ribosome and cause changes in ribosomal conformation. 
This prevents Tetracycline from binding to the ribosome, without altering or stopping 
protein synthesis. This occurs by a ribosome-dependent GTPase activity, which confers 
resistance mainly to Doxycycline, Minocycline and a wider spectrum of resistance to 
tetracyclines than is seen with bacteria that carry tetracycline efflux proteins.

2.3.1 Tetracycline resistance genes

There are at least 38 different characterized tetracycline resistance (tet) genes 
and three Oxytetracycline resistance genes (otr) to date [33]. These genes include 
23 genes which code for efflux proteins, 11 genes for ribosomal protection proteins, 
three genes for an inactivating enzyme and one gene with unknown resistance 
mechanism. Most environmental tet genes encode for transport proteins, which 
pump the antibiotic out of the bacterial cell and keep the intracellular concentra-
tions low to make the ribosomes function normally [34]. The most common genes 
found in S. aureus are tet(K), tet(L), tet(M), tet(O).

tet (K) gene is a mobile genetic element originally detected in S. aureus plasmids 
of pT181 family [35]. It is a 4.45-kb plasmid protein consisting of 459 amino acids and 
belongs to the incompatibility group inc3 [36]. PT181-like plasmids have also been 
detected either integrated in the large plasmids or in the bacterial chromosome. They 
are always flanked by directly repeated insertion sequences of the type IS257 [37].

tet (L) gene carrying plasmid pSTE1 was identified in Staphylococcus hyicus 
in 1992. In 1996, tet(L) was also found to be carried on the naturally occurring 
plasmid pSTS7 of Staphylococcus epidermidis [38]. It is the second most prevalent 
tetracycline resistant gene in Streptococci and Enterococci [39]. It consists of 
458 amino acids.
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tet (M) gene is the most widely distributed tetracycline resistant gene in gram-
positive bacteria [40]. It was first identified in Streptococcus spp. Subsequently, it 
has been isolated in a large number of gram-positive and gram-negative bacteria, 
including Mycoplasmas and Ureoplasmas [40]. The tet(M) gene is frequently 
associated with conjugative transposons of the Tn916-Tn1545 family [41, 42]. which 
also carry additional antibiotic resistance genes. According to the study of Schmitz 
et al. [34], tet(M) is the most prevalent single tetracycline resistance determinant in 
MRSA (Methicillin Resistant Staphylococcus aureus). The majority of tet(M)-positive 
S. aureus isolates also carry tet(K). Hence, MRSA isolates are typically of tet(M) or 
tet(K,M) genotype [43].

tet (O) genes also have been detected very rarely in Staphylococci.

2.4 Mechanisms of macrolide resistance

Macrolides inhibit protein synthesis by stimulating dissociation of the 
peptidyl-tRNA molecule from the ribosomes during elongation. This results in 
polypeptide chain termination and a reversible stoppage of protein synthesis. The 
first described mechanism of Macrolide resistance was due to post-transcriptional 
modification of the 23S rRNA by the adenine-N6 methyltransferase. These 
enzymes add one or two methyl groups to a single adenine (A2058 in Escherichia 
coli) in the 23S rRNA moiety. Over the last 30 years, a number of adenineN6-meth-
yltransferases from different species, genera, and isolates have been described. In 
general, genes encoding these methylases have been designated erm (erythromycin 
ribosome methylation), although there are exceptions, especially in the antibiotic-
producing organisms. As the number of erm genes described has increased, the 
nomenclature for these genes has varied and has been inconsistent. In some cases, 
unrelated genes have been given the same letter designation, while in other cases, 
highly related genes (90% identity) have been given different names [33].

2.4.1 Macrolide resistance genes

Although structurally unrelated to each other, Macrolides, Lincosamide, and 
Streptogramin, are often investigated simultaneously for microbial resistance, as 
some Macrolide resistance genes (erm) encode for resistance to two or all three of 
these compounds. In total, more than 60 different genes conferring resistance to 
one or more of the MLS antibiotics have been identified, including genes associated 
with rRNA methylation, efflux and inactivation.

The erm (A) gene is associated with the transposon, Tn554. It is integrated 
into SCCmec II elements, and is a non-conjugative or conjugative transposon. It is 
mostly seen in Methicillin resistant staphylococci [43].

The erm (B) gene is seen in transposons Tn917/Tn551. It is 2.3 and 4.4 kb in size 
and does not carry additional resistant genes [44].

The erm (C) gene is commonly located on small plasmids. It is widely spread in 
Methicillin susceptible strains [45].

The msr (A) gene is efflux- pump mediated, codes for 488 amino acids, ABC 
transporters system and is encoded by plasmid borne msr (A) genes [46]. It is an 
ATP-binding transport protein which mediates the active efflux of 14-membered 
ABC transporters system and confers resistance to Macrolides and B-compounds of 
the Streptogramins.

2.5 Aminoglycosides resistant S. aureus

Aminoglycosides are broad spectrum antibiotics that inhibit protein synthesis 
of the bacteria. They were first isolated from the Actinomycetes spp. namely 
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Streptomyces griseus and introduced for clinical use in 1944. They were used as the 
first-line drugs worldwide but were replaced by Cephlaosporins, Carbapenems 
and Flouoroquinolones due to lesser toxicity and broader coverage than 
Aminoglycosides [47]. Members of these groups include Neomycin, Amikacin, 
Gentamicin, Netilmicin, Tobramycin, Kanamycin etc. The novel Aminoglycosides 
recently developed, namely Arbekacin and Plazomicin were meant to overcome 
the Aminoglycoside resistance mechanisms [48]. Clinical studies reported a higher 
incidence of nephrotoxicity in patients on Aminoglycosides. Hence, screening the 
patients for serum urea and creatinine after injection of Aminoglycosides is impor-
tant to monitor the severity of the toxic effects. Aminoglycosides have got a substan-
tial activity against S. aureus infections including MRSA, VISA, and VRSA [47].

Entry of Aminoglycosides inside the bacteria mostly comprises of three distinct 
stages [49]:

1. Increase in permeability of bacterial cell membrane: Binding of polycationic 
Aminoglycoside antibiotics to the bacterial membrane which has negative charged 
components such as phospholoipids and teichoic acids occurs by electrostatic at-
traction. This leads to disruption of the outer membrane of the bacterial cells.

2. Energy dependent: Entry of Aminoglycoside antibiotics into cytoplasm  
is mediated by slow, energy dependent and electron transport mechanisms.

3. Mistranslation of protein synthesis and inhibition of protein synthesis: 
This occurs once the Aminoglycoside molecules enter into the cytoplasm.  
Mistranslation leads to cytoplasmic damage and facilitates rapid uptake of 
more Aminoglycosides inside the bacterial cell.

Aminoglycoside resistance mostly occurs by

1. Enzymatic modification

2. Target site modification

3. Efflux pump proteins on bacterial cell.

1. Enzymatic methylation of the rRNA: Methylation at N7 of guanine residues 
of the 16 s rRNA produces high level resistance, but this has not been reported 
among clinically important bacteria.

The major mechanism of aminoglycoside resistance among both gram nega-
tive and gram positive clinical isolates is the enzymatic modification of amino or 
hydroxyl group of these antibiotics. Three families of enzymes are responsible in 
performing co-factor dependent drug modification:

i. Aminoglycoside phosphotransferases (APHs)

ii. Aminoglycoside acetyltransferases (AACs)

iii. Aminoglycoside nucleotidyltranferases (ANTs)

These are further subdivided into many types (designated by Roman numerals). 
AAC (6′)-I enzymes are aminoglycoside acetyltransferases, modifying the antibi-
otic at position 6′ [50, 51].
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Aminoglycoside resistance in clinical strains of S. aureus is due to the acquisi-
tion of cytoplasmic Aminoglycoside Modifying Enzyme (AME) by plasmids. For 
example, Gentamicin and Neomycin resistance is confered by bifunctional Acetyl 
Transferase –Phosphotransferase (aac-aphD) encoded by Tn4001.

Neomycin resistance occurs by aphA encoded adenyl transferase which is 
encoded by PUB 110 or Tn 5405. It is seen in SSC II mec [52].

2. Modifications of the target include mutational changes in the ribosomal  
proteins or 16S rRNA. The mutational changes are mostly seen in Streptomycin

3. Efflux pump proteins on bacterial cell is an intrinsic aminoglycoside re-
sistance mechanism in various pathogens. In the opportunistic pathogen, P. 
aeruginosa, intrinsic low-level resistance to Aminoglycosides, Tetracycline and 
Erythromycin is mediated by the expression of the multiple efflux (Mex) XY-
OprM system. In S. aureus, efflux pump proteins causing resistance to amino-
glycosides have not been identified [46].

2.6 Linezolid

2.6.1 Mechanism of action

It is an Oxazolidinone, useful in treatment of resistant gram positive coccal and 
bacillary infection. It is primarily bacteriostatic but can exert bactericidal action 
against some Streptococci, Pneumococci and B. fragilis [53, 54].

It acts mainly by inhibiting bacterial protein synthesis, acting at an early step. It 
binds to the central loop of domain V in the 23S fraction (P site) of the 50S ribo-
some and interferes with the formation of tertiary N-formylmethionine- tRNA- 70S 
initiation complex. Hence it stops protein synthesis before it starts.

2.6.2 Mechanism of resistance

Since Linezolid is a synthetic drug, natural resistance to this drug does not 
occur; hence mutations are mostly acquired.

1. Mutations in the 23srRNA subunit domain V region of ribosomes lead to 
alteration of peptidyltransferase center (PTC), where conserved regions of 
ribosome interact directly with Linezolid. Gram positive bacteria passes 4 to 6 
allelic copies of 23S rRNA; hence, development of Linezolid resistance requires 
more than one allele to be mutated.

2. Mutations in the genes of ribosomal proteins L3 (rplC gene), L4 (rplD gene), 
and L22 (rplV) gene arefound in some gram positive bacteria.

3. Acquired resistance by Natural cfr (Chloramphenicol –Florfenicol Resistance) 
gene from Chloramphenicol resistant bacteria, which is a plasmid mediated 
gene, encodes a protein to catalyze the post transcriptional methylation of the 
C-8 atom (A2503) in the 23S rRNA. Methylation by the cfr leads to develop-
ment of multidrug resistance to Linezolid, Lincosamide and Streptomycin [52].

Genes encoding for Ribosomal proteins have been analyzed by PCR and 
Amplicon sequencing.

Whole molecular background is elucidated by PCR- Amplicon sequencing and 
whole genome sequencing [56].
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2.7 Mupirocin (MUP)

2.7.1 Mechanism of action

Mupirocin is a mixture of several pseudomonic acids. It binds to its target site of the 
enzyme isoleucyl-tRNA synthetase and inhibits protein synthesis. However it does not 
bind to the mammalian enzyme counterparts, making it non-toxic for human beings. 
The synthesis of bacterial isoleucine tRNA gets depleted which leads to cessation 
of protein and RNA synthesis in the bacteria. At the concentrations near Minimum 
Inhibitory Concentration (MIC) Mupirocin is bacteriostatic and at higher concentra-
tions it becomes bactericidal. It is mainly used against the gram positive bacteria [57].

2.7.2 Mechanism of resistance

Mupirocin-resistant (mupR) S. aureus was first reported in the United Kingdom 
in 1987.

Mupirocin resistance is classified into two types.

1. Low Level MUP resistance- MIC value of 8-64 mcg/ml is mainly due to 
chromosomal point mutations in the native ileS1 gene leading to a Val-to-Phe 
change in the MUP- binding site.

2. High Level MUP resistance- At a MIC of 128- 256 μg/ml. there is plasmid 
mediated resistance, which occurs by two mechanisms:

1. Acquiring an alternate isoleucine - tRNA synthetase i.e. by acquisition of a 
plasmid mediated mupA or isleS2 gene.

2. Acquisition of mupB gene [58, 59].

2.8 Fusidic acid

2.8.1 Mechanism of action

It was isolated from a strain of Fusidium coccineum, which is a steroid like anti-
biotic. It is mainly bacteriostatic in nature but may become bactericidal at higher 
concentrations. It acts by binding with Elongation factor G i.e. Translocase 
which is necessary for translocation on the bacterial ribosome after peptide bond 
formation during protein synthesis. However eukaryotes have another enzyme 
which is not affected by the drug. This specific mode of action explains the 
absence of intrinsic cross- resistance between Fusidic acid and other antibiot-
ics. It has a limited spectrum of activity, mainly against Gram positive bacteria 
i.e. Staphylococcus aureus, S.epidermidis, Clostridium spp. and Corynebacterium. 
However, Streptococci are moderately susceptible. But most Gram Negative 
Bacteria are resistant to it [60].

2.8.2 Mechanism of resistance

Two major Fusidic acid resistance mechanisms are discovered in S. aureus:

1. Alteration of the drug target site which is due to the mutations in fusA gene 
(encoding elongation factor G, EF-G), rplF or fusE (encoding ribosome 
protein L6)
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2. Point mutation in fusA gene occurs in domain III of EF-G.

Other resistant mechanisms include:

i. Fusidic acid resistant small colony variant (SCV) isolates, referred to as 
fusA-SCV class mostly occur due to mutations in domain V of EF-G

ii. Acquired Fusidic acid resistance of Staphylococcus spp. includes fusB, fusC, 
and fusD. The genes fusB (found in plasmid pUB 101 in S. aureus) and fusC 
were found in S. aureus and coagulase-negative Staphylococci

iii. fusD is an intrinsic factor causing Fusidic acid resistance in Staphylococcus 
saprophyticus [61].

3. Alternative to antibiotic therapy

3.1 Spread of antibiotic resistant

3.1.1 Antimicrobial peptides

Antimicrobial peptides or host defense peptides are biologically active molecules 
produced by variety of organisms [62]. AMPs have board spectrum of antimicrobial 
activity against pathogenic microorganisms and are the first line defense against the 
foreign attacks [63]. AMPs also serve as immune-modulators in higher animals [64]. 
AMP’S are expressed by specific genes and their expression is by either constitutive 
or specific external factors [64]. AMPS are classified into several types based on 
the source, activity Amino acid sequences and structural characteristics. AMPS are 
usually 1. Cationic and Hydrophophic in nature with helical polypeptides of short 
amino acid sequences mostly lysine and arginine amino acids. 2. Some are Cationic 
and Amphiphilic (Both hydrophobic and Hydrophilic).

3.1.2 Membrane target mechanism

Amphiphilic peptides are alpha helix and their amphiphilicity interacts with 
bacterial cell membrane. These alpha helices peptides are folded and adsorbed 
with both hydrophilic and hydrophobic sides of lipid bilayer membranes. Positive 
charged AMPS interact with negative charged cell membranes by electrostatic 
interactions and undergo conformational changes of the cell membrane.

3.1.3 Non membrane target mechanism

AMPS bind to hydrophobic and negative charged cell membrane of lipid bilayer 
at their N-terminal ends containing basic amino acids and their C-terminal ends 
are amidated with neutral hydrophobicity. The number of positive net charge are 
related to the antibacterial activity and their hemolytic activity is related to the 
hydrophobicity of the peptides. Multiple models to explain the action of these 
peptides, include the toroidal pore model, the barrel-stave model, and the carpet 
model etc. [65].

3.1.4 Advantages of AMPs

1. AMPs have rapid germ killing abilities with low bactericidal concentration
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2. No toxic effects

3. Hard to induce bacterial resistance

4. AMPs have broad spectrum antimicrobial activity

5. AMPs have good thermal stability and good water stability

6. AMPs are small molecules with low synthetic cost

7. AMPs show inhibitory ability to cancer cells [66].

3.1.5 Disadvantage of AMPs

AMPs have mostly L-amino acids; are sensitive to protease degradation and 
rapid renal clearance.

AMPs are not specific to microorganisms and display systemic toxicity
Oral administration of AMPS can lead to proteoloytic degradation by gastric 

enzymes such as trypsin and pepsin.
Systemic administration results in short half life time in vivo and cytotoxicity 

in blood
Chemical modification of AMPS and the use of drug delivery vehicles such as 

Nanoparticles, lipid system can improve the properties of AMPS for their clinical 
use [26].

3.2 Nanoparticles

Nanoparticles are smaller in size (less than 10 nm in diameter) that exhibit 
high surface area to volume ratio [27]. Nano particles have significant application 
in the medical fields. Nano-drugs or Nanoparticles can act individually or syner-
gistically with antibiotic components against the multi-drug resistant pathogens. 
Nanoparticles are used as drug delivery vehicle that improve the therapeutic effi-
cacy and enhance their physicochemical characteristics [28]. Metal and metal oxide 
Nanoparticles such as gold, silver, titanium, copper, zinc etc. are the most studied 
Nanoparticles against the multi-drug resistant pathogens [28].

3.2.1 Interaction and penetration of nanoparticle to bacteria

Electric charges present on the nanoparticles are the most important 
property in terms of antimicrobial effect. Interactions of nano-particles with 
bacteria membrane depend on the different factors such as electrostatic interac-
tions, hydrophobic interactions, receptor ligand interaction and Van der Val 
forces [29].

The phosphates present in the teichoic acids of gram positive bacterial cell 
wall are responsible for bacterial negative charge and acts as binding site of 
divalent cation ions. Gram Negative bacteria consists of plasma or cytoplasmic 
membrane followed by peptidoglycan layer and hydrophobic lipid bilayer con-
sisting of lipopolysaccharides (Phosphates and Carboxylates) which are respon-
sible for negative charge of gram negative bacterial cell wall. The interaction of 
NPs with membrane structure leads to blebbing, tubule formation and other 
membrane defects [67].

Nanoparticles can bind to cell wall by electrostatic interactions and disrupt 
cytoplasmic membrane leading to leakage of cytoplasmic content of the bacterial 
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cell. Nano particles also bind to intracellular components such as DNA and other 
enzymes responsible for normal cellular machinery causing disruption in cel-
lular machinery by creating oxidizing stress, electrolytic imbalance and enzyme 
inhibition followed by cell death. For example, free copper ions (CU2+) from 
CU Nanoparticles generates reactive oxygen species that disrupts the amino acid 
synthesis and DNA [67].

3.2.2 Nanoparticles as a drug delivery vehicle

Nano-particles based drug delivery system provides increased drug retention 
time in blood. Reduced non-specific distribution at targeted site of infections, 
Opsonin proteins in blood rapidly attach to Nanoparticles, promoting macrophages 
to bind and remove NPs from blood circulation [68].

3.2.3 Bacterial resistance to NPS

Bacterial cells acquire resistant towards NPs by multiple mutations. NPs 
resistance to bacteria is a clinical concern but it is rare. Some studies suggest that 
bacteria develop resistance to Ag, Au, and Cu NPs after continuous exposure. For 
example: CU++ NPs sowed reduced susceptibility to TiO2 NPS after continuous 
exposure to Schewanella oneidensis [69].

Increased use of Ag NPS in clinical application raises the NP bacterial drug 
resistance to K.pneumoniae and Enterobacter cloacae. Hemeg et al. showed, Al2O3 
NPs increased the expression of conjugation-promoting genes and are responsible 
for horizontal gene transfer of resistant genes [70].

3.3 Probiotics

Probiotics are living Microorganisms that confers a health benefit to the host 
when administered in adequate amount. For example, Lactobacilli and bifidobacte-
ria. Probiotics bacteria have many beneficial properties:

1. Controlling the activity of pathogenic bacteria

2. Improving intestinal barrier function

3. Reducing adherence to pathogenic bacteria cells,

4. Co-aggregation

5. Production of organic acids which antagonize the pathogenic bacteria.

6. Many Probiotics produce antimicrobial compounds such as short chain fatty 
acids, Nitric oxide, bacteriocins [71].

3.3.1 Spread of antibiotic resistant

Gastrointestinal bacteria act as a major reservoir for resistance genes that can 
be acquired from ingested bacteria and it is responsible for transfer of resistant 
gene from one bacteria cell to another by plasmid mediated conjugation. Intrinsic 
resistance of probiotic bacteria is a major concern. Vancomycin, Tetracycline and 
Chloramphenicol antibiotic resistance have been reported in lactobacillus spp. 
intrinsically [71].
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3.4 Vaccines

See Table 1 [72].

4. Conclusion

Staphylococcus is an adaptable pathogen and has ability to develop rapid 
antibiotic resistance. After 1980s development of newer classes of antibiotics 
is very limited. Rapid development of resistance will reduce the availability of 
antibiotic in clinical practice and this will cause serious health problem in future. 
Development of newer molecules in expensive clinical trials, the huge investment 
in target based discovery with the structural biology did not yield the hope for 
newer break throughs. Microorganisms are very crucial in developing resistance to 
novel therapeutic agent rapidly. This will development of more strategies to combat 
the antibiotic resistance. Antibiotic stewardship policy is mandatory to control 
the development and spread of antibiotic resistance in community and hospital 
settings.

Target antigen Clinical 
trails

Out come

CP 5and CP8 Phase III Failed

CP-5 CRM197, CP8-CRM and CIfA 
(SA3 ag)

Phase I Significant antibody response

CP5-CRM 197, CP8-CRM197, MntC 
and CIfA (SA4 ag)

Phase I robust immune response, safe, and well-
tolerated and phase 2b is ongoing

Alpha toxin and Panton-Valentine 
leukocidin

Phase I good toxin neutralizing sero-positive response

EsxA and Esx B Preclinical protection with improving survival of murine 
model

Surface Protein A (SpA) Preclinical protection in mouse model

D-alanine auxotrophic S. aureus Preclinical protection from the formation of abscesses and 
improved survival in immunized mice

AdsA Preclinical protection in the immunized mouse model

Coa (Hc-CoaR6) Preclinical strong T-cell response and protection in mice 
against lethal dose of S. aureus

Staphylococcal enterotoxin B Preclinical efficient protection in BALB/c mice

Table 1. 
List of vaccines in clinical trials and outcomes (adapted from Ansari et al., [72]).
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Abstract

Staphylococcus aureus (S. aureus) has been a substantial economic problem due to 
its antibiotic resistance, persistence inside host and recurrence of disease. It escapes 
from immunity because of its intra-cellular growth. Moreover, it forms biofilm on 
both living and in-animate surfaces that leads to recurrent infections and growth in 
food industry, respectively. Further, S. aureus undergoes the vertical and horizontal 
evolution that has genetically diversified the bacterial population. All the factors 
such as point mutations, plasmids, phages etc. have played their roles in diversifying 
this bacterium. Many bacterial physiological characteristics have been affected by 
genetic diversity. Biofilm forming ability is also considered as a variable charac-
teristic of S. aureus that can help the bacteria to survive in different environments 
with different levels of biofilm production. In adapting the environment, S. aureus 
also forms different types of biofilm for its better survival. How genetic diversity is 
playing its role in this division of S. aureus is yet to be revealed. This chapter focuses 
on the factors related to genetic diversity and biofilm formation of S. aureus.

Keywords: Genetic diversity, Non-synonymous mutations, ica-operon, biofilm 
production, agr-operon

1. Introduction

Staphylococcus aureus is a mammalian commensal [1] that colonizes mucosal 
membranes of its hosts around the world. The virulent S. aureus strains promote 
infections by producing potent protein toxins, colonizing factors and cell surface 
proteins that inactivate antibodies [2]. Contrastingly, genetic diversity in the S. 
aureus causes the variation in disease severity of the clinical strains [3]. This genetic 
diversity among S. aureus population around the world suggests the variation in 
spatial distribution. The development of different techniques such as multi-locus 
sequence typing (MLST) [4], Pulsed-field gel electrophoresis (PFGE) [5], and core 
genome phylogenetic reconstruction [6] have facilitated analysis of the genetic 
diversity in S. aureus population. MLST is commonly used to understand the S. 
aureus lineages [7]. It relies on the allelic profiles of housekeeping genes present 
throughout the core genome [8]. Previous studies showed that S. aureus population 
structure is composed of limited clonal complexes (CCs) that further comprises 
of new sequence types (STs) [9]. ST precisely defines a strain with a unique allelic 
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profile that have descended from the same recent common ancestor. Such ST types 
indicate the evolution based on point mutations. Additionally, recombination also 
appears to have played a relatively minor role in shaping S. aureus population [10]. 
Such techniques and studies are well suited to undermine the global epidemiology 
and genetic diversity of S. aureus population [11].

S. aureus infections can be recurred and costs for a long-term treatment along 
with productivity losses [12]. This recurrence is the result of biofilm formation and 
persistence inside body. Similarly, S. aureus biofilms also poses a major problem in 
the device-related infections (DRIs) [13]. Biofilms provides a shelter to S. aureus that 
resist antibiotics and other cellular immunity defenses [14]. S. aureus biofilms are 
more potent as it can be formed on the fomites, pipelines in the food industry and on 
the skin [15]. In this way, biofilms can also act as source of spread for long term with-
out being observed. Recent findings have shown that staphylococcal biofilm mecha-
nisms are adaptable to the environmental changes and help the pathogen in adherence 
to the surfaces at any cost [12]. Genetic diversity could be one of the influencers 
among the biofilm production ability of this pathogen [16]. A deep understanding of 
mechanisms for such variation in biofilm production is yet to be discovered.

Here we will review how diversity has affected the Staphylococcus aureus popula-
tion structure and its biofilm mechanisms.

2. Mechanism of genetic diversity in S. aureus

The architecture of S. aureus population is mainly based on its genetic markers. 
Its genome consists of a single chromosome of 2.7–3.1 Mbp [17]; mainly represents 
the core genome that undergoes the vertical evolution. While accessory genome is 
dominated by mobile genetic elements (MGE) that include plasmids, transposons, 
phages and insertion sequences (IS) [18]. Horizontal evolution in MGE is driving 
the genetic diversity in this fraction of genome. Therefore, diversity in S. aureus 
population include a highly varying accessory/disposable genome with variable 
distribution of antimicrobial resistance (AMR) genes, virulence factors (VF), 
sequence types (ST), and clonal complex (CC)-specific pathogenic potentials 
[19]. The causes of genetic diversity among S. aureus strains are: vertical evolution 
(mutation) [20] and horizontal evolution (transformation, conjugation, transduc-
tion, and transposition) [18].

2.1 Vertical evolution and genetic diversity

The majority of Staphylococcus aureus population has highly conserved core 
genome [21, 22] that has evolved mainly through mutations. This conserved core 
genome can further undergo to single nucleotide polymorphisms and SCV forma-
tion. Such mutations are detected by MLST of selected housekeeping genes (arc, 
aroE, glpF, gmk, pta, tpi, yqiL) or through whole-genome sequencing that helps 
the researchers to identify the phylogenetic relations in S. aureus populations. 
According to the pubmlst database, there are 632,297 allele sequences in the 35,804 
isolates. Furthermore, there are total 6569 MLST types divided into 10 clonal 
complexes including the untypeable clonal complex [4]. However, mutations in core 
genome points at the continuous evolution of this bacterial pathogen.

Previous studies have mentioned the synonymous and non-synonymous 
mutations in bacterial genomes as two main types of mutations [23]. Synonymous 
mutations are mostly less diversifying and cause least impact due to presence of 
amino acids against different pairs of codons and introduction of amino acid from 
same groups [24]. Thus, these mutations are considered as mostly harmless for 
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bacterial physiology. The other mutation type is non-synonymous mutation that 
causes gene rupturing by introducing a stop codon that further leads to significant 
changes in bacterial physiology [25]. Among S. aureus population, nonsynonymous 
mutations generate the irreversible small colony variants (SCVs) that play main role 
in this genetic diversity [26]. Irreversible mutations introduced in such variants are 
mainly shaped by parallel evolution and are generated due to environmental stress 
factors such as cationic peptides, oxidative stress, low pH, bacterial competition 
[27]. These SCVs have attributes of high biofilm formation, antibiotic resistance 
and low metabolism that reduce the cure rates [16, 28, 29]. Human joint infections, 
cystic fibrosis in lungs, and bovine chronic mastitis are some common examples 
[30]. Studying the underlying mechanisms is important to assess the physiological 
processes and genetic diversity.

Some recent reports have determined that S. aureus also undergo genome 
reduction similar to mycobacterium spp. [31]. Genome reduction is mainly caused 
by removal of the ruptured genes and pseudo genes that eventually shortens the 
genome size [31]. A recent example of such genome reduction in S. aureus is isolates 
from ST-228 that are believe to lose 522 genes in their history of evolution [21]. It 
can be estimated that persistence of S. aureus in an environment for very long time 
causes genome reduction. The possible reason behind this is the least utilization 
of genes that are not required in that particular environment [31]. In other words, 
these proteins could have evolved to fulfill specific nonessential innovations and 
hence could easily be lost in reductive evolutions. Such complex genetic diversity 
also points at the continuous evolution of this S. aureus. A deep understanding of 
the mechanisms behind this evolution and genetic diversity is required.

2.2 Horizontal evolution and genetic diversity

The accessory genome is highly diverse among S. aureus populations [9]. It 
mainly encodes proteins necessary for bacteria’s adaptation to various environmen-
tal conditions via resistance genes or virulence factor [14]. Such exogenous genes 
are often shared by other bacteria/environment therefore containing different 
rate of G-C in as compared to the core genome [32]. Generally, these exogenous 
genes can be obtained through one or multiple ways of horizontal evolution such as 
transformation, conjugation, transduction, and transposition. The mobile genetic 
elements (MGEs) are responsible for such kind of genes transfer. MGEs prevalent 
in S. aureus population include plasmids, transposable elements, bacteriophages, 
and pathogenic islands [18]. A deep knowledge of these MGEs and their mobility 
methods are of great concern for understanding the horizontal evolution.

2.2.1 Plasmids and their role in genetic diversity

Plasmids are small self-replicating DNA molecules (ranging 1–60 kbp) that 
can be transferred from one bacterium to other [18]. S. aureus has three classes of 
plasmids based on their sizes and other properties. Class I plasmids include small 
sized (<4.6 kbp) but multicopy plasmids often with a single resistance determinant 
[33]. Such type of plasmids is never reported to bear transposons or prophages 
[34]. Class II plasmids are of intermediate size (15–46 kbp) with lesser number of 
copies as compared to class I [33]. But some of the plasmids included in this class are 
antibiotic resistance plasmids such as pencillinase and aminoglycoside resistance 
plasmids [35]. In addition, there are different resistances genes do present on this 
kind of plasmids. Class III consisted of large and complex plasmids with determi-
nant of transfer (tra) by conjugation along with different combinations of resistant 
markers [36]. Such plasmids also possess few transposons and insertion sequences.
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Staphylococcus aureus strains commonly resist against Penicillin and glycopep-
tides such as vancomycin [15]. The resistance to methicillin is commanded by the 
mecA gene, responsible of the 76 kDa penicillin binding protein (PBP) synthesis. 
This protein with a low affinity to β-lactams is called PBP 2′ or PBP 2a [37]. The 
blaZ gene encodes for β-lactamase in S. aureus strains and both the two adjacent 
regulatory genes blaI (repressor) and blaR1 (antirepressor) control this gene [38]. 
There are five different phenotypes of resistance genes (vanA, vanB, vanC, vanD 
and vanE) to vancomycin in enterococci [39]. vanA and vanB resistance operons in 
the plasmids possess the Tn1546-like and Tn1547 transposon elements [40].

2.2.2 Transposable elements (Tn) and insertion sequences (IS)

The genome of S. aureus carries heterogeneous MGE. The mobile genetic 
elements contain insertion sequences (IS), transposons (Tn), and transposon-like 
elements [40]. These mobile genetic elements are involved in evolution of bacteria 
and these can be found on chromosomes as single or multiple copies. MGE can also 
be found in association of other genetic elements.

IS sequences are the segments of DNA which can be transposed from one site of 
genome to another [18]. The genetic information required for their transposition 
is carried by these transposable elements. They are responsible for the recombina-
tion and stabilization of some genes which are responsible for resistance, though 
they do not code for resistance. These IS sequences are responsible for inducing 
changes in the expression levels of chromosomal genes and thus are very important 
in the process of evolution of the bacterial genome [41]. IS sequences can affect 
the transcription of other genes which are nearby, either by direct insertion or by 
polar effect, in order to inactivate them. IS sequences which also contain some 
other genes are called as composite transposons i.e. Tn4001 and Tn4003 which are 
composite transposons are known to contain IS256 and IS257 respectively which 
mediate resistance to gentamycin (Gmr), kanamycin (Kmr), and tobramycin (Tmr) 
[18]. IS256 and IS257 on styphylococcal chromosome have been observed in both 
contiguous and independent form. It suggested that these genetic elements in the 
genome may have a role in molecular rearrangements. The circular chromosome of 
S. aureus contains two copies of IS257. The recombination of either of IS257s of the 
plasmid (pJ3356) mediating ertgromycin resistance, in the pOX7 has been observed.

Transoposons present in staphylococcal genome are relatively small and they 
carry genes for resistance. Tn552 carries ‘bla’ gene for pencillinase and Tn554 
carries gene for resiatance against spectinomycin, erythromycin and mactolide-
lincosamide-streptogramin B [18, 40]. These elements are present in staphylococal 
cassette chromosome, plasmids or on the chromosome in multiple copies. Two 
copies of transposon 554 (Tn544) are commonly observed in N315, Mu50 and 
MRSA252 genome, while three addition copies were reported in N315 genome [33]. 
A unique conjugative transposon i.e., Tn5801 that carries ‘tetM’ gene mediating 
resistance to tetracycline and minocycline was found in Mu50 genome. The single 
copies of transposons which are larger than 18 kbp are rare to find relatively. They 
encode genes mediating resistance to tetracycline, trimethoprim, aminoglycosides, 
or vancomycin. A specific transposon is present on the penicillinase plasmid (pl524) 
which carries methicillin resistance gene.

2.2.3 Bacteriophages and S. aureus diversity

The presence of mobile genetic elements, especially prophages, help to 
determine the diversity of S. aureus species [34]. Both the horizontal and vertical 
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evolutions are closely linked to phages. In horizontal evolution, the phages being a 
mobile genetic element can be transferred to the recipient bacterial cell present in 
the environment. The prophages carry the many accessory genes in their genomes 
that are responsible for staphylococcal virulence factors and help in the survival of 
certain S. aureus strains [34, 42, 43]. The phages aid in the genomic island induc-
tion and its transfer. Additionally, phage transduction also transfers plasmids and 
chromosomal markers. Phages, in this way, diversify the S. aureus population and 
directs the horizontal evolution.

Currently, S. aureus strains isolated from non-human mammals are being 
sequenced and studied. Such strains have been shown adaptation to different host 
species through mutations in the core genome and through potential phage-encoded 
virulence genes [34]. Recent examples are the cattle-associated strains that were 
shown to originate in humans [43]. Furthermore, isolates from birds were shown to 
possess Sa3int phages with unique genes [44]. Therefore, phages are believed to be 
the one of the tools for host-diversification.

The phages are often regarded as selfish elements even though bacteria are 
utilizing them for their own survival. In this context, lysogeny could only serve as 
a short-term strategy of evolution. There are many reports indicating that phages 
provide S. aureus with additional genes that allow them to survive and persist. 
Several genes are the examples of introduction such as Panton-Valentine leukocidin 
(lukSF), exfoliative toxin A (eta), cell wall anchored SasX protein and the immune 
evasion group (IEC) composed of enterotoxin S (mar), staphylokinase (sak), the 
chemotaxis inhibitor protein (chp) and the inhibitor of the staphylococcal comple-
ment (scn) [45]. Such gene transfers between species and between different strains 
is limited due to receptor modifications in restriction barrier and phage exclusion. 
These effects most likely play an important role in species diversification of staphy-
lococci. Hence, deeper insights into phage biology will be beneficial in understand-
ing bacterial evolution.

3. Biofilm formation in S. aureus population

Biofilm production in S. aureus is comprised of three-steps. In each step, there is 
distinct bacterial physiology with expression of different sets of genes [46]. These 
steps can be described as follows: (i) initial attachment; (ii) colonization; and 
(iii) dispersion [47, 48]. In the initial attachment step, bacterial cells attach to the 
surfaces (6 h–11 h). This step is characterized by active metabolism of the bacterial 
cells and higher production of adhesion factors. In maturation step, the biofilm 
production is increased due to bacterial multiplication (18 h). During this step, 
metabolically active cells and slow metabolism cells both are present and subject to 
QS signals gene expression changes. At this step, persister cells can be found here. 
In the third and last step, upon finding the favorable conditions, the metabolically 
active cells separate from the colonies and begin to function as free cells [49]. Gene 
expression changes also force the bacteria to decrease the biofilm production [50]. 
Biofilm production in S. aureus is a complex phenomenon that secures this pathogen 
from environmental stress factors.

3.1 Role of outer surface proteins

Outer surface proteins play a very important role in initial adhesion and helps 
bacteria to adhere any surface; playing an important part in beginning of biofilm 
formation. Previous studies have focused on human isolated bacteria and whole 
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proteome comparison of biofilm and planktonic states of S. aureus [47, 51]. But 
recent studies have shown that MRSA can also form a varying form of protein based 
biofilm that is not present in other S. aureus bacteria [52]. This difference includes 
the biofilm components, outer surface protein expression and encoding operons. 
For example, S. aureus can produce two types of biofilms (i) ica-operon dependant/
Polysaccharide intercellular adhesion-based biofilm (ii) ica-operon independent 
biofilm [13, 53]. Ica-operon independent biofilm is important for persistence in 
Hospital Associated infections (HA-MRSA) that is structurally different to the for-
mer type of biofilm. Hence drugs designed for the former type of biofilm might be 
not suitable for this type. This implicates that the drugs designed for other S. aureus 
biofilms will not be effective for native or highly antibiotic resistant strains.

Surface proteins are mainly classified into structural based classified groups (i) 
microbial surface component recognizing adhesive matrix molecule (MSCRAMM) 
(ii) Near iron transporter (NEAT) motif proteins. (iii) Three-helical bundle 
proteins (iv) G5–E repeat family (v) Structurally uncharacterized proteins [54]. 
Among these the last group is least studied and has potentially important proteins 
such as biofilm associated protein (bap). In this group, SasL and SasD proteins are 
also included that are expected to have important role in pathogenicity and biofilm 
formation [55]. But there are still no studies regarding gene mutation and character-
ization. Furthermore, all the proteins in this fraction are never studied for their role 
in ica-independent biofilm formation.

3.2 Quorum-sensing regulation system and biofilm formation

In Staphylococci spp., accessory gene regulator (agr) system acts as a main quo-
rum sensing (QS) regulating system. Another QS regulation system i.e., luxS regu-
lating system is also present but its role is less significant in the physiology of this 
bacteria [56]. Autoinducing peptide (AIPs) forms basis of agr-mediated QS system 
and acts as main signal peptides that regulates the biofilm formation and virulence. 
The main functions of agr mediated QS system are to sense the bacterial cell density 
in the surrounding environment and to respond with genetic adaptations.

S. aureus possess four main genes in the agr-operon such as agrA, agrB, agrC, 
agrD and divergent transcriptional units, such as RNAII and RNAIII, with pro-
moter-2 (P2) and promoter-3 (P3), respectively. agrD gene in this operon produces 
a small oligopeptide that further undergoes maturation and transported in extracel-
lular environment via agrB [57, 58]. These mature oligopeptides act as AIs in the 
extracellular environments. After reaching a certain threshold value, these AIs 
interacts with extracellular segment of histidine kinase, agrC. This agrC acts as a 
transmembrane receptor which activates the kinase leading to phosphorylation of 
agrA response regulator; resulting in the expression of biofilm related genes [59]. 
This activated agrA regulates the promoters P2 and P3 that further activates or 
deactivates transcriptional units.

It has been determined to maintain a balance between production of virulence 
factors and biofilm formation. The agr based QS system plays a major role in the 
dispersion step of biofilm formation [60]. Because agr system activation supports 
the free-living and more mobile lifestyle. On the other hand, its deactivation 
supports the colonization and sessile lifestyle. Therefore, agr mutants are shown 
to form a higher biofilm production as compared to the wild type. As mentioned, 
this increased biofilm production and thickness is associated with the inability 
of cells in dispersion from the mature biofilm. Thus production of factors that 
stops the bacteria to enter into mobile phase and not due to cell growth or death 
[61]. However, this agr-QS system needs a deep understanding of pathways and 
mechanisms.
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3.2.1 Role of alternative sigma B (sigB) operon and agr operon

Alternative sigma B (sigB) factor-regulated genes include those involved in 
general stress response, virulence, capsule formation, and biofilm formation 
(Figure 1) [62]. sigB operon is composed of rsbU, rsbV, rsbW, and sigB genes. It 
represses the agr operon that is important in depressing the biofilm production. 
Disruption of any gene from this operon could result in mal-function and enhance 
the biofilm production. Recently, this operon found to be playing an important role 
in counterfeiting the oxidation stress in S. aureus that are very important risk factors 
for mastitis infections.

4. How genetic diversity affects the biofilm production

Biofilm forming ability is a variable characteristic of Staph aureus that can catego-
rize the bacteria into different categories such as level of biofilm formation, certain 
STs with high biofilm formation and types of biofilm formation (discussed earlier).

Figure 1. 
Regulatory networks in biofilm formation. Sigma factor B (SigB) inhibits agr expression, while SarA has been 
shown to directly enhance it [62].
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4.1 Relation of MLST with biofilm production

There is a proposal that genetic diversity could affect the biofilm production. 
A recent study has demonstrated that MLST types such as ST59 and ST188 isolated 
from human and canine sources were found to be associated with strong biofilm 
production [15]. This shows that the biofilm production capacity is strongly 
affected by evolutionary process that changed the biofilm production among differ-
ent strain types. Parallel evolution could vary the biofilm production by introducing 
new mutations. But the genes and pathways in specific sequence types related to 
biofilm production affected by parallel evolution are not well understood. Further 
studies are underway to reveal this relation. As discussed previously, parallel evolu-
tion could help in emergence of new strains but its relation to biofilm production is 
still unknown.

4.2 Level of biofilm formation

Level of biofilm formation is another complex mechanism that shows the diver-
sity among the strains and within the member of strains [46]. There are multiple 
estimations that can explain these variations [46, 50]. But most importantly these 
variations in expression of genes are associated with the environmental signals 
[63]. For instance, some bacterial cells in same colony can produce PNAG to capture 
water [13]. On the other hand, some pathways like c-di-AMP respond to external 
environmental chemicals such as glucose and drop in biofilm formation is measured 
[64]. Biofilm formation and eDNA release from bacterial cells are triggered by sig-
nificant reduction in c-di-AMP levels and this reduction is related to low agr operon 
expression [65]. Importantly, gdpP, xdrA and apt genes also play important role in 
biofilm formation [66]. Although this pathway shifting is notified but environmen-
tal factors that drive this reduction in agr operon expression are still under study.

4.3 Types of biofilm

S. aureus biofilms can be classified as ica-dependent and ica-independent based 
on their matrix composition. Biofilm matrix composition in ica-dependent biofilms 
is synthesized by the icaADBC operon that is composed of polysaccharide intercel-
lular adhesion (PIA) or polymeric N-acetylglucosamine (PNAG). On the other 
hand, ica-independent biofilms are further consisting of three types of biofilms 
based on their biofilm matrix. Protein/e-DNA biofilm, Fibrin biofilm, and Amyloid 
biofilm are included in this ica-independent classification (Table 1). There is an 
interesting comparison of biofilm types among MSSA and MRSA isolates also exists. 
It was reported that ica-dependant biofilm was more common in MSSA while ica-
independent biofilms were more frequently observed among MRSA isolates [67]. It 
is possible that multiple types are present at same place [47]. S. aureus biofilms can 
be found everywhere in body after inoculation. These biofilms could of different 
types with different EPS, places of origin, and genes/operon  controlling them.

5. Role of biofilm environment itself in SCV generation

Biofilm acts like a micro-environment with its own conditions and stressors. 
There are many studies demonstrated that chronic cases with biofilm forma-
tion for a certain period of time also cause the mutation in genomes via natural 
selection or parallel evolution [68–71]. This reshaping of genome could result in 
non- synonymous mutations or shortening of genome. In chronic mastitis, S. aureus 
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also form biofilm and remains sub-clinical for very long time that could be help-
ful in causing non-synonymous mutations. Non-synonymous mutations often 
also involve the introduction of stop codons that disrupt the gene leading to non-
functional or pseudogene formation. Loss in gene function irreversibly changes the 
phenotype of bacterium. This newly formed phenotype could be more antibiotic 
resistant, highly biofilm forming or reduced metabolic form of persisters [72–74]. 
This phenotypic variation should be considered during therapeutic developments 
and treatment regimes. Hence, it is necessary to study and mimic those conditions 
to understand which genes undergo mutation formation.

6. Role of SCVs in persistence

Biofilm formation helps the S. aureus to persist and multiply sub-clinically in 
inhospitable environment. As mentioned earlier, the Small Colony Variants (SCV) 
phenotype are found potentially responsible for the sub-clinical and chronic 
infections. Such SCVs phenotypes share some common features of slow-growth 
and quasi-dormancy with low virulence potential [75]. SCVs further express 
some distinctive features such as small colony formation, a dormant metabolism, 
less enzymatic activities, and elevated antibiotic resistance [76]. Such SCVs are 
mostly point mutations in the important genes. Therefore, during proof-reading 
mechanisms, SCVs can be return to a wild-type (WT) or converted to a different 
phenotype. Later, clinically observed phenotypes are stable and permanent genetic 
changes showing irreversible SCVs. Such irreversible SCVs are examples of parallel 
evolution or evolution with-in population [77]. External environmental stress fac-
tors can also trigger the emergence of SCVs such as reactive oxygen species, low pH, 
cationic peptides, limited nutrition and bacterial biofilm competition [78, 79].

Characteristics Polysaccharide-
type biofilm

Protein/e-
DNA 
biofilm

Fibrin biofilm Amyloid 
biofilm

References

Extracellular 
Polymeric 
Substance 
(EPS)

Poly-N-
acetylglucosamine 
(PNAG)/ 
Polysaccharide 
intercellular 
adhesin (PIA)

Autolysin-
mediated 
release of 
cytoplasmic 
proteins and 
extracellular 
DNA

Coagulase-
mediated fibrin 
production

Phenol-
soluble 
modules 
and amyloid 
accumulation

[10, 64]

Gene/operon Intracellular 
adhesion 
(icaADBC) 
operon

Surface 
proteins i.e. 
Bap, FnBPs, 
Aap/SasG 
etc.

Coagulase gene 
(coa) and von 
Willebrand 
factor binding 
protein (vWbp)

psmα1-4, 
psmβ1-2, 
pmt operon, 
SaeRS-two 
component 
system

[43, 48]

Location Skin with 
higher NaCl 
concentrations 
and lower water 
availability

Low pH 
regions (e.g., 
urinary 
tract, 
vagina, 
mouth, and 
skin)

Inside blood or 
regions with 
fibrinogen

Iron- and 
nutrient-
limiting 
conditions in 
blood.

[10, 65]

Table 1. 
Comparison of different types of S. aureus biofilms. Polysaccharide type biofilm is only considered as ica-
dependent biofilm while all the remaining are considered as ica-independent biofilms.
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SCVs can be generated spontaneously under any sub-clinical and chronic disease 
condition. Considering bovine mastitis as an example, SCVs will be discussed now. 
The detection of mastitis origin SCVs, especially permanent genetic changes within 
population, in routine laboratories and their accurate studies in research laborato-
ries are challenges not overcome yet. Among these mastitis studies, such isolates 
were also found positive for biofilm producing genes i.e., ica operon, adhesive 
proteins, bap operon [80]. According to a study based on different food samples, 
approximately 72% of the isolates produced biofilms. As discussed above, biofilm 
producing S. aureus are really important in chronic and sub-clinical mastitis infec-
tion. Moreover, a few studies have also studied the SCVs formed and found that 
SCVs formed can cause different level of mastitis based on their severity. Another 
study has also pointed out the isolation of S. aureus irreversible mutation variant 
from dairy cows in Yunnan province that was responsible for chronic mastitis [26]. 
This mutation was found in thymine related pathway that promotes the resistance 
against Sulfamethoxazole (SXT) and helps the bacterium to develop in fibrotic con-
ditions. Similarly, a Beijing based study described the slow growth, antibiotic resis-
tance and chronic mastitis as features of isolated irreversible thymidine SCV [81]. 
Most of the studies have focused on the antibiotic resistance profiles of S. aureus 
isolated from mastitis infection. On the other hand, there are very few studies that 
determined the SCVs and relation of chronic sub-clinical mastitis. Additionally, 
in Austria, a study related to chronic mastitis also revealed that irreversible muta-
tions in rsbU, one of sigB genes, generated from SCVs caused the bacterium to 
persist and resist the therapy [16]. Further, SCVs related to regulatory circuits 
have also been revealed such as agr genes, hemin (hemB), menadione (menD), 
α-Toxin (hla), γ-Hemolysin (hld), Coagulase (coa), L-lactose dehydrogenase (ldh), 
Alcohol dehydrogenase (adh), Arginine deiminase (arcA), Capsular biosynthesis 
(capA) and Alkaline shock Proteins (Asp) [82]. Some experimental studies have 
reported the induction of SCVs by growing S. aureus with antimicrobial peptides, 
and magnesium ions (Mg+2). Further these studies have also mentioned the need 
of in vivo experiments for complete understanding. This indicates that there is lack 
of animal experiments based comprehensive studies explaining the factors of this 
within population and parallel evolution.

7. Conclusions

Genetic diversity can generate new strains and ST types that behave like a 
different bacterium. Both horizontal and vertical evolutions are the ways to genetic 
diversity that can help the S. aureus to survive under various environments. Biofilm 
formation ability is also affected by the genetic diversity and can help our pathogen 
in not only surviving but also in pathogenesis. Plasmids, bacteriophages, Tn and 
IS elements are much more faster ways of evolution as compared to SCVs and 
point mutations. SCVs generation could be a slow phenomenon but once these are 
generated their characteristics can change the behavior of S. aureus. Understanding 
these mechanisms underlying these evolutions could help us in designing suitable 
strategies and anti-biofilm therapies against S. aureus.
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Abstract

Staphylococcus aureus causes a wide range of diseases, including both community-
associated and hospital-acquired infections such as abscesses, wound infections, 
osteomyelitis, endocarditis and septicemia. Regulation of the expression of various 
virulence factors is initiated through complex coordination between two-component 
systems, transcriptional regulatory proteins and regulatory small RNAs (sRNAs). 
S.aureus uses many sRNA and RNA–RNA interactions mediated the regulation of the 
expression of genes post-transcriptionally, but it uses few sigma factors to initiate 
the transcription function. sRNA transcripts are encoded within intergenic regions 
or in antisense orientation to mRNA transcripts, and sRNA regulation plays a central 
role in the response to stress stimuli encountered by pathogens during infection. One 
of the most intriguing examples of sRNA-mediated post-transcriptional regulation 
is RNAIII from S.aureus, which interacts with and regulates various RNA targets 
involved in virulence. Several genes known to be regulated by RNAIII have been 
demonstrated to be regulated by the sarA locus, independent of its effect on the 
expression of RNAIII. We discuss the potential role of small RNA (sRNA) in the 
pathogenesis and virulence factors production of Staphylococcus aureus.

Keywords: Staphylococcus aureus, regulatory small RNA (sRNA), virulence factors, 
RNA–RNA interactions

1. Introduction

Staphylococcus aureus is a human symbiotic microorganism that commonly 
colonizes in the anterior nasal regions and on the skin surface for 20–25% of the 
world population [1–3]. The distribution of multi-drug resistant strains among 
asymptomatic individuals is responsible for spreading the infections among the 
population very quickly [4]. Among the human populations, the carriage percent-
ages of Staphylococcus aureus vary based on different factors. Broadly human carriers 
are classified into three categories: 20% non-carriers, 25% persistent carriers, and 
60% population are intermediate carriers [5]. Usually, Staphylococcus aureus forms 
colonization in the nasal passage and axillae in humans and found its occurrence as 
flora in vaginal tracts and digestive tracts [6].

Among the various factors responsible for the regulation of virulence, small 
RNA (sRNA) has a major role in determining the virulence of the bacteria. sRNA 
are short 50–250 nucleotide long transcripts involving bacterial gene expression 
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for rapid adaption to stress conditions. Small RNAs play a major role by pairing 
with bases of target mRNA or by interacting with the modulating proteins for both 
the positive and negative mechanism of biofilm formation. Staphylococcus aureus 
becomes more adherent resulting in increased biofilm formation when agr medi-
ated mechanism is inhibited. Regulation of gene expression mediated by sRNAs 
is more beneficial when compared to proteins during a rapid response because it 
takes a short time for sRNAs to either synthesize or degrade. Various regulatory 
mechanism of sRNAs is similar to the regulation of quorum sensing in the bacteria. 
The quorum-sensing mechanism regulates the expression of virulence-related 
genes. Since the quorum sensing mechanism controls bacteria’s virulence factor, it 
is considered a major target for finding out the new therapeutic methods [7]. We 
discuss the potential role of small RNA (sRNA) in the pathogenesis and virulence 
factors production of Staphylococcus aureus (Figure 1).

2. Bacterial small RNA

sRNAs mediate the regulation of mRNAs through direct binding interactions 
between the sRNA and the target. The sRNA usually binds to the 5′ end of the 
mRNA and blocks ribosomes binding. Although sRNAs often stimulate degrada-
tion of the target as well [8]. The interaction is initiated by a short sequence of 
perfect complementarity between the sRNA and target termed the seed region. 
Seed regions are generally 6–8 nt long, and a single sRNA can have one seed region 
that regulates all of its targets or multiple seed regions that each regulate a subset of 
targets. Additionally, seed regions are highly conserved, and mutations to the seed 
region lead to complete abrogation of target regulation. In order to facilitate inter-
molecular interactions with target mRNAs, seed regions are usually single-stranded 
in the folded sRNA and disruption of the sRNA secondary structure can drastically 

Figure 1. 
Virulence factors regulation by RNAIII. RNAIII is regulated positively by the quorum-sensing agr operon. 
Post-transcriptional regulation is marked with colored lines, whereas up-regulation represented by green 
arrows and down-regulation by red cross bars. RNAIII in turn, positively regulates MapW and hla at a post-
transcriptional level. MapW and hla prevents leucocyte attachment and promote dissemination by lysing host 
cells. RNAIII also negatively regulates LytM, rot, Spa and SarT, which will promote autolysis via LytM, blood 
cell toxicity by rot and expression of an IgG binding protein via SarT.
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reduce sRNA function. However, seed regions alone are generally not sufficient to 
mediate target binding, most sRNA characterized to date rely on the assistance of an 
sRNA chaperone protein [9, 10].

The regulation mechanism for the SpoVG and SprX and their targets with inter-
actions have been discussed below, which involves regulating virulence factors. 
Production of capsule, virulence factors, and the cell wall’s metabolism is regulated 
by a transcription factor SpoVG also called a master regulator. It is also responsible 
for resistance against methicillin and glycopeptide antibiotics [11]. Synthesis of 
pentaglycine crosslinks between peptidoglycan strands carried out by lytSR operon 
and glycine glycyl transferases is positively regulated by SpoVG, whereas murein 
hydrolysate lytN regulated negatively. Base pairing of sprX (Highly conserved 
RNA) with the SpoVG mRNA during the translation process prevents loading 
of the ribosome. Small RNA sprX negatively regulated SpoVG, in four phases of 
exponential growth (lag, log, linear and late phase), but it decreases during the 
stationary growth phase. The SpoVG dependent process increases glycopeptides 
susceptibility and disrupts the cell membrane metabolism and other independent 
SpoVG mechanisms [12].

SpoVG and SprX both seem to contain extra regulatory targets, and antibiotic 
susceptibility through the SprX-dependant mechanism can be bound to susceptibil-
ity tied to extra phenotypic advantages that continue to be studied [13]. Various 
strains of S.aureus additionally show an antibiotic determination-related pheno-
typic variation called as small colony variants (SCVs), which stimulates the biofilm 
formation and reduced sensitivity to aminoglycosides [14]. The different variation 
form of small colony variants (SCV) of S. aureus has disturbed the expression of 18 
sRNAs and increased regulation of the RsaA, which is a sigB dependent small RNA 
[15]. However, the network link among small colony variants, antibiotic resistance, 
and expression profiling of sRNAs has now no longer, but been delineated, those 
outcomes infer that regulatory sRNAs make contributions to antibiotic resistance 
through phenotypic maintenance of small colony variants [16].

2.1 RNAIII

RNAIII regulates the expression of genes encoding exoproteins and cell wall associ-
ated in Staphylococcus aureus. In the quorum sensing mechanism, RNAIII transcribed 
from the P3 operon, acts as an initiator for agr system in Staphylococcus aureus. It also 
contains the hld gene (delta haemolysin), which is 26 amino acid long sequences. 
By blocking the translation of transcription factor rot, it regulates its expression. It has 
been reported that binding of RNAIII with mRNA of transcriptional factor rot in an 
antisense manner, thus blocking the Shine-Dalgarno sequence [17, 18].

2.2 Teg49

It is a small RNA found in the extended promoter region of sarA, which is an 
accessory regulator of Staphylococcus bacteria. Confirmation and identification 
were performed by Northern blotting and RNA-sequencing method. Modulation of 
the expression of SarA it regulates the virulence factor of Staphylococcus aureus [19].

2.3 SprF1-SprG1

There are two types of Toxin-Antitoxin system, whereas Type I has two sub-type 
types, and Type II has three sub-types but remains uncharacterized. The first type I 
TA system was SprA1-SprAAS in, which the former denotes the toxin and the latter 
denotes the antitoxin in Staphylococcus aureus. Inhibition of translation and cell wall 
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damage is done by toxin SprA1, a short peptide. txpA-ratA family, also referred to as 
SprF1-SprG1, is the second type I TA system, whereas SprG1 belongs to pore-forming 
toxin and antitoxin are SprF1. SprG1 consists of 44 amino acid sequence long peptide 
and 31 amino acid sequence of short peptide and they have cytotoxic properties [20].

It has been reported that a small RNA, which expresses from pathogenicity 
islands of SprD upon binding with antisense base pairing of sbi mRNA (encod-
ing an immunoglobulin binding protein) will lead to an impaired host immune 
response [21]. Besides direct base-pairing with target mRNA, several other mecha-
nisms, including dual-function sRNA that acts as an antisense molecule and codes 
for a small peptide (e.g., Hld in RNAIII), have been proposed to act on the same 
or other pathway genes, and also riboswitches that exhibit a structured receptor 
domain specifically recognized by a small molecule or metabolite [22].

3. Multifunctional small RNA couples QS to virulence

Regulation of virulence factors through quorum sensing mechanism involves the 
agr mediated pathway and the two-component system. RNAIII plays a major role 
in regulating the agr dependent transcriptional regulation in MRSA (Methicillin-
Resistant Staphylococcus aureus). The significance of agr mediated regulations of S. 
aureus pathogenesis is the situation of an obvious paradox. By comparing with dif-
ferent S. aureus sRNAs, that has been discovered through bioinformatic strategies or 
RNA sequencing, RNAIII was the first predicted sRNA in transposon mutagenesis, 
which defines the epistasis outcomes for a point insertion [23]. The primary factor 
for virulence is agr and RNAIII, its effector molecule involved in producing viru-
lence factors. Clinically isolated strains from acute infections of S.aureus have both 
virulence factor regulation through agr mediated along with RNAIII involvement. 
However, mutated strains of agr mediated pathway, which arose at some point of 
infection, also have been isolated from patients [24].

RNAIII as an effector regulates the expression of important virulence genes, 
including proteins associated with cell wall metabolism and exotoxins. Also 
involved in the expression of two-component systems, different global regulators 
such as arl, sae, srr, rot and other mechanisms in the formation of biofilm, synthesis 
of amino acid and peptidoglycan [25]. These factors vary quantitatively but not 
qualitatively in different staphylococcal strains.

Compared to UAMS-I (Virulent oxacillin susceptible clinical isolates) strain, 
the agr inactivation effect was observed more in the transcriptome of the NCTC 
8325 strain [26], but whether it exerts direct or indirect effect was studied only 
in certain genes from the structural prediction of RNAIII. Structurally RNAIII 
comprises 14 loop and two long helices aligned through the long-range base pairing, 
which blocked off self-reliant structural domains [27]. Some particular site-defined 
RNAIII domains are responsible for the regulation of various targets. The second-
ary structure of intramolecular RNA removes the hla ribosomal binding sites upon 
directly competing with the 59 ends of RNAIII, which positively induces translation 
of hla and alpha-hemolysin (Figure 2) [29, 30].

Production of various virulence determinants such as coagulase, protein A, 
and the rot (repressor of toxins) are repressed with minor variations by conserved 
regions or domains at the post-transcriptional level. These are repressed either 
individually or in combination by the H13 RNAIII hairpin and H14 terminator of 
the 39 domain, and central domain hairpin H7. The mechanism behind the repres-
sion of these virulence factors by the RNAIII is mediated through repression of the 
initiation process in translation mechanisms wherein the degradation of mRNA is 
initiated by RNAIII [31].
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Complex structure was dependent on their target mRNA and included two fac-
tors (i) presence of an extended duplex between the mRNA of Ribosomal Binding 
Site (RBS) and RNAIII and (ii) an imperfect duplex which removes the finished 
RBS by the interaction between the loops in the coding region [32]. In the above 
two factors, an individual interaction between the loops is not enough for complete 
repression, accordingly proscribing the capability of RNAIII to behave as a repres-
sor to the mRNA targets. Hence it will not have Shine Dalgarno (SD) series comple-
mentary to H7, H13, or H14 of RNAIII, however, it still show a further vicinity of 
communication or the potential to produce prolonged duplication. Hfq is an RNA 
binding protein and an important chaperone present in different staphylococcus 
species, but it does not play a role in the RNAIII dependent regulatory mechanisms. 
Whereas in the in-vitro assay, it binds to the RNAIII [33, 34].

The repression of all the target mRNA is carried out by the direct effects of 
RNAIII except the translational initiation of hla protein. The repression of Rot (a 
transcriptional regulatory protein) by RNAIII leads to indirectly regulating tran-
scription for several genes, particularly the protein A repression and the alpha-toxin 
activation [35].

4. sRNA dependent mechanism of antibiotic resistance

Small RNAs play a major role in altering bacterial cell wall and hence would 
contribute to the antimicrobial-resistance mechanism. Small RNAs are pres-
ent prominently on mobile genetic elements on which the resistance pattern for 
the AMR pathogens is found. SmallRNAs do not exert direct regulation on the 
resistance gene expression [36]. For example, Fudoh, a regulatory RNA present in 

Figure 2. 
Integration of sRNAs into gene cascades regulation. The “agr-RNAIII” auto activation circuits is indicated 
with two feed-forward loops involving RNAIII. The autoinducing peptide (AIP) activates the agr autocatalytic 
circuit, leading to RNAIII transcription on attaining optimal cell density. RNAIII represses the expression of rot, 
which activates spa transcription and represses that of hla. RNAIII also activates hla mRNA translation and 
represses spa mRNA translation. The white and broken lines indicate the direct or indirect gene activations. The 
red lines represent the down regulations through different RNAs. The black question marks above the see-sawing 
triangles point to the unknown triggering factors. The transcriptional regulatory proteins are in blue [28].
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Staphylococcal species is encoded by the SCC mec family of methicillin resistance 
cassettes. SCCmec is a mobile element that is responsible for the antimicrobial 
resistivity of methicillin-resistant Staphylococcus aureus (MRSA). It also involves 
regulating the cell distribution process and the expression of alpha phenol soluble 
modulins, a catalytic peptide [28].

However, the resistance pattern of methicillin through fudoh is still not known. 
Regulatory small RNA is responsible for the expression of intrinsic antibiotic 
resistance and tolerance in different bacterial species. Since only some of the small 
RNA related research has been performed on the clinical strains, whereas most of 
the studies for RNA-dependent intrinsic antibiotic resistance were performed on 
the AMR-related pathogens [37].

5. sRNA and stress responses

Specific mechanisms and certain sRNAs involvement regulate the expression 
pattern of virulence factors under different stress conditions. Small RNA regulation 
can produce an immediate action to regulatory networks adapted to the acute stress 
induced by antibiotics. Emergency responders are referred to as Class I small RNAs 
because they enhance rapid stress responses and aids co-operative degradation 
of different mRNA targets. Class I sRNAs act in direct mode on the pre-existing 
mRNA clusters to alter the translation process or deterioration for the acute stress 
response. Mostly they are involved in disassociating the regulation of transcrip-
tional responses and half-life kinetics of mRNA [38].

It has been reported that during the host infection, variations of temperature 
and pH, oxidative stress, quorum sensing, biofilm formation and nutrient starvation 
were related to the functional regulation of small RNAs in Staphylococcus aureus [39]. 
Such responses were controlled by alternative sB (sigma B factor). sB factor regulates 
several genes that regulate stress-mediated responses, biofilm formation, virulence 
factor expression, antibiotic resistance, and membrane transport mechanism [40].

Sigma B factor also represses several genes expression by an indirect pathway 
with the involvement of small RNA or sB-induced regulatory protein. RsaA has a 
typical sigma B factor promoter which detects its corresponding genes [41]. RsaA 
base pair with mRNAs repressed by sB like citM and involves in the encoding of 
Mg-citrate transport systems. sB-dependent sRNAs are the most conserved regions 
in S.aureus. It has been reported that among the three dependent sRNAs, two of 
them are expected to involve in the regulation of small, highly basic peptides [42].

Production of virulence factors has been regulated by sigma B factor under 
the stress-dependent activation process. SigB gets activated in the normal stress 
conditions, also during the growth phase transitions and in different physiological 
and biochemical changes in S.aureus [43]. Thus playing a major role for regulat-
ing several others downstream genes. Whereas rsaA are also regulated by a Sigma 
B-dependent promoter [44].

6. Regulatory sRNA network

Several sRNAs uses Hfq or ProQ chaperones to anneal with their respective 
mRNAs targets. Hfq, a RNA chaperone comprises a six-ring hexamer fostering 
annealing of RNAs by aligning to their distal and proximal surfaces [45]. The major 
function of small RNAs regulation is the suppression by base-pairing with the 
mRNA RBS to inhibit the initiation of translation. sRNA binding blocks binding 
of small ribosomal subunit [46]. They also regulate both positively and negatively 
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various mechanisms involved in regulating gene expression [47]. The different 
mechanism includes the processing and stability of transcript process [48], trans-
porting and localization of ribosomes, antisense sponging interactions and termi-
nation of transcription process [49, 50].

It has been reported that both small RNA and transcriptional mechanisms 
work together within interleaved feedback and feed-forward loops and regulate 
the expression of genes. 108 sRNAs were identified using RNA-seq analysis in the 
model organism E.coli [51], and similarly, around 1600–1900 sRNA-mRNA interac-
tions were identified using interactome profiling analysis [52].

Therefore, it is hardly comparable with the 3446 sRNA-mRNA interactions 
being regulated by the 217 transcription factors with the chromosome [53]. Several 
transcriptional regulatory networks have an sRNA that integrates with the extra 
post-transcriptional networks. Small RNAs act similar to transcription factors as a 
regulatory centre and unevenly controls various RNAs targets. sRNAs are involved 
in antibiotic sensitivity by mRNAs interactions which take place in drug import, 
efflux pump regulation, cell membrane synthesis and enhancing antibiotic resis-
tance pattern [54, 55].

7. sRNA expressions in infections

In S.aureus, some of the known sRNAs with their targets involve regulating 
major biochemical pathways that are further responsible for producing viru-
lence factors [56]. Staphylococcus aureus sRNAs were identified using different 
techniques in various strains, and their expression profiling during the course 
of infections in humans was studied. Functions of around 250 sRNAs expressed 
under different conditions are yet unknown. But the expression profiling of 
RNAIII in clinical isolates from nasal cystic fibrosis patients was studied. In most 
of the clinical isolates of acute infections, RNAIII has been expressed in in-vivo 
conditions [57, 58]. Therefore these data infers that RNAIII majorly involves in 
the regulation of virulence factors and production of agr-defective mutants [59]. 
However, there has been a difference in the variation of agr-defective mutants in 
healthy and infected patients. Thus, agr regulation occurs during acute infections, 
whereas the agr mutants expression can only be observed during the stages of the 
chronic or dormant infection [60].

Expression profiling of five different small RNAs like RNAIII, RsaE, RsaH, RsaG 
and RsaA in S. aureus strains isolated from three conditions, including cutaneous 
infections, chronic cystic fibrosis and commensal nasal colonization [61]. Expression 
patterns of five small RNAs were strain-specific and do not have any correlations with 
respect to the variations of the infectivity pattern or colonization. However, it has been 
observed that there was a uniform expression pattern among the commensal strains 
in comparison to the infectious strains. Therefore, these results show that S.aureus was 
mainly a commensal strain and became an opportunistic pathogen [62, 63].

S. aureus regulatory RNA, SSR42, which modulates the expression of approxi-
mately 80 mRNA species, including several virulence factors, in S.aureus strains 
UAMS-1 and USA300 (LAC) during stationary-phase growth. Mutagenesis stud-
ies revealed that SSR42 codes for an 891-nucleotide RNA molecule and that the 
full-length transcript mediates the molecule’s regulatory effects. Western blotting 
and functional assays indicated that the regulatory effects of SSR42 correlate with 
biologically significant changes in corresponding protein abundances. Further, 
in S.aureus strain LAC, SSR42 is required for wild-type levels of erythrocyte lysis, 
resistance to human polymorphonuclear leukocyte killing, and pathogenesis in a 
murine model of skin and soft tissue infection (Figure 3) [65].
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8. Pathogenicity Island encoded RNAs

SCCmec (Staphylococcal Cassette Chromosome mec) is responsible for the 
regulation of antibiotic resistance genes, particularly for the methicillin resistance 
genes in facultative S.aureus. Thus it helps the pathogen to adapt under different 
stress conditions for survival in the hosts. Elements involved in these processes 
are genomic islands, transposons, plasmids, and the pathogenicity islands (PIs) 
acquired horizontally and encode various virulence factors like toxins and cell 
attachment factors, superantigens factors, invasion factors and two-component 
system [66]. Apart from the protein-coding genes, it pathogenicity islands also 
codes for phage-related genes and involves sRNA [67]. Several sRNAs are found in 

Figure 3. 
S. aureus sRNAs from the RNome implicated in bacterial virulence. Multitasking RNAIII is the effector of 
quorum sensing to perceive population density and regulates multiple targets involved in peptidoglycan synthesis, 
adhesions, exotoxins production and virulence. RNAIII internally encodes hemolysin represented in blue color. 
It contains three repressor domains which are represented in red color, containing accessible UCCC motifs that 
interact with antisense pairings, with the ribosome binding sites of numerous target mRNAs for translational 
repression (Tr.R), some triggering endoribonuclease III (RNase III) cleavages to induce target mRNA 
degradations and irreversible gene expression decay. Translation of at least two exotoxins is activated by RNAIII, 
one encoded (hld), and another (hla) by translation activation (Tr.A). SprD is expressed from the genome of 
a converting phage and interacts, by antisense pairings, with the 59 part of the sbi mRNA encoding an immune 
evasion molecule. SprD possesses an important role in S. aureus virulence, but the mechanism of its control is yet 
to be elucidated, with Sbi being only one player among others. The 891-nucleotide long SSR42 affects extracellular 
virulence expression, hemolysis, neutrophil virulence, and pathogenesis and contains a putative internal ORF. 
The mechanisms of target regulation remain to be elucidated. The SCCmec-encoded psm-mec RNA suppresses 
agrA translation and attenuates MRSA virulence, acting as a dual-function RNA regulator [64].
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numerous copies distributed encircling the S.aureus genome and also some addi-
tional copies are present in the plasmids. Multiple copies are present due to either 
repeated events of gene duplication or horizontally gene transfer [68].

However, the sRNAs expressed from S.aureus Pathogenicity Islands (SaPIs) were 
involved in the regulation of gene expression present on the regions of cognate 
PIs (Table 1). Therefore it forms the functional linkage between the PIs and the 
genome of the organisms. Expression of SprD (Small Pathogenicity islands D) by 
PIw involves repression of sbi mRNAs during the initiation process of translation, 
which encodes an immune evasion molecule [69]. A central hairpin of SprD binds 
with the sbi mRNA RBS and thus prevents the initiation of the translation pro-
cess. SprD sRNA has a prominent effect on virulence factors, it involves different 
pathways for regulating staphylococcal infectivity by altering the expression pat-
terns of SprD. Several other sRNAs are also responsible for pathogenicity through 
regulatory networks by either direct or indirect way and other translational process 
regulatory networks. However, from the recently determined sRNAs, 4 are present 
in PIs and other 6 are in the SCCmec mobile element, with 54 to 400 nucleotides 
long in size [70].

Teg152 and SprF are two sRNAs that are completely complementary to other two 
sRNAs SprA1 and SprG. In type I TA (Toxins-Antitoxins) modules, the pairing of 
SprA1 with Teg152 and SprG with SprF sRNAs takes place. SprA and SprG encodes 
smaller hydrophobic peptides [53]. SprA1 is a multifunctional sRNA with pressumed 
antisense function. It’s 3-end pairs with 39-UTRs region of three different mRNA 
targets. The independent transcriptional regulation is responsible for synthesizing 
appropriate expression levels of sRNAs for effective functional regulation [71].

Group Examples of virulence factors PAI

Iron uptake system FyuA, acrobactin, Sit, Pit2ABCD HPI, SPI-1, PPI-1, SHI-2,3, 
PAII-CFT073, PAI III, IV

Adhesins Type 4 pili, P-pili, S- and P-fimbriae, 
sap adhesins, Hek adhesins, AfasE-III, 
Iha, TcpA

Major PAI,PAI I, II CFT 
073,PAI I-IV, PAI-I AL863, 
TAI, VPI-I

Pore forming toxins Listreiolysin, alpha-haemolysin, RTX-
like exotoxins

aLIPI-I, PAI-I536

Second Messenger pathway 
toxins

CNF-I PAI-I C5, PAI II J96

Protein causing apoptosis SipB SPI-I

Superantigens TSST-I, ET SAPI I, SAP I2, SAPIbov, etd

Secreted lipases PlcA, plcB, SmlC LIPI I, LIPI II

Secreted protease EspC, SigA, Pic, ShetA1, Mop, SHI-I, EspC, PAI-I, VPI-I, 
BFPAI

O antigens GtrA, GtrB, Gtr SHI-O

Proteins transported by type 
I, II, III, IV and V protein 
secretion system

Alpha -Hemolysin, EspI, EspC, SigA, 
Cag, Tir, EspB, G, F, map, SptP, Sae, 
SopD, SopE, SopE2, PipB, SifA, SifC, 
EspC, CagA

SHI-I, PAI-I, II536, PAI-I, 
PAI-II96, LPA, EspC, PAI, 
SPI-I, SPI-3, SPI-5, LEE, cag, 
PAI

Antibiotic resistance 
phenotypes

Pse-I, FloR, AadA2, Sull, TerR, G SGI-I

Table 1. 
Groups of virulence factors encoded by PAI (pathogenicity islands).
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9. Phenotypes associated with sRNA expressions

The expression pattern of sRNAs is different in normal compared with SCV 
(small colony variants) phenotypes of S.aureus clinical isolates from the osteo-
myelitis patients [72]. Different characteristics of SCV strain are slow growth, 
low pigment production, lower hemolytic activity, lower susceptibility pattern to 
aminoglycosides, low production of toxins and improved intracellular persistence 
[73]. Usually, the normal phenotypes are considered as virulent strain and SCVs 
are considered as persister cells. RNA III expression is a phenotypic-specific, as it 
is detected in normal phenotypes but not in SCV phenotypes [74]. The absence of 

Protein/Gene Functions References

FLIPr Protein that inhibits leucocyte response mediated by 
activation of FPR-like protein 1. FPR is a high affinity 
receptor for N-formly-met-leu-phe signaling tripeptide.

[76]

CHIPS Binds C5aR and the formyl peptide receptor FPR [77]

Capsule Polysaccharide capsule prevents phagocytosis and adherence [78]

SCIN Staphylococcal complement inhibitor interacts with C3 
convertase, C4b2a and C3bBb

[79]

Ecb Extracellular complement binding protein blocks C3 and C5 
convertase

[80]

Efb Extracellular fibrinogen binding protein, blocks 
complement and binding of neutrophils to fibrinogen, and 
platelet aggregation

[81]

Protease V8 (SspA) Inhibition to complement pathway [82]

Aureolysin (Aur) Inhibition to complement pathway [83]

Staphopain (SepA, SspB) Cysteine protease cleaving CXCR2 chemokine receptor [84]

Protein A Interacts with Fc region of IgG [85]

Sbi Interacts with Fc region of IgG [85]

Dismutases (SodA, 
SodM)

Conversion of superoxide to hydrogen peroxide [86]

Catalase (KatA) Conversion of hydrogen peroxide to water and oxygen [86]

Staphyloxanthins Antioxidant carotenoids [87]

DNAses Clears DNA in neutrophils extracellular traps, NETs [88]

Dlt operon Addition of D-alanyl esters to teichoic acids to protect 
against alpha defensins

[89]

Phenol soluble modulins Small amphipathic alpha helical peptides [90]

Alpha toxins, hla Pore forming toxin, lyses human leucocyte, epithelial and 
endothelial cells, platelets

[91]

Panton-valentine 
leucocidin (PVL)

Pore forming bi-complement leucocidin [91]

Gamma- haemolysin 
(HlgAB, HlgCB)

Pore forming bi-complement leukocidin [91]

Coagulase Activate prothrombin to induce blood coagulation [92]

Von- willebrand factor 
binding protein

Activate prothrombin to induce blood coagulation [93]

Staphylokinase Plasminogen activator to form the active protease [94]

Table 2. 
Factors used by S.aureus to counter host defense mechanism.
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RNAIII sRNA in SCV phenotypes may be the reason for the reduced production of 
toxins and less virulence. Several PI encoded sRNAs’ expression pattern is switched 
off in the SCV phenotypes during the late growth phase. Also, the less expression 
profile of SprS in the SCV phenotypes may also be responsible for their less patho-
genicity in comparison to the normal phenotypes [75] (Table 2).

It has been reported that there is an up-regulation of Sau-13 in normal pheno-
types, whereas it is down-regulated in the SCV phenotypes. Sau-13 involve in ion 
transport and other metabolism by its antisense function against the precursor 
phoB. But Sau-66 sRNA up-regulated in SCV phenotypes only and down-regulated 
in normal phenotypes [95]. Sau-66 has antisense region on a gene encoding protein 
which is involved in folate biosynthesis. Sau-66 has a major impact on the forma-
tion of thymidine autotrophs in SCV phenotypes in purine biosynthesis pathway 
because folate is a carbon donor [96].

10. sRNAs as antimicrobial drug targets

The evolution of CA-MRSA (Community Associated-Methicillin Resistance 
Staphylococcus aureus) strains are major threats to healthcare. Currently available 
narrow-spectrum antibiotics target only particular functions of bacteria such as 
synthesis of peptidoglycans, DNA replication, and protein synthesis. Hence, a 
broad spectrum of antibiotics can target different cellular pathways, thus reducing 
the resistance pattern among the pathogens. Other methods to reduce antimicrobial 
resistance are by targetting the production of virulence factors causing the host 
damage and disease [97].

Since most of the currently used antibiotics bind to the ribosomal RNA, this 
influences the designing of new multi-targeted antibacterial drugs with respect to 
small RNAs. Riboswitches, which are termed as metabolites sensing mRNAs, are 
currently used as a structured receptor that binds with smaller metabolites with 
higher precision and thus regulates downstream genes. Riboswitches regulates 7 
operons and 33 genes, which respond for intracellular concentration of SAM, TPP, 
FMN, Glc-6P, certain amino acids residues and 7- aminomethyl-7-deazaguanine 
(preQ1) [98]. Targeting any of these riboswitches would alter the gene’s expression 
pattern even if the cells do not possess any natural compounds. Several synthetically 
designed analog of guanine upon binding with the purine riboswitches inhibits 
growth [99].

11. Conclusion

This review focuses on the functions of sRNA and their role in regulating genes 
in S. aureus. Combined application of High throughput screening (HTS), genomic 
analysis and phenotypic methods for the prediction and determination of sRNAs, 
functional proteins, RNA binding proteins and riboswitches would provide infor-
mation on the mechanism of integration of proteins and regulatory RNAs into 
interwined regulatory networks responsible for adaptation to stress conditions 
and virulence production [100]. Further study is needed for the determination 
of signals that can initiate the regulation of sRNA transcription and their targets. 
Another point that needs to be focused on is host-virulence adaptation or interac-
tions, then cell communication among the dense population of microorganisms and 
cell differentiation. The expression pattern of sRNAs will be different in a popula-
tion, leading to adaptability in response to various environmental and stress varia-
tions. Furthermore, variations in sRNA expression and their regulatory networks 
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Abstract

Staphylococcus aureus is the most ubiquitous microorganism in both environment 
as well as animals and exists as commensal and pathogenic bacterium. In past few 
years it has been emerged as a superbug causing serious burden on healthcare  
system. This bacterium has been found to be the most resistant one toward most of 
the antibiotics due to its rapid structural and genetic modifications. This chapter 
will shed light on various types of molecular mechanisms responsible for resis-
tance of Staphylococcus aureus showcasing how it has been emerged as a superbug. 
Moreover, the recent approaches which include exploring of different drug targets 
keeping in view the structural and functional behavior of the Staphylococcus aureus 
has also been discussed.

Keywords: Antimicrobial resistance, Staphylococcus aureus, Superbug, Resistance 
Mechanism, Drug resistance, Bacterial resistance

1. Introduction

Staphylococcus aureus is a Gram-positive, catalase and coagulase positive strain of 
bacteria belongs to Micrococcaceae family. Staphylococcus spp. to which these bac-
teria belong is commonly found in nature and human flora. Staphylococcus aureus is 
generally isolated from community as well as hospital gained infections and have 
capability to cause superficial to life threatening infections [1–3]. However, the 
worst scenario in field of microbiology was observed in late 90’s when resistance 
among several microbes including Staphylococcus aureus was reported for various 
antibiotics. Staphylococcus aureus was the most prominent threat among all other 
pathogens due to the rapid emergence of resistance in it. The inappropriate use of 
antimicrobials in clinical therapy and agriculture, extensive antimicrobial con-
sumption and transfer of antimicrobial resistant genes due to increased anthropo-
genic activity are potential risk factors for development of antimicrobial resistance 
and considered as primary reasons responsible for the rapidly growing resistance 
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Figure 1. 
Mechanistic insight of quorum sensing in Staphylococcus aureus.

in Staphylococcus aureus [4–6]. Moreover, the intrinsic virulence of Staphylococcus 
aureus, its nature to adapt to the corresponding environment are some other factors 
which makes it the foremost challenge for microbiology scientists. Even though, 
many potential therapeutics have been synthesized/approved by USFDA for the 
treatment of Staphylococcus infections but unfortunately besides this the mortal-
ity rate of Staphylococcus bacteraemia is 20-40% [7–9]. Furthermore, the clinical 
sample (blood samples) of patients with nosocomial infections/staphylococcus 
infections were investigated which confirmed the resistant strains of Staphylococcus 
aureus against various antibiotics that include first- and second-generation fluro-
quinolones, β-Lactam antibiotics, trimethoprim sulphamethoxazole and vancomy-
cin etc. [7, 10, 11]. Surprisingly, the number of antibiotics emerging for treatment 
of this bacteria is directly proportionate to the rapidly evolving resistance mecha-
nisms within Staphylococcus aureus to combat the therapeutic efficacy of these 
antibiotics. In year of 2002-2003 Staphylococcus aureus was found resistant to the 
highly efficient antibiotic vancomycin which left the physicians with no competent 
antibiotic for its treatment. Subsequently it urged the need to explore more drug 
targets and novel approaches for new antibiotics to treat staphylococcus infections. 
Conclusively, the rapid structural and genetic modifications of Staphylococcus 
aureus counterbalance the effect of even magnificent antibiotics. Therefore, 
various molecular mechanisms of Staphylococcus aureus have been deeply explored 
in the recent past to overcome the life-threatening implications of this resistant 
bacteria [12, 13]. This chapter enlightens the historical evolution of resistance in 
Staphylococcus aureus, molecular mechanism of resistance for various antibiotics 
and the modified approaches for its treatment.

2. Quorum sensing in Staphylococcus aureus

Quorum sensing is a well-known phenomenon used mainly by prokaryotes for 
communication among themselves [14]. Particularly in bacteria quorum sensing is 
monitored by a set of signaling molecules called autoinducers as density dependent 
variables. They are released by bacteria around their surrounding environment 
which up on reaching at particular concentration develop a well-coordinated 
response. Density of autoinducers is monitored by bacteria for tracking changes 
in cell number and to alter the gene expression pattern. This is also a factor that 
is responsible for resistance of bacteria against antibiotics [15, 16]. Quorum sens-
ing in Staphylococcus aureus has been coordinated through modified oligopeptide 
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known as autoinducing peptide (AID). In the pathophysiology of Staphylococcus 
aureus regarding quorum sensing, biphasic mechanism exist. At lower cell density, 
Staphylococcus aureus generally express protein factors i.e. Coagulase and fibro-
nectin binding proteins A and B etc. which promote their attachment as well as 
colonization while at higher cellular density Staphylococcus aureus repress these 
traits and initiate secretion of toxins and proteases that needed for dissemination. 
The switching of this gene expression is controlled by Agr quorum sensing system 
that consist of autoinducing peptide (AID) encoded by agrD and two other sensor 
kinase-response regulators called AgrC and AgrA (Figure 1) [17–19].

3.  Various resistance mechanisms of different classes of antibiotics in 
Staphylococcus aureus

3.1 Resistance to β-lactam antibiotics

In early 1940’s introduction of penicillin improved the outcome cases due 
to Staphylococcus infections but soon penicillin resistance Staphylococcus were 
recognized in early 1942 [20] which among late 1960’s reaches to 80% in both 
community and hospital-acquired staphylococcal isolates with well-established 
pattern of resistance [21]. Furthermore, blaZ gene is responsible for resistance in 
Staphylococcus aureus, that encodes for β-lactamase an enzyme which is synthesized 
when Staphylococcus aureus is exposed to β-lactam antibiotics by hydrolyzing the 
β-lactam ring, rendering the β-lactam inactive. blaZ is regulated by the two adjacent 
genes blaR1 and blaI. The gene blaR1 is anti-repressor and blaI is repressor [22]. 
For the synthesis of β-lactamase, the signaling pathway involves the sequential 
cleavage of these regulatory proteins such as blaR1 and blaI where on exposure to 
β-lactams, blaR1 which is a transmembrane sensor transducer cleaves itself [23, 24], 
cleaved protein acts as protease that directly or indirectly cleaves the repressor blaI 
and thus allowing the blaZ to synthesize enzyme [23]. Furthermore, Methicillin, 
the first semisynthetic penicillin which was resistance to penicillinase, introduced 
in 1961 and soon followed by the reporting of methicillin-resistance isolates [25]. 
The spread of Methicillin-resistant Staphylococcus aureus (MRSA) has been critical 
and the infections resulting from MRSA is worse than the infections outcome of 
methicillin ensitive strains [26]. MRSA isolates like the penicillin resistance strains 
too carried resistance genes for other antimicrobial agents [27]. For the resistance 
to methicillin, requires chromosomally localized mecA gene [28, 29], which is a 
part of large unique mobile genetic element, SCC mec found in all MRSA strains 
may contain additional genes for antimicrobial resistance [30, 31] is responsible 
for the synthesis of PBP2a/PBP2′ a 78-kDa protein which binds to penicillin 
(penicillin-binding protein 2a) [32–34]. Transpeptidation which is necessary for 
the cross-linkage of peptidoglycan chains is catalyzed by these membranes bound 
enzymes-PBPs, thought to have appeared and works similar as serine proteases. 
PBP2a blocks the binding of all β-lactams but allows transpeptidation and because 
of its low affinity it allows staphylococci to survive even in the high concentration 
exposure of β-lactam antibiotics. Isolates Resistance to methicillin shows resistance 
to all β-lactam agents, including cephalosporins [34–36]. In some MRSA strains its 
resistance mechanism by mecA via the mecI and mecR1 genes is regulated in the 
manner similar to the regulation of blaZ by the genes blaR1 and blaI when exposed 
to penicillin [37]. Fem genes (factor essential for resistance to methicillin resis-
tance, also play a role in cross-linking the peptidoglycan strands and contribute in 
methicillin resistance [38]. Ceftaroline the fifth-generation cephalosporin accord-
ing to the U.S. Food and Drug Administration (FDA) in 2010 has been considered 
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superior among other comparator drugs for the treatment of complicated skin and 
soft tissue infections as well as pneumonia [39]. β -lactam antibiotics bind to other 
PBPs, named PBP1, −2, −3, and − 4 but in the presence of PBP2a they are unable 
to bind effectively to their PBP targets. Ceftaroline on other hand is active against 
MRSA strains because of its high binding affinity for PBP2a as comparison to other 
β -lactam [40]. Binding of PBPs by ceftaroline block these enzymes to catalyze the 
transpeptidase function that is important for the synthesis of staphylococcal cell 
wall [41]. Ceftaroline is generally considered safe and successfully used to treat 
wide infections alone and in combination with other active drugs often with dapto-
mycin [42]. Several studied over MRSA clinal strains showed these were susceptible 
to ceftaroline in wide range such as >98.4% in North America [43], >83.3% in Latin 
America [44], >83% in Europe [45], 78.8% in Asia/South Pacific countries [46] the 
variation in resistance among MRSA may be due to the variation in geographical 
distribution of strains around the world [47, 48]. MRSA strains carry mobile genetic 
element known as SCCmec, which carries mecA gene [40]. Ceftaroline resistance 
is usually due to the nonsense mutations in mecA, resulting in amino acid sequence 
change in PBP2a hence a target protein mutation [49]. Glu447Lys mutation in 
mecA in presence of ceftaroline on SF8300 USA300 MRSA strain yields low level 
resistance isolates whereas COL common laboratory strain showed high ceftaroline 
resistance due to mutations in pbp2, pbp4 and gdpP not due to mecA [50]. There are 
strains developing resistance with no change in mecA [51].

3.2 Resistance to vancomycin

Vancomycin, a lipopeptide antibiotic approved by Food and Drug 
Administration of the United States in 1958 found in recent years that the MRSA 
isolates are resist to it [52]. Vancomycin works by binding to bacterial cell envelopes 
and inhibiting their cell wall synthesis instead of targeting protein like other antibi-
otics [53]. It binds to C-terminal D-Ala–D-Ala residue of the pentapeptide to inhibit 
the cross-bridge formation between pentapeptide and pentaglycine preventing cell 
wall synthesis [54]. MRSA strains shows different ranges of resistance against van-
comycin according to their MIC and are named accordingly such as MRSA showing 
complete resistance to vancomycin is termed vancomycin-resistant Staphylococcus 
aureus (VRSA), showing medium resistance is termed as vancomycin intermediate-
resistant Staphylococcus aureus (VISA) and least resistance as VSSA [55].

Failure in vancomycin treatment of MRSA results due to formation of 
intermediate-resistant isolates namely hetero resistant vancomycin-intermediate 
Staphylococcus aureus (hVISA) and vancomycin intermediate Staphylococcus aureus 
(VISA) [56] which includes features such as cell wall thickening, reduced autolytic 
activit and reduced growth rates [57]. Several studies found that the mutation in 
genes VraS(S329L), MsrR(E146K), GraR(N197S), RpoB(H481Y), Fdh2(A297V) 
and Sle1(67aa) were also responsible for vancomycin resistance in VISA strain 
Mu50 [58]. Other genes involving in high- and low-level resistance to vancomycin 
includes vanA, vanB, vanD, vanF, vanI, vanM, encodes for D-Ala:D-Lac ligases 
whereas vanC, vanE, vanG, vanL, and vanNgenes encoding D-Ala:D-Ser ligases 
(Figure 2) [59, 60].

3.3 Resistance to lipopeptide based antibiotic daptomycin

The only approved and available lipopeptide in the US in the year 2003 with 
in vitro bactericidal activity and an alternative to vancomycin for various MRSA 
infections, is daptomycin [61]. However, during the treatment, the emergence of 
non-susceptible MRSA strains for daptomycin has been reported [62, 63]. Even 
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before the approval of drug, Silverman et al. observed daptomycin non-susceptible 
mutants and identified number of changes such as increase in membrane fluid-
ity, increase in net positive charge over the surface, decrease in susceptibility to 
daptomycin-induced depolarization and low in surface binding of daptomycin in 
the cytoplasmic membrane of non-susceptible strains [64, 65]. Though the basis 
for reduction in susceptibility to daptomycin in MRSA strains has not been fully 
clarified [66]. The transfer and addition of positively charged lysine molecules to 
phosphatidyl glycerol in the cell membrane associated with the activity of enzyme 
lysyl-phosphatidyl glycerol synthetase is encoded by mprF gene [67], Mutation 
in mprF gene causes an increase of lysyl-phosphatidyl glycerol in the outer layer 
of the cell membrane, leading to an increased positive charge resulting in reduced 
susceptibility to daptomycin [68]. mprF mutations are the most common type of 
mutation in MRSA strains with reduced susceptibility to daptomycin (Figure 3) 
[69]. Several more genes are also identified which are associated with the reduced 
susceptibility to daptomycin such as dsp1 or asp23. The inactivation of these genes 
leads to reduced daptomycin susceptibility and the overexpression of single or both 
of the genes leads increase in susceptibility [70] whereas expression of dltA gene 
contributes to the staphylococcal net positive surface charge [71]. Kanesaka et al. 
using transmission electron microscopy, found that the some of the strains which 
were exposed to daptomycin which shows resistance developed an increase in the 
thickness of their cell wall and their thickness decreases on revert to daptomycin 
susceptible [72].

3.4 Resistance to aminoglycosides

Aminoglycosides works by mistranslation and changing the conformation of 
tRNA during bacterial protein synthesis by binding to A-site present on 16S rRNA 
of the 30S ribosome. Some even acts by inhibiting initiation /or elongation phase 
thereby blocking bacterial protein synthesis [73]. Most common mechanism of resis-
tance to aminoglycosides especially in Staphylococcus aureus includes Aminoglycoside 
modifying enzymes which works by acetylating, phosphorylating, or adenylating 
amino or hydroxyl groups therefore inactivating aminoglycosides. Hundreds of 
aminoglycosides modifying enzymes are known encoded by genes which are com-
monly found on plasmids and transposons [74]. On clinical practising with some 

Figure 2. 
Molecular mechanism of Staphylococcus aureus resistance toward penicillin and vancomycin.
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aminoglycosides such as gentamicin, tobramycin, and amikacin these three among 
Aminoglycoside modifying enzymes such as ANT(4=) nucleotide transferase, 
bidomain AAC(6=)le-APH(2=)la acetyltransferase and phosphotransferase, and 
APH(3=)IIIa phosphotransferase which are common in MRSA isolates with varied 
appearance, shows resistance [75]. Plazomicin, a synthetic aminoglycoside showed in 
vitro activity against 55 MRSA isolates that expressed one or more aminoglycoside-
modifying enzymes [76] and has no protection against other resistance mechanism 
such as 16 s rRNA methyltransferases that modifies the aminoglycoside target site 
but these enzymes are not reported in S. aureus (Figure 4) [77].

3.5 Resistance to oxazolidinones

Oxazolidinones, the synthetic antibiotics blocks the formation of functional 
70S initiation complex thereby preventing bacterial protein synthesis. Linezolid 
and tedizolid types of drugs from Oxazolidinones works interrupting transitional 
RNA positioning by binding to the bacterial 23S rRNA at the ribosomal peptide-
transferase center. Even with the similarity in both of the structure tedizolid still 

Figure 3. 
Molecular mechanism of Staphylococcus aureus resistance toward daptomycin via mprF.

Figure 4. 
Molecular mechanism of Staphylococcus aureus resistance toward aminoglycosides.
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shows increased and better interactions at the binding site with increased potency 
[78]. All these resistance mechanisms make alteration to oxazolidinone binding 
site, most common are the point mutations occurring in the genes encoding for 23S 
rRNA mostly in the central loop of domain V [79]. S. aureus has four to seven copies 
of 23S rRNA gene collection of which determines the effect and degree of linezolid 
resistance [80, 81]. This kind of mutation, G2576T, in all five copies of its 23S rRNA 
gene has been found in the first clinical isolates of linezolid-resistant MRSA [82] are 
most common. Mutations in the genes which are encoding for L3 and L4 similar to 
mutation in 23S rRNA, induces a change in the linezolid binding site shows linezolid 
resistance. Studies showed structural rearrangement of the linezolid binding site due 
to deletion of one amino acid in L3 causing change in the position of several of the 
23S rRNA bases as targeted by point mutations. Gene cfr (chloramphenicol-florfen-
icol resistance) linked with various mobile genetic elements also shows resistance to 
linezolid and other antibiotics by change in the drug binding site at the ribosomal 
peptide-transferase center by encoding a rRNA methyltransferase that causes change 
in position A2503 [83–85]. Several bacterial species port the cfr gene, a reservoir 
for drug resistance. MRSA isolates with cfr genes are more likely have additional 
antibiotic resistance genes as compared to non-cfr gene isolates. Another gene, optrA 
found commonly symbiosis with cfr gene in MRSA isolates also shows resistance to 
oxazolidinones [84]. Acts as an ATP-binding cassette transporter, which mediate 
the influx and efflux of drugs. Another optrA structurally similar gene poxtA first 
identified in MRSA isolates, shows in vitro resistance to oxazolones [86–89].

3.6 Resistance to quinolones with a focus on novel antibiotic delafloxacin

The fluoroquinolones (FQ ) were first introduced into clinical practice in the 
year 1962 along with the development of Nalidixic acid. Fluoroquinolones (FQ ) are 
class of fully synthetic antibiotics which are active against a broad range of gram 
positive and gram-negative bacteria and have a pivotal role in multidrug resistance 
therapy in Mycobacterial infection (Tuberculosis and non-tuberculosis). To treat 
acute bacterial skin and skin structure infections (ABSSSIs) with both enteral 
and intravenous preparations FDA approved non zwitter ionic FQ delafloxacin 
in 2017 [90]. Due slower MICs against S. aureus than other FQs delafloxacin has a 
higher barrier to resistance, it can serve as ant staphylococcal drug as monotherapy. 
Delafloxacin is found to be effective against multiple like Streptococcus pneu-
moniae, anaerobic bacteria Legionella, Chlamydia pneumoniae, Neisseria gonor-
rhoeae, Mycoplasma spp., in addition to Staphylococcus aureus. Its activity against 
the enterococci is variable [91]. Delafloxacin shows a property of “dual-targeting” 
in which it can form complexes with DNA and topoisomerase IV or DNA gyrase. 
Double strand break can be produced by the inhibiting the one or both the enzymes 
which results in the death of bacterial cell as they lack enzymes that can repair 
double strand break in DNA. Delafloxacin shows more potency against Gram posi-
tive bacteria as it shows anionic behavior at neutral pH due to the substitution of the 
R7 position (3-hydroxy-1-azetidinyl) [90, 92]. An anionic behavior of delafloxacin 
makes diffusion and accumulation of drug within the bacteria more readily as it 
is retained in bacterial cell for longer duration at neutral intracellular pH [93]. 
These characteristics makes antibiotics more effective in acidic environments [94]. 
Depending upon the ambient pH it shows activity against biofilm related infections 
and intracellular infections [91]. Estimated concentration of Delafloxacin select-
ing resistant mutant is 8 to 32 times lesser than for other Fluoroquinolones. This 
difference is due to the drugs dual targeting mechanism of action. Point mutations 
are method by which resistance is shown by bacteria, resistance occurs due to point 
mutations in target enzyme or by the action of efflux pump. Point mutation in ParC 



Insights Into Drug Resistance in Staphylococcus aureus

68

subunit of topoisomerase IV results in resistance in case of Staphylococcus aureus. 
Delfatoxin resistance occurs due to various mutations in the target regions of topoi-
somerase IV [92–95]. Resistance to the FQs, including delafloxacin, often involves 
point mutations in the target enzymes or the action of efflux pumps in bacterial 
cells. In S. aureus, resistance is usually mediated by point mutations in the ParC 
subunit of topoisomerase IV. Delafloxacin often retains potency against S. aureus 
resistant to other FQ drugs due to target gene mutations or modifications. This rela-
tive resistance seems related to the structure of delafloxacin (perhaps due to C-7 and 
C-8 substitutions); delafloxacin resistance occurs only with several mutations in 
the target regions of topoisomerase IV. NorA, NorB, NorC, MdeA, QacA, and QacB 
includes a resistant phenotype of Common S. aureus efflux pumps active against 
Fluoroquinolones. The antiseptic chlorhexidine gluconate is also removed from cells 
by the plasmid-encoded efflux pumps QacA and QacB, sometimes called antiseptic 
resistance genes and their acquisition in a S. aureus population is co-selected by 
use of chlorhexidine or FQs. Delafloxacin is not as active substrate for typical 
Staphylococcus aureus efflux pumps compared to other drugs in the class [96–99].

3.7 Resistance to new class of antibiotics: pleuromutilins

In 1951 a compound Pleuromutilin a class of antibacterial which is isolated from 
a fungus called Pleurotomariids. Pleuromutilin and its natural molecule found to 
be effective against Gram-positive bacteria. For veterinary use Tiamulin used in 
livestock for the treatment of gastrointestinal and respiratory disease. Valnemulin is 
a second veterinary systemic Pleuromutilin antimicrobial approves and widely use in 
Asia and Europe. For systemic human use lefamulin was synthesized in 2006, lefam-
ulin is novel pleuromutilin drug effective against most MRSA strains [100]. In phase 
2 lefamulin was non inferior to intravenous Vancomycin. Pleuromutilin interferes 
with the process of protein synthesis by inhibiting the 50s subunit of the ribosome 
binding at site called peptidyl transfer centre [101, 102]. They specifically target the 
inhibition of initiation of translation. The extensive use of tiamulin and valenemulin 
for decades in livestock leads to MRSA strains and their mechanism of resistance to 
pleuromutilin are well studied. One of the resistance mechanisms involves alteration 
of target site on the ribosome which may require three or more mutations to develop 
resistant phenotype [103–105]. Resistant clones may be formed when Staphylococcus 
aureus acquire new genes by horizontal gene transfer including transferable cfr 
gene methylation a specific site on 23S rRNA. This methylation by cfr gene product 
results in resistance to several class of antibiotics including pleuromutilin, linezolid, 
streptogramin, phenicol, and lincosamides. In S. aureus is the family of at least four 
vga genes with variants, including vga(A)v, vga(A), vga(C), and vga(E), as well as 
lsa(E), all result in ribosomal protection results in cause of pleuromutilin resistance 
in S. aureus. Plasmid or transposons can carry strains vga(A) may become transmis-
sible among strains. In ST398 livestock-associated MRSA strains found vga(c) strain 
also be carried on plasmid. The spread of mobile genetic elements among animal and 
human S. aureus strains raises concern for the emergence of widespread pleuromuti-
lin resistance among human strains if drugs in this class are widely used [106, 107].

3.8 Resistance to mupirocin

Mupirocin was used as a decolonizing agent. It is widely used in CA-MRSA 
epidemic United States in 1990. But it was discovered in in 1970. Resistance to 
mupirocin by MRSA developed [10, 108]. Mupirocin resistance is developed due to 
ileS-2 gene [109]. The mupA and mupB genes responsible for resistance to mupiro-
cin these genes encode novel isoleucyl-tRNA synthetases and can be carried out by 
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plasmids [110]. The threes aspect of REDUCE-MRSA study was cluster-randomized 
trial that evaluate screening, isolation, and decolonization with chlorhexidine and 
mupirocin in intensive care unit patients [111]. Mupirocin is best suitable option 
for MRSA nasal decolonization but shows some side effects. Development of novel 
decolonization agent should be our propriety. We can also develop agents that can 
act synergistically with mupirocin as recently described [112, 113].

3.9 Resistance to lipoglycopeptides

Dalbavancin, oritavancin, and telavancin, the semisynthetic derivatives of 
glycopeptides are the three lipoglycopeptides available in the US. Glycopeptides usu-
ally inhibits bacterial cell wall synthesis by binding to D-alanyl-D-alanine (D-Ala-
D-Ala) terminal of growing peptidoglycan chains [114]. Due to their distinctiveness 
in structural modifications of each drugs heptapeptide core, lipoglycopeptides are 
more powerful than vancomycin which contains lipid side chain that helps in holding 
the drug to cell membrane providing stability and an increase in concentration of 
local drug. In case of oritavancin and telavancin their interaction with the cell wall 
promotes another mechanism of action as concentration-dependent depolarization 
of cell membrane leading to increase in permeability. Because of the structure of 
oritavancin it allows several other mechanisms of action which includes binding to 
the secondary site in peptidoglycan chains, pentaglycyl bridging segment of lipid II, 
transpeptidation inhibition and RNA synthesis inhibition [115, 116]. A survey study 
conducted from 2010 to 2014 in US and Europe showed 99.9% isolates of S. aureus 
susceptible to oritavancin and 98% isolates susceptible to dalbavancin in global sur-
vey during 2002 to 2012 [117] with rare Lipoglycopeptide resistance among S. aureus. 
Recently for dalbavancin, Resistance in some clinical isolates has been reported. On 
structural analysis showed an increase in the thickening of cell wall and abnormal 
cell wall construction in dalbavancin non-susceptible isolates [118, 119].

4. Evolution of Staphylococcus aureus as superbug

Alexander Flaming accidently discovered penicillin as fungal contaminant also 
having bactericidal effect against Staphylococcus aureus which in turn led to bulk 
production of this antibiotic [120]. Consequently, death rate due to bacterial pneu-
monia and meningitis fell down during World War II. Penicillin was discovered to 
act by breaking peptidoglycan assembly within bacterial cell wall followed by cell 
death due to osmotic fragility [121]. In early 1940’s death rate of Staphylococcal 
infections was approximately 80%. However, resistance Staphylococcus aureus 
strains were observed after overuse of penicillin which got predominant in 1945 
[122–124]. The major cause of this resistance was the eventual formation of plasmid 
encoded-lactamase which found to have ability of hydrolysing active moiety i.e. 
lactam ring of penicillin [124, 125]. The ability of plasmid encoded-lactamase to 
readily transfer which rises the penicillin against bacterial resistance rate up to 
90-95%. Moreover, in 1950 a resistant clone of Staphylococcus aureus called phage 
80/81 was responsible for the outbreak pandemic of skin infections, sepsis of skin 
and pneumonia. Initially it was concerned inside the premises of hospital but even-
tually it outspread within the public outside [126]. Australia, America and Canada 
were the majorly effected countries during this epidemic which lasted for almost 
10 years until a methicillin came into market [127]. It was purposely designed in 
1959 for the lactamase resistance strains of staphylococci and their treatment but 
surprisingly it worked efficiently for only one year because later on the methicil-
lin resistance strain of Staphylococcus aureus was first observed in 1961 in United 
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Kingdom [128]. The major cause of acquired resistance was mecA gene at specific 
site of chromosome. mecA gene was reported to encode an alternative penicillin 
binding protein gene called PBR2a and PBR2 which possessed very little binding 
affinity against penicillin, methicillin, nafcillin and cephem derivatives [129]. 
However, this resistance was found to be different from penicillin acquired resis-
tance as it included broad spectrum antibiotics i.e. almost entire class of lactams 
except ceftaroline and ceftobiprole [130]. Adding on, a genetic element was found 
to be the prime carrier of mecA gene and was responsible for the broad-spectrum 
resistance as well as outbreak of its infections in 1980 [131]. Few countries that had 
major impact were Ireland, United States and United Kingdom. Despite the fact 
that it was first observed in 1961 it was highly appeared in 1980 and responsible for 
pandemic. MRSA was major risk for people having low immunity therefore death 
rate was approximately 15 times and bacteraemia was observed to be 24-fold than 
earlier [132]. MRSA outspread in Europe in early 1970’s was confirmed to be caused 
by one of the MRSA clones called 83 phages; an archaic clone which eventually 
became demolished and replaced by another five lineage clones of MRSA by 1980’s. 
The foremost MRSA infection case was observed in Sydney in 1965 followed by 
sporadic nosocomial MRSA infections in Melbourne, Sydney and other cities of 
Australia [133, 134]. Western Australia was rather reported to be free from these 
infections until late 1980’s when gentamicin susceptible Non-Multidrug Resistant 
(MDR) MRSA was observed first which later on outspread very fast [135, 136]. 
However, the quickest outbreak of MRSA was observed in Boston, United States 
of America in 1968 [137]. Number of cases increased drastically from 2.4–29% 
from 1968 to 1975 which rose to 56.1% till 2003 [138, 139]. Moreover, high rate of 
MRSA infections was observed in other parts across the world also [140–147]. In 
japan MRSA infections invaded in academic hospitals in 1980 which later become 
community spread in 1990 [148]. Number of MRSA infected patients were com-
paratively lower than observed in America however mild increase was observed 
in frequency of MRSA patients from 3.8% - 9.6% in 1990-1994. But when only the 
outpatients were considered the MRSA infection rate was observed to be drastically 
rose from 4.5-35% in 1994 [149, 150]. The first clinical isolate of MRSA known to 
carry PVL gene in CA-MRSA era was observed in 2003. Furthermore, according to 
the data given by National Infectious disease register in 10-fold increase in MRSA 
infectious cases i.e. 120-1458 has been found in 2004. Meanwhile the countries 
like Norway, Sweden, Denmark and Netherland were found to be free from these 
infections due to strict surveillance. In the period of six years (2000-2006), Eastern 
Australia and Queensland were reported to have an increase of 75-315 patients 
per million. MRSA strains prevalent in these countries were majorly non-MDR 
strains which have susceptibility to ciprofloxacin and resistant at least to one of the 
β-lactams. It was a period of high emergence of non-MDR strains of MRSA. In 2011, 
surveillance studies were carried out in Asian countries to find out the patients with 
MRSA infections [151–154]. Data revealed HA-MRSA prevalence was highest in Sri 
Lanka (86.5%) followed by Vietnam (74.1%), South Korea (65%), Thailand (57%) 
and Hong Kong (56.8%). However, the rate of infections in Indians and Philippines 
was quite low i.e. 22.6 and 38.1% approximately. Infected patients and staff were the 
major reason for the outbreak of MRSA across the countries and continents. With 
time and resistance MRSA had been found to be emerged, declined and modified 
accordingly. When initially observed, the MRSA strains were confined only to the 
hospitals and health care centres which later on becomes a pandemic via commu-
nity spread. Moreover, livestock was also found to be affected by MRSA infections. 
According to last research report vancomycin was an antibiotic susceptible to MRSA 
however later on some investigations demonstrated Vancomycin Intermediate 
resistance Staphylococcus aureus (VISA) and Vancomycin Resistant Staphylococcus 
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aureus (VRSA) in some clinical strains. If this trend gets continued to be followed 
further then MRSA will undoubtedly become completely resistant strain which is a 
serious topic of concern in field of infectious diseases [155–158].

5. Conclusion

The rapid evolution of resistance in Staphylococcus aureus toward almost every 
antibiotic makes it a most challenging threat for human health as well as for the 
microbiology scientists. This bacteraemia has been reported to possess resistance 
mechanisms on the exposure of antibiotics only. Staphylococcus aureus quickly 
develop the defense/survival mechanism for even the new antibiotics which 
probably due to their fast structural and genetical alterations. Keeping this in 
view, several novel compounds are in pipeline to combat the resistant strains of 
Staphylococcus aureus. Moreover, identification of additional drug targets, better 
stewardship and combination therapies are also in process for the treatment of 
resistant strains of Staphylococcus aureus.
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Abstract

Staphylococcus aureus is a Gram-Positive bacteria that are responsible to cause 
skin infections and also shows toxic shock syndrome. Several antibiotics were given 
against the S. aureus infections but eventually, the prevalence of multidrug resis-
tance of Staphylococcus aureus started emerging. Since then Methicillin-resistant 
Staphylococcus aureus strains (MRSA)were very common which causes nosocomial 
infections. Microorganisms for the need of the survival undergoes mutational 
changes either in their chromosomal DNA/RNA which confers the resistance. 
One of the famous examples is the resistance against methicillin in Staphylococcus 
aureus. The evolution of S. aureus is successful in developing multiple resistant 
strains. Plasmids are capable of carrying the resistant genes and also several toxic 
genes. In a recent study, it has been observed that drug resistance genes are located 
in the R plasmids and they are also responsible in conferring multi drug resistance 
and induce less utilization of multiple antimicrobial therapy. MRSA was not only 
resistant to methicillin, studies proved MRSA strains were resistant to macrolides, 
tetracyclines, chloramphenicol. Resistance to vancomycin was very evidently 
observed, and its transfer among the population and rising of resistant strains was 
becoming a major threat globally. The resistance of all these antimicrobial agents 
against the pathogenic microorganisms are taking a rise in some patients due to 
prolong use of the antimicrobial agents by these patients. The multi drug resistance 
has enhanced the mortality and morbidity rate which referred to the infecting 
agents as the “Super Bugs”. Survival of the microorganisms has increased due to the 
gradual development of extensive resistance against varied antimicrobial drugs. 
Possible treatments with combinations are found to be the only hope for infections 
against S. aureus. Few drugs are in development such as Dalbavancin, Oritavancin, 
Tigecycline. These are the possible treatments upon which the work is going on 
to reduce the resistance against the invasive MRSA. This chapter highlights the 
profiles of Staphylococcus aureus and the resistance patterns along with transmission 
and the role of the plasmid in transmitting the resistance.

Keywords: multi-drug resistance, SaPIs, mec A gene, clinical MDR, daptomycin, 
dalbavancin

1. Introduction

Multi-Drug Resistance of S. aureus is a massive concern in the clinical world. 
Immunocompromised, diabetic, and weak immune systems are general medical 
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problems but patients already suffering from these are more susceptible to the 
Staphylococcal infections and mainly by S. aureus which causes skin infections and 
soft tissue infections. The severity of the infections caused by S. aureus increases 
when there is overgrowth of the S. aureus on the infected part of the body which 
results in the secretion of toxins and causes a fatal condition known as toxic shock 
syndrome. Penicillin was used predominantly against infections caused by S. aureus 
but the organism started having resistant strains developed for fighting against 
Penicillin. Methicillin was the next approach that came up for S. aureus but the 
major failure of methicillin by forming MRSA strains made vancomycin the last 
hope for S. aureus infections. Methicillin is the synthetic antibacterial drug given 
to S. aureus widely. S. aureus is resistant to almost all antibiotic drugs that are so 
far used and among them Methicillin and Vancomycin are the two drugs that have 
shown resistance in S. aureus. In this, we will emphasize the genetic aspects of the 
resistance that is observed in S. aureus. The antibiotic resistance genes are gener-
ally present on plasmids, and nonessential for the survival of the organism but it 
provides the bacterial population with a means to reduce the genetic and physio-
logical load on the majority of cells. Plasmid-borne genes can undergo more radical 
evolutionary changes without affecting the viability of the cell, as would changes to 
indispensable chromosomal genes, and established plasmid transfer mechanisms 
can provide recipient cells with new genetic material which has already been refined 
by selective pressures elsewhere. Besides plasmids, bacteriophages too have con-
tributed towards development of resistance by transduction. Thus the continuous 
evolution of S. aureus strains was successful to bring forth the vancomycin-resistant 
strains as well (VRSA). New drug development and treatments are applied to the S. 
aureus mediated infections which have proved to be the immediate possible treat-
ment for this. This chapter will help the readers to acquire a comprehensive knowl-
edge regarding the Multi-Drug Resistance of S. aureus along with the resistance 
mechanism and possible treatments of Staphylococcal infections.

2. Multi-drug resistance

2.1 Overview of multi-drug resistance

Multi-Drug Resistance (MDR) is a global concern that is having a very bad 
impact on health care. Microbes are getting resistant to antibiotic therapies due to 
the constant exposure of antimicrobial drugs. In the past decade, microbial infec-
tions have raised enormously and this has led to an increased amount of resistance 
[1]. Multi drug resistance is the phenomenon in which pathogenic organisms are 
resistant to multiple chemotherapeutic agents [2]. The emergence of MDR rises the 
mortality and morbidity rates for which they are known as ‘Superbugs’. It is said that 
MDR is a very natural process among microorganisms but the increasing amount of 
this process is due to several reasons like the use of undefined antimicrobial agents, 
unhygienic sanitary conditions, poor health care facilities. The omnipresent threat 
of antibiotic-resistant pathogens entails having very few antimicrobial agents for 
other infections [2, 3].

2.2 Classification of MDR

Many different definitions for multidrug-resistant (MDR), extensively drug-
resistant (XDR) and pandrug-resistant (PDR) bacteria are being used to character-
ize the different patterns of resistance. Was defined as acquired non-susceptibility 
to at least one agent in three or more antimicrobial categories, XDR was defined 
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as non-susceptibility to at least one agent in all but two or fewer antimicrobial 
categories (i.e. bacterial isolates remain susceptible to only one or two categories) 
and PDR was defined as non-susceptibility to all agents in all antimicrobial cat-
egories. MDR is a frequently encountered phenomenon in S. aureus which can be 
broadly classified as primary MDR, secondary MDR and clinical MDR (Figure 1) 
[1, 4–6]. Survival of the microorganisms has gradually developed extensive resis-
tance against varied antimicrobial drugs. Also, there is a failure of many clinical 
trials which are not always due to the occurrence of resistance but all due to poor 
bioavailability of drugs, very poor immune system, excessive-high metabolism 
of drugs.

2.3 Mechanism of multi-drug resistance (MDR)

Before studying the resistance of S. aureus, it is very important to take a look 
upon all the possible biochemical mechanisms of resistance that the microbes 
show. Microorganisms have the ability to employ several ways to develop multi 
drug resistance [2]. The resistance of all these antimicrobial agents against the 
pathogenic microorganisms are taking a rise in some patients due to prolong use of 
the antimicrobial agents by these patients. Below, is the schematic diagram of all 
methods of resistance mechanism (Figure 2). Microorganisms for the need of the 
survival undergoes mutational changes either in their chromosomal DNA/RNA 
which confers the resistance. One of the famous examples is the resistance against 
methicillin in Staphylococcus aureus. The cell wall of the microbes plays a vital role as 
a barrier and helps in their survival but due to alteration in the chromosomal DNA 
or genetic mutations the compositions of the cell wall or the plasma membrane 
changes and this in turn encourage the resistance phenomenon.

Drug Efflux Pumps are one of the major ways for the MDR mechanism. ABC 
transporters (ATP Binding Cassette) are membrane proteins which are com-
monly defined as drug efflux pumps that specifically helps in the transport of the 
drugs in the cell. The P-glycoprotein or multi-resistant protein (MRP) damages 

Figure 1. 
Classification of MDR.
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the permeability and influences the ATP-dependent efflux of the drugs which is 
responsible for decreasing the intracellular concentrations [7–9].

3. Genetic aspect of resistance in S. aureus

The genetic determinants of resistance to many antimicrobial agents are 
believed to have evolved prior to the era of antibiotic chemotherapy. Processes 
such as phosphorylation, glycosylation, acetylation whose inactivation or chemical 
transformation is the major cause of the MDR. The schematic diagram shows the 
possible ways of causing antimicrobial resistance (Figure 3) [1, 4, 10–12].

Methicillin-Resistant Staphylococcus aureus (MRSA) came into the focus of atten-
tion when the Methicillin-Susceptible Staphylococcus aureus (MSSA) started adopt-
ing a specific gene (methicillin-resistant gene) named as mecA which is intervened 
by a genetic element called Staphylococcus cassette chromosome (SCC) and is 
transferred into the MSSA via either conjugation or transformation (Horizontal 
gene transfer). As SCC elements are carrying the gene mecA so, the complex is 
named SCCmec. The complex consists of the mecA and several other regulatory 
genes such as mecR1, mecI. (Figure 4), Demonstrate a schematic diagram of the 
SSCmec element. There is also the presence of a specific complex named Cassette 
Chromosome Recombinase (CCR) that helps in the integration and excision of 
the element from the chromosome of Staphylococcal species [13–16]. The region, 
origin of replication (oriC) in the S. aureus chromosomal element is accompanied 
by a special gene named as orfX towards the downstream of the oriC. The gene 
orfX is popular for encoding a specific enzyme called ribosomal RNA methyl-
transferase and this gene also has direct repeat sequences that help to protect the 
Staphylococcus cassette chromosome (SCC). In this way, multiple SCC elements are 
placed one after another in tandem which results in the formation of the cluster of 
foreign genes and forms a chromosomal region whose name is oriC environ  
[13, 17, 18]. Now, there are mainly two types of MRSA. One, the Community-
Associated MRSA (CA-MRSA), and the other one is Hospital-Acquired MRSA 
(HA-MRSA). CA-MRSA has been found to get transmitted among the population 
from crowded places and the CA-MRSA isolates are highly resistant against methi-
cillin and penicillin as well. Minor skin problems, redness, itchiness, and pain are 
the symptoms of the body affected by CA-MRSA. HA-MRSA is acquired from the 
hospital or any health care center. oriC environ has many transposons and insertion 
sequences (IS) which are capable to induce deletion, recombination, chromosomal 

Figure 2. 
Multi drug resistance mechanism.
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inversion across oriC and this helps the S. aureus to maintain their survival strategy 
according to the environmental condition [18]. Horizontal gene transfer mediated 
by phage is one of the prime reason for the evolution of the S. aureus. It has been 
observed in the past studies that the Bacteriophages such as Staphylococcus Phage 
80α is a specific helper bacteriophage that is required for the mobilization of SaPIs. 
This helps to carry the Staphylococcus aureus pathogenicity islands (SaPIs). SaPIs are 
known as mobile genetic elements which are the common residents in the genome 
of S. aureus and are transferred to other cells. These SaPIs are responsible for carry-
ing several toxin genes and also superantigens [19, 20].

Plasmids are capable of carrying the resistant genes and also several toxic 
genes. In a recent study, it has been observed that when an S. aureus plasmid was 
sequenced which originated from a different bacterial environment, few trailblaz-
ing resistance genes named ampA and vgaC were discovered. The amp resistance 
gene is resistant to the antimicrobial drug named apramycin and the vgaC resis-
tance gene is resistant against Streptogramin A, respectively. Along with these, 
many toxin genes are being carried on S. aureus plasmids such as exotoxin B (ETB) 
and enterotoxins (entA, entP, entG, entJ). R plasmids play a major role in mediating 
resistance among bacteria. Drug resistance genes are located in the R plasmids and 
they are also responsible in conferring multi drug resistance and induce less utiliza-
tion of multiple antimicrobial therapy [21–23].

There is also support for the notion that some resistance determinants in 
staphylococci are derived from genes present in antibiotic-producing organisms. 
The S. aureus ermC methylase encoded on pE194 shares amino acid sequence 

Figure 4. 
A schematic diagram of SCCmec element. The SCCmec consists of two components mec. A gene complex and 
ccr gene complex. mec gene complex helps to encode the methicillin resistance gene(mec A) and other two 
regulatory genes (mecR1, mec1). ccr gene complex takes care of the movement of the whole SCC element.

Figure 3. 
Schematic diagram of antimicrobial resistance.
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homology with the analogous methylase encoded by erythromycin-producing 
organisms such as Streptomyces erythraeus (ermE) [24].

4. Resistance against antibiotics

Due to the high resistance against methicillin and after the failure of the drug, 
Vancomycin was playing a major role in treating most MRSA infections. Isolates of 
S. aureus were taken from a surgical wound of a Japanese baby and it was observed 
that the infection was not responding to the drug called Vancomycin. Vancomycin, is 
an antibiotic made up of glycopeptide and was initially used for the treatment of the 
MRSA strains as the efficacy of this drug was quite prominent but eventually because 
of prolong usage of the drug, it was resistant to MRSA infections. The resistance was 
not via the acquisition of vanA by MRSA infection-causing strain but this was because 
of unusual thickening of the cell wall which is rich in dipeptides and this results in the 
decreasing of the drug availability in the body. Despite the issues, in the year 2000, 
Vancomycin was considered to be one of the prominent drugs against the MRSA strains. 
The mechanism of the resistance is predicted to be a plasmid-mediated transfer among 
the species. The genes vraS, msrR, rpoB and graR were found to be mutated which 
was responsible for the resistance against the Vancomycin [13, 25–27]. Other than 
Methicillin and Vancomycin, Penicillin and Quinolones were also given to S. aureus.

In case of Penicillin, R plasmids encode the enzyme called as penicillinase, the 
plasmid gene that carries the enzyme is blaz, and the organisms that were resistant 
to penicillin were having this gene which inactivated the antibiotic by splitting the 
β-lactam ring. Slowly, this became a threat and major resistance towards penicillin 
antibiotic emerged world wide [28–30]. Use of Methicillin started when Penicillin 
failed to cure the Staphylococcal infections. After major failure of both these 
antibiotics, Quinolones were used. Quinolones destroy the bacteria by attacking and 
inhibiting their bacterial topoisomerases which generally ease the super coiling of 
DNA and also separates DNA strands. Moxifloxacin and Gemifloxacins are useful 
against the Gram-Positive bacteria but unfortunately S. aureus again developed 
resistance against quinolones [31, 32]. S. aureus developed resistance against fluoro-
quinolones by overexpression of the NorA efflux pumps. Similarly, point mutation 
is another way by which this organism becomes resistant to quinolones. Point muta-
tion in the subunits of topoisomerase takes place. Such as, point mutation at Gr1A 
in topoisomerase IV subunit and in GyrA, subunit of Gyrase [28].

4.1 Transmission pattern of resistance

Transmission of MRSA infections can take place from person to person who is 
contaminated with such infections. Proper hygienic condition is required to main-
tain infection from getting spread. Although the mode of transmission of infections 
mainly relies upon direct contact but contact with contaminated fomites can also 
transmit the infection. Several other factors of the host such as immunocompro-
mised patients, defects in neutrophils, or destruction of the skin barriers can also 
give rise to the infections. Staphylococcus aureus has shown evolutionary changes 
in it and this phenomenon completely relies on the plasmid gene transfer mecha-
nisms. The conventional mechanisms such as horizontal gene transfer popularly 
conjugation and transformation are followed by the strains to spread the resistance 
among the population or community but there is a very unique mechanism of 
Staphylococcus named SaPI-helper phage [33, 34]. Through all the studies it is quite 
evident that plasmids are the fundamental element that is helping in mediating the 
virulence and the resistance genes among the population of the S. aureus [35–37].
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5. Treatment and future aspects

Drugs that are discussed to be used for MRSA infections are Daptomycin and 
Linezolid. Daptomycin is a synthetic drug that is the class of antibiotics that destroy 
the cell membrane ability by a calcium-dependent binding phenomenon which 
leads to bactericidal activity in a concentration-dependent way. So, one of the 
widely used antibiotics and which shows good efficacy even more than methicillin 
and vancomycin. Therefore, for any MRSA bacteremia, Daptomycin is considered 
to be very effective [38–40]. There were many topical drugs used against the MRSA 
strains. These anti MRSA drugs were quite effective. Mupirocin, is one of the anti 
MRSA topical drug which is applied on the skin for curing skin infections caused 
by S. aureus [41]. The mechanism of Mupirocin is, it binds to the isoleucyl t-RNA 
synthetase which inhibits the protein synthesis of the organisms resulting in the 
destruction of the organism [42]. Fusidic acid is another topical drug used against 
staphylococcal infections and it was reported effective as well. Fusidic acid binds 
to the elongation factor G of bacteria and interferes with the translocation process 
resulting in the inhibition of the protein synthesis [28].

Similarly, Linezolid which belongs to the oxazolidinones class predominantly 
inhibits the protein synthesis in the 50S ribosome of the cell. Linezolid shows 
a good amount of efficacy against several toxin-producing strains such as toxic 
shock syndrome toxin, Panton-Valentine leukocidin, α-hemolysin [38]. But the 
resistance against Linezolid was also observed. So, the combinatorial theory was 
taken into account. Combinatorial theory helps to mix multiple compounds to 
balance the inadequate conditions of other compounds and increase efficacy of 
drugs. The combinatorial theory started with Vancomycin and it shows synergistic 
interaction with β-lactams widely. Studies cleared that the capacity of clearing the 
MRSA infection-causing strains was not high in amount when the patients were 
only subjected to Vancomycin but in combination with β-lactams the clearance 
efficiency was much higher in amount. Combination with Vancomycin shows a 
specific effect named as Sea-Saw Effect where if the susceptibility of the vanco-
mycin is decreased which results in decrease of transcription of the mec A gene 
and this increases the susceptibility of the β- lactams [43–46]. Combination with 
the Daptomycin has also been applied to check the outcome. This combination 
was to some extent very much successful as it enhanced the destruction of both 
Daptomycin-susceptible as well as Daptomycin-non-susceptible strains of MRSA. 
This combination showed high efficacy against the clearance of the bacteremia 
from the patient’s body [47, 48].

Few drugs are in development such as Dalbavancin, Oritavancin, Tigecycline. 
Tigecycline inhibits protein synthesis and it shows broad-spectrum antibiotic 
activity. These are the possible treatments upon which the work is going on to 
reduce the resistance against the invasive MRSA. The prospect of the medication 
for S. aureus infections also lies in traditional medicines. The traditional herbal 
medicines are believed to have anti-MRSA activity. The bioactive phytoconstituents 
present in the plants such as Mansonone F from Ulmus davidiana, β-asarone from 
Acorus calamus rhizome, Prenylated flavonoids from Desmodium caudatum root, 
galloylated flavonol rhamnosides from Calliandra tergemina leaves, eupomatenoid-5 
from Piper regnellii leaves are important for the MRSA treatment as they constitute 
anti-MRSA activity [49]. Some of the new relevant information regarding the 
treatment of AMR in S. aureus has come forward. Quinopristin-dalfopristin and 
Linezolid are another set of antimicrobial agents which have come up with activity 
against the resistance in S. aureus. Both these agents are protein inhibiting agents 
and Quinopristin-dalfopristin mainly exhibits bactericidal effects and Linezolid is 
bacteriostatic. Current studies against the treatment of this disease deal with the 
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various combinations of antimicrobial agents [50]. Several compounds are known 
to inhibit the synthesis of fatty acid in bacteria and with this, two antibacterial 
agents have shown greater efficiency against S. aureus. Triclosan and Isoniazid are 
the two antimicrobial agents which target the FabI in the S. aureus. Fab I is one of 
the essential enzymes utilized in fatty acid elongation and it plays a major role in S. 
aureus. High throughput screening of the FabI inhibitors has led to come up with a 
new molecule AFN-1252 also called Affinium Pharmaceuticals was identified and 
proved to be efficient against the MRSA strains [51]. Multiple combinations were 
analyzed and several limitations emerged from those. Vancomycin and Rifampicin 
were in great demand for diagnosing MRSA infections but later on, Rifampicin 
proved not to be a better option for treating the disease as this drug is the primary 
drug given against one of the concerned diseases named Tuberculosis. This combi-
nation has exhibited higher possibilities of rising the resistance against Rifampicin 
and this was the major reason for the failure of the Vancomycin-Rifampicin combi-
nation against S. aureus. Similarly, Trimethoprim/Sulfamethoxazole and Rifampicin 
was a major failure because of the poor efficacy along with multiple side effects. 
Also, it was found to be resistant to infections. Among all this, Vancomycin is the 
only drug that is still either used in combinations or as monotherapy for treating 
MRSA infections but some of the new antibiotics such as Ceftaroline, Tedizolid, 
Plazomicin are proved to be successful among other antibiotics and are under 
research and development for further studies of treating the MRSA infections [52]. 
Other explored combinations with vancomycin have shown adverse nephrotoxic-
ity. So, it is said that intensive research is required for novel approaches against the 
treatment of resistance to S. aureus. Above all the discussed conventional therapies 
for the treatment, either majority of them were proved to be ineffective or have 
shown severe side effects in the patients.

According to the future perspective, there is an immense need for an alternative 
strategy for treating the resistance against S. aureus. Treatment methods such as 
using nanoparticles are one of the efficient ways of delivering the drug directly to 
the patients. Under the nanoparticle treatment strategy, there is a unique feature of 
using ligands that are target specific for certain receptors in bacteria. AuNPs were 
surface modified by Vancomycin helps in reducing the bacterial growth and also the 
iron oxide nanoparticles are modified with the porphyrin platinum and Vancomycin 
which results in thermal degradation of the resistance strain of S. aureus. Another 
very interesting aspect is the usage of SiRNA therapy which enhances the MRSA 
inhibition. Vancomycin nanocomplexes are proved to have effective anti-MRSA 
effects which are very new to the study of alternative strategies [53].

The major limitation or failure that rises is intrinsic mechanisms of bacterial 
resistance and the target-specific antibiotics or drugs have disappointed to come 
up with any useful product. Another unique novel approach has come forth which 
combines the genomic information on the drug target and undergo chemical 
modifications along with efficacy testing [50].

6. Conclusion

Staphylococcus aureus is a major cause of bacterial infection in humans, which 
has been able to acquire resistance to a variety of antibiotics. MSRA is an emerging 
issue globally because apart from causing nosocomial infection also emerged as one 
of the key causative agents of community-acquired infections. Antibiotic resistance 
in S. aureus involves various mechanisms which are drug efflux, expression, or 
mutation of target proteins, leading to its rapid evolution which requires innovative 
approaches to develop novel treatment methodologies. A very limited amount of 
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treatments are available for MRSA and this has become the reason for increasing 
the mortality rates. Appropriate use of the antimicrobial agents as the MDR is a 
very natural phenomenon and handling this type of phenomenon needs extra care 
to minimize the growth rate of resistant MRSA isolates further in the future. The 
development of new drugs is also in progress so that the resistance can be reduced. 
Anti MRSA topical drugs are extensively in use for treating skin infections. The 
new approaches have been initiated by the use of Fusidic acid, Linozolid against 
Staphylococcal infections.
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Abstract

Staphylococcus aureus is a pathogen of great importance to clinical and veterinary 
medicine. Recently, there has been a growing interest in S. aureus extracellular 
vesicles (EVs) in the pathogenesis of this bacterium. Released by living cells into the 
extracellular milieu, EVs are membranous structures carrying macromolecules such 
as proteins, nucleic acids, and metabolites. These structures play several physiologi-
cal roles and are, among others, considered a mechanism of intercellular communi-
cation within S. aureus populations but also in trans kingdom interactions. S. aureus 
EVs were shown to transport important bacterial survival and virulence factors, such 
as β-lactamases, toxins, and proteins associated with bacterial adherence to host 
cells, and to trigger the production of cytokines and promote tissue inflammation. In 
this chapter, we will review the main studies regarding S. aureus EVs, including their 
composition and roles in host-pathogen interactions, and the possible applications of 
EVs for vaccines and therapy development against staphylococcal infections.

Keywords: EV, membrane vesicles, composition, bacterial survival, cargo delivery, 
immunomodulation, host-pathogen interactions, immunization, vaccine, therapy

1. Introduction

1.1 EVs characteristics

The release of extracellular vesicles (EVs) is a long-known phenomenon widely 
reported, mainly in eukaryotes [1–4]. Archaea and Bacteria also release EVs, making 
their occurrence an evolutionally conserved feature among all three kingdoms [5]. 
They can be referred as membrane vesicles, microvesicles, ectosomes, exosomes, 
apoptotic bodies, outer membrane vesicles (OMVs), and others, depending on their 
origin and characteristics [5, 6]. The study of these particles is of great interest, 
as they are considered a mechanism of cell-free intercellular communication and 
trans kingdom interactions [7]. They are composed of a lipid bilayer and range from 
20 to 1000 nm. They carry several bioactive molecules, such as proteins, lipids, 
metabolites, and nucleic acids, and were shown to modulate the metabolism and 
physiology of local or distant target cells [8]. Recently, the study of bacterial EVs has 
gained attention since they can affect pathogen-host interactions and contribute to 
 bacterial pathogenesis.
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1.2 History of bacterial EVs

The first study regarding bacterial EVs dates back to 1966, when lipid-like 
structures purified from culture supernatants of Escherichia coli were observed 
under electron microscopy [9]. In Gram-negative bacteria, vesiculation occurs from 
the budding out of the outer membrane (OM) that captures components present 
in the periplasm. This process forms nanoparticles called outer membrane vesicles 
(OMVs), which are released in the extracellular milieu [10]. Gram-positive bacteria 
lack an outer membrane and have a thicker peptidoglycan (PGN) cell wall, which 
was regarded as a barrier to EV release. This might explain why the first observa-
tions of EV release in Gram-positive bacteria were reported much later, in 2009, 

Figure 1. 
General features of S. aureus EVs.
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when Lee and collaborators demonstrated the production of EVs by Staphylococcus 
aureus [11]. Ever since, other studies confirmed EVs release by other Gram-positive 
bacteria belonging to various genera such as Bacillus sp, Bifidobacterium sp, 
Cutibacterium sp, Clostridium sp, Enterococcus sp, Lactobacillus sp, Mycobacterium sp, 
Propionibacterium sp, and Streptococcus sp, among others [12–22].

1.3 S. aureus and its derived EVs

S. aureus is a bacterium that asymptomatically colonizes the nasal track of 
20–80% of the human population without causing disease [23]. S. aureus is also a 
major opportunistic pathogen in humans, being a common cause of nosocomial 
infections [24]. It is a causative agent of life-threatening diseases such as sepsis, 
endocarditis, pneumonia, and minor infections in soft tissues [25]. S. aureus is also 
an important pathogen in veterinary medicine. It is one of the main etiological 
agents of mastitis, an inflammation of the mammary gland that affects dairy herds 
and causes vast economic losses worldwide [26]. The type and severity of infec-
tions depend on strain-specific virulence factors, mostly expressed from accessory 
genetic elements [27]. Secreted and surface-exposed S. aureus virulence factors are 
responsible for weakening the host immune response, immune evasion, damage to 
host tissues, and infection onset [28].

One emerging field of great interest is the involvement of EVs in the infections 
caused by S. aureus. Recent studies have shown that S. aureus EVs carry important 
bacterial survival and virulence factors, such as β-lactamases, superantigens, 
toxins, coagulases, and proteins associated with bacterial adherence to host cells 
[11, 29–34]. In some cases, they trigger production of cytokines and promote tissue 
inflammation [35–38]. As EVs are also regarded as potential vehicles for biotech-
nological and clinical applications, such as the development of vaccines [39–42], 
their study is an attractive area in microbiology and the future development of 
new strategies against bacterial infections. Here, we will address the main stud-
ies regarding S. aureus EVs, their biogenesis, composition, and roles in bacterial 
resistance, virulence, host-pathogen interactions, and the possible applications of 
EVs for diagnostic, therapy, and vaccine development against diseases caused by 
this bacterium (see Figure 1).

2. Biogenesis of bacterial EVs

Several models have been proposed to elucidate how bacteria release EVs. Since 
the study of Gram-negative bacteria OMVs dates to the ‘60s, this phenomenon is 
better established and documented. Several hypotheses are proposed to explain EVs 
production, which include one or a combination of many processes [43]. It has been 
proposed that the accumulation of molecules in the periplasm space alters turgor 
pressure, promoting OMV release [44, 45]. In another model, alterations in lipid 
structure and topology could lead to modifications in the membrane curvature, 
resulting in vesicle bubbling from the outer membrane [46]. On the contrary, EVs 
biogenesis is still poorly understood in Gram-positive bacteria [47] due to the recent 
discovery of EV release by these microorganisms [11]. Notably, efforts have been 
made to better understand how EVs can get through the thick PGN layer present in 
the Gram-positive bacteria’s cell wall structure.

In S. aureus, phenol-soluble modulins (PSMs) were shown to be associated 
with EVs release. These small proteins have surfactant-like properties and are 



Insights Into Drug Resistance in Staphylococcus aureus

102

considered crucial staphylococcal virulence factors since they can play various 
biological roles [48–50]. The staphylococcal PSMs were reported to have cytolytic 
and membrane-damaging activities, be proinflammatory, participate in biofilm 
formation, and be responsible for mobilizing lipoproteins from the staphylococcal 
cytoplasmic membrane, and the export of cytoplasmic proteins [51–55]. Since S. 
aureus EVs are generally enriched for both lipoproteins and cytoplasmic proteins, 
some studies investigated the role of PSMs in EV biogenesis. Wang et al. showed 
that deletion of psmα genes in S. aureus strain JE2 resulted in a significant decrease 
in size and number of EVs recovered from the culture supernatant [40]. Similarly, 
another study with strain USA300 revealed striking differences in EV production 
between the wild-type and a Δpsmα3 mutant [56], supporting a conserved process 
in S. aureus species. It was shown that PSMα3 promotes EVs release by an increase 
in membrane fluidity, and that bacterial turgor under hypotonic osmotic condi-
tions could be an important driving force for EV release in S. aureus [56]. Likewise, 
lipoproteins can also play a role in EV biogenesis since their absence resulted in 
an increase in membrane fluidity of S. aureus, as well as alterations in the protein 
content, the yield, and the size of EVs [57].

In addition to the importance of PSMs and lipoproteins in staphylococcal 
EV biogenesis, it was demonstrated that penicillin-binding proteins (PBPs) and 
autolysins also influence S. aureus EV release in acting likely on cell wall poros-
ity to allow EVs to cross the cell wall. PBPs are involved in PGN cross-linking, a 
crucial EV release factor [40]. The autolysins Atl and Sle1 are PGN hydrolases 
that play an important role in cell division, modifying, therefore, cell wall 
integrity. Accordingly, a pbp4 mutant, which was shown to significantly reduce 
PGN cross-linking [58], presents an increased EV production, whereas isogenic 
mutants for both Atl and Sle1 showed a significant decrease in EV size and 
release, consistent with their roles in peptidoglycan metabolism [40]. In another 
Gram-positive bacteria, B. subtilis, Toyofuku et al. evidenced that prophage-
encoded endolysins create holes in the PGN, allowing, therefore, the protrud-
ing of biological components to form EVs that are released in the extracellular 
environment [59].

3. S. aureus vesicle cargo composition

3.1 S. aureus vesicle protein cargo

Different molecules may be incorporated into EVs during their biogenesis: 
nucleic acids, proteins, lipids, and metabolites [5, 8, 60, 61]. Most studies on S. 
aureus EV cargo composition, however, focused mainly on their proteome. The 
first study characterizing the proteome of S. aureus EVs identified with high con-
fidence 90 proteins, distributed in cytoplasmic (56.7%), membrane (16.7%), and 
extracellular (23.3%) locations [11]. They included N-acetylmuramoyl-L-alanine 
amidase, which could have a predatory role in competing with other bacteria, 
transporters (SecD/SecF), and proteins related to antibiotic resistance, such as 
penicillin-binding proteins PBP1, PBP2 and PBP3, and β-lactamase [11]. They also 
found that S. aureus EVs comprise key virulence factors, such as superantigens 
(SSaA1 and SSaA2), toxins that disrupt host cell wall (α- and δ-hemolysins), 
coagulase factors, and immunomodulatory proteins, such as staphylococcal 
protein A (Spa), and immunoglobulin-binding protein (Sbi). Since then, several 
studies characterized the EV protein content of other S. aureus strains, reveal-
ing from 90 to 617 identified proteins, including numerous virulence factors 
(Table 1).
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Strain No. of 
proteins

Function Ref.

01ST93 Non-cytotoxic to host cells (Hep-2) [31]

03ST17 143 Non-cytotoxic to host cells (Hep-2, HaCaT) [31, 38]

Cytotoxic to host cells (HaCaT) [62]

Immunomodulation in vitro and in vivo (e.g., ↑ 
IL-1β, IL-6, IL-8, TNF-α, and MCP-1)

[38, 62]

Mast cell recruitment and exacerbation of skin 
inflammation

06ST1048 Cytotoxic to host cells (Hep-2) [29, 31]

143 Delivery of Spa protein through EVs (Hep-2) [29]

8325–4 Induction of the MAPK pathway (THP-1 and 
MLE-12)

[63]

Cytotoxicity to host cells (HeLa) [64]

Hemolytic activity [63, 64]

8325-4Δhla Low cytotoxic to host cells (HeLa) [64]

Weaker induction of MAPK pathway (THP-1 and 
MLE-12)

[63]

ATCC 14458 90 ND [11]

Cytotoxic to host cells (HaCaT) [30]

Immunomodulation in vivo (↑ IL-1β and IL-6, ↓ 
TNF-α)

Immunomodulation in vitro and in vivo (e.g., ↑ IL-6, 
INF-γ, MIP-1α, eotaxin)

[37]

Immunomodulation in vitro and in vivo (e.g., ↑ IL-6, 
TNF-α, IL-12, INF-γ)

[35]

Induce skin inflammation in mice [30, 37]

Promote lung inflammation in mice [35]

Protective against lung infections [42]

Transfer of resistance to β-lactams [32]

ATCC 25923 Cytotoxic to host cells (HaCaT) [65]

Immunomodulation in vitro (↑ IL-1β, IL-6, TNF-α, 
IL-8, and MCP-1)

Prevention of biofilm formation by other bacteria [66]

ATCC 6538 Non-cytotoxic to host cells (HDMECs) [36]

Induce recruitment of monocytes (THP-1)

Immunomodulation in vitro (e.g., ↑ E-selectin, 
ICAM1 and VCAM1, IL-6)

BWMR22 Exogenous EVs from vancomycin treated culture 
promote S. aureus aggregation

[67]

CI1449 Exogenous EVs confer bacterial resistance to whole 
blood killing

[68]

JE2 180 Cytotoxic to host cells (human leukocytes, THP-1 
cells, human macrophages MΦ)

[40, 57]

Immunomodulation in vitro (↑ IL-1β, IL-18, and 
caspase-1 activation)
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Strain No. of 
proteins

Function Ref.

JE2 Δarg, 
Δsae, ΔlukAB, 
ΔlukSF-PV, 
Δhla

Decreased cytotoxicity and immunomodulation  
(THP-1 cells)

[57]

JE2-Δagr-Δspa 212 Non-cytotoxic to host cells 
(human leukocytes, A549, HL60, and rabbit 

erythrocytes)

[40]

Non-protective against lethal sepsis

JE2ΔagrΔspa 
pHlaH35L-LukE

Non-cytotoxic to host cells (human leukocytes, 
A549, HL60, and rabbit erythrocytes)

[40]

Protective against lethal sepsis

JE2Δlgt 198 Decreased cytotoxicity to host cells (human 
macrophages)

[57]

Defective in the induction of IL-1β, IL-18, and IL-6, 
and caspase-1 activation in vitro

M060 153 Cytotoxic to host cells (Hep-2, COS-7 and HaCaT) [31, 65]

153 Immunomodulation in vitro (↑ IL-1β, IL-6, TNF-α, 
IL-8, and MCP-1)

[65]

MSSA476 LB1: 131 BHI2: 
617

Exogenous EVs promotes bacterial survival 
ex vivo and in vivo (human whole blood and 

neutrophils)

[69]

MW2 168 ND [34]

N305* 222 Non-cytotoxic to host cells (PS and MAC-T) [33]

Immunomodulation in vitro and in vivo (e.g., ↑ IL-8, 
IL-1β, TNF-α, DEFβ1, MIP-2, BAFF)

Induction of neutrophil recruitment in vivo

ND [34]

Newman Immunomodulation in vitro (↑ IFN-β mRNA) [70]

O11* 164 ND [34]

O46* 171 ND [34]

RF122* 160 ND [34]

RN4220 92 ND [41]

RN4220 Δagr 119 Engineered EVs protect mice against viral  
infections

[41]

ST692 3: 137 4: 156 Transfer of resistance to β-lactams [71]

USA300 Immunomodulation in vivo (↑ IGM, total IgG, IgG1, 
IgG2a, and IgG2b)

[56]

Protective against systemic and skin infections [69]

Note: Production of EVs was also demonstrated for S. aureus strains ATCC 35556 [72], ATCC 700699 [29], NRS135 
[68], NRS77phage [68], RN4220phage [68], RN6390 [32], and TSST-1 103D [29], however, proteomic or functional 
characterization were not performed.*Animal isolates; ND, not determined.
1Luria-Bertani Medium.
2Brain Heart Infusion Medium.
3Optimal condition.
4Sub-inhibitory concentration of ampicillin.

Table 1. 
S. aureus-EVs characterization and functions.
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As shown in Table 1, S. aureus EVs comprise several proteins. The numbers of 
proteins vary from one study to another because of the proteomic approaches used 
and the growth conditions. Sometimes EV proteome comprises up to 24% of the 
whole bacterial predicted proteome. It is expected that different methods of protein 
detection may give divergent results, and, indeed, some studies have evidenced such 
variations. Lee et al. identified 41 and 84 proteins with In-gel and In-solution diges-
tion methods, respectively, with only 35 proteins shared by both sets of proteins 
identified [11]. In another study, Askarian et al. demonstrated that 43 and 286 
proteins are exclusively identified when using either In-solution and Lipid-Based 
Protein Immobilization (LPI) methods, respectively [69]. These results highlight 
the impact of detection methods for EVs characterization. Therefore, comparison 
of EVs produced by different S. aureus strains should be done carefully, like other 
comparative proteomic analysis.

In this regard, a recent study characterized and compared the proteome of EVs 
derived from several S. aureus strains using the same experimental approach [34]. 
This work was carried out on EVs produced by five S. aureus strains of diverse 
host origins (human, bovine, and ovine). A total of 253 proteins were identi-
fied (from 160 to 218 EV proteins according to the strain), 119 of which were 
common to EVs derived from all strains. This conserved EV proteome included 
several proteins related to nutrient uptake, antibiotic resistance, virulence, and 
pathogenesis, reinforcing the importance of EV cargo for bacterial survival and 
staphylococcal infections [34]. Numerous of these core EV proteins are also 
present within EVs produced by phylogenetically distant species supporting the 
existence of specific and conserved rules for protein loading into EVs that remain 
to be uncovered [34].

3.2 Selective protein cargo sorting into EVs

Since EVs bud out of the cytoplasmic membrane, it is natural that their composi-
tion mainly reflects the physiological state of the producing cells, as it has been 
shown by several studies characterizing the EV cargo [73, 74]. However, several 
studies showed strong evidence that protein cargo sorting is a selective regulated 
process in both Gram-negative and Gram-positive bacteria [8, 34, 75, 76]. As men-
tioned before, OMV biogenesis involves the capture of components associated with 
the periplasm and the OM. Interestingly, OMVs derived from Serratia marcescens 
lack proteins abundant in the OM and, in contrast, can be enriched with proteins 
that are absent in this compartment [77]. As another example, Porphyromonas gingi-
valis OMVs also exclude proteins abundant in the OM and are enriched with several 
virulence factors [78]. Regarding Gram-positive bacteria, studies demonstrated 
that the non-pathogenic B. subtilis secretes EVs enriched with lipoproteins and 
siderophore-binding proteins, which are essential to survival [13]. Mycobacterium 
bovis and Mycobacterium tuberculosis were also shown to be enriched with several 
lipoproteins, some of which can modulate the host response in a TLR2-dependent 
fashion, contributing to mycobacterial virulence [21].

Several studies demonstrated that S. aureus EV cargo comprises secreted, cell 
wall-anchored, membrane, and cytoplasmic proteins. The latter are their most 
abundant component [11, 33, 34, 69]. This feature is interesting since it is the 
unique known pathway of a Gram-positive bacteria to secrete cytoplasmic pro-
teins, which lack any export signals. Moreover, compared to whole-cell proteome, 
S. aureus EVs were also enriched with virulence-factors, extracellular proteins, 
and lipoproteins [11, 34]. For instance, Lee et al. demonstrated that Sbi is highly 
enriched in S. aureus EVs and is localized at the vesicle surface, enhancing its ability 
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to bind to host cells [11]. Furthermore, secreted virulence factors such as coagu-
lases, β-lactamase, and hemolysins were also enriched [11]. Finally, comparative 
proteomics revealed that lipoproteins of five S. aureus clinical and animal isolates 
accounted for approximately 20% of the EV content, while they corresponded to 
only 2.5% of the whole predicted proteome [34]. These data show that some protein 
populations are enriched in S. aureus EVs, and they reinforce the hypothesis that 
the selection of protein cargo occurs through a dynamic mechanism common to 
the strains of S. aureus species. To date, the molecular mechanisms that drive the 
recruitment of proteins into EVs remain unclear. Nevertheless, it was proposed 
that abundance, charge, and subcellular location of proteins could influence their 
 availability and packing into S. aureus EVs [34].

3.3 S. aureus vesicle cargo: other components

As mentioned earlier, data regarding the characterization of the other compo-
nents of staphylococcal EVs apart from proteins are scarce. Although some studies 
demonstrated that lipids, carbohydrates, or nucleic acids are also associated with 
S. aureus EVs, they did not perform an extensive characterization of these compo-
nents. Schlatterer et al. used a fluorescent membrane dye (FM4–64) to quantify lip-
ids present in the membrane of S. aureus-derived EVs and demonstrated that lipid 
release is also dependent on PSMs [56]. In another study, the Fourier Transform 
InfraRed spectroscopy (FTIR) approach showed that administration of the antibi-
otic vancomycin induced chemical changes on S. aureus EVs, including the reduc-
tion of carbohydrate yield in comparison to untreated cells [67]. Regarding nucleic 
acids, in the study by Andreoni et al., quantification with PicoGreen dsDNA kit 
revealed the association of DNA molecules to S. aureus EVs [68]. Finally, Rodriguez 
and Kuehn recently demonstrated that S. aureus Newman strain secrets EVs con-
taining DNAs of ~500 base-pair long and RNAs with sizes of <300 nucleotides in 
length [70]. However, further investigations are necessary to better characterize the 
nucleic acid content of S. aureus EVs.

4. S. aureus-EVs functions

First considered “trash bags” to remove unwanted molecules from cells, nowa-
days, it is well-established that EVs play essential roles for bacterial fitness. Several 
described biological functions of OMVs and EVs include offensive and defensive 
mechanisms, such as quorum sensing, competition, delivery of toxins, resistance 
to antibiotics, horizontal DNA transfer, and transfer of regulatory RNAs (sRNAs), 
which can hijack the host immune response altering host-pathogen  interactions. 
S aureus EVs were shown to participate in several metabolic and infectious 
 processes, exhibiting several functions (Table 1).

4.1 S. aureus-EVs in cell toxicity

Studies demonstrated that S. aureus EVs can be cytotoxic and can induce cell 
death by delivering their toxin content. For example, δ-hemolysin (hld) and 
the exfoliative toxin A (ETA) were shown to be delivered to HEp-2 cells, induc-
ing cytotoxicity [31]. Moreover, exposition of human macrophages THP-1 to 
S. aureus JE2 EVs during 24 h also occasioned significant cellular cytotoxicity, a 
result that was sharply decreased when EVs were isolated from mutant lacking 
several pore-forming toxins (PFTs) [57]. In another study, Thay et al. showed 
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that S. aureus EVs contributed to HeLa cell cytotoxicity and erythrocyte lysis in a 
dose-dependent manner [64]. These results were tightly associated with biologi-
cally active α-hemolysin within EVs since their cytolytic and cytotoxic effects were 
significantly attenuated when EVs were isolated from an isogenic hla mutant [64]. 
Furthermore, in vivo experiments conducted by Hong et al. revealed that only S. 
aureus EVs could disrupt the skin barrier and cause dermal inflammation, which 
was not observed in the presence of purified α-hemolysin or EVs from strains 
that lack this protein [30]. More interestingly, they showed that EV-associated 
α-hemolysin was more cytotoxic than the purified toxin itself, and while the 
first induced necrosis, soluble α-hemolysin induced apoptotic cell death [30]. 
Together, these findings highlight the critical role of EVs in host cell death during 
 staphylococcal toxicity.

4.2 S. aureus-EVs in antibiotic resistance and biofilm formation

Besides delivering toxins to host cells, S. aureus EVs were shown to play an 
important role in antibiotic resistance. Lee et al. demonstrated that biologically 
active BlaZ, a β-lactamase protein, is present inside S. aureus EVs [32]. EVs contain-
ing BlaZ were able to confer a transient resistance against ampicillin to susceptible 
surrounding Gram-negative and Gram-positive bacteria, including different strains 
of E. coli, Salmonella enterica serovar Enteritidis, Staphylococcus epidermidis, and 
S. aureus [32]. In a more recent report by Kim et al., the protective effect of EVs 
derived from the methicillin-resistant S. aureus (MRSA) strain ST692 grown in 
the presence of ampicillin was evaluated. Accordingly, ST692 EVs were shown to 
protect susceptible ATCC29213 strain against six different β-lactam antibiotics in 
a dose-dependent manner [71]. In another study, the addition of exogenous EVs 
purified from the culture supernatant of strain BWMR22 grown in the presence 
of a sub-inhibitory concentration of vancomycin was able to increase S. aureus 
adhesion and cell aggregation, contributing to biofilm formation [67]. Finally, it 
was shown that application of S. aureus EVs to polystyrene surfaces reduces biofilm 
formation by several other pathogenic bacteria, including Acinetobacter baumannii, 
Enterococcus faecium, and Klebsiella pneumonia [66]. This can be explained by the 
ability of S. aureus EVs to increase the hydrophilicity of surfaces, a key parameter 
for the initiation of biofilm formation [66]. This conversion of surface properties 
confers a vital competitive advantage that could explain the prevalence of S. aureus 
as a nosocomial pathogen.

4.3 S. aureus-EVs in immunomodulation

Various studies also demonstrated the role of S. aureus EVs on immunomodula-
tion and their contribution to the induction or exacerbation of pulmonary and 
skin inflammations. Detection of S. aureus EVs in house dust led Kim et al. to 
investigate their role in lung infection models. Repeated airway exposure of mice to 
these particles resulted in a local increase in cytokine production and neutrophilic 
pulmonary inflammation [35]. Regarding cutaneous infections, it was shown that 
S. aureus EVs induce atopic dermatitis (AD) inflammation by enhancing cutane-
ous production of various cytokines, which promote infiltration of the dermis by 
mast cells and eosinophils, and consequently the increase in epidermal thickening 
in mice [30, 37]. In addition to that, S. aureus EVs were also shown to exacerbate 
inflammation in an AD mouse model [38]. Topical application of S. aureus EVs 
resulted in severe eczematous dermatitis, skin thickening, and a massive infiltration 
by inflammatory and mast cells [38]. These symptoms were not observed when 
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animals were treated with lysed EVs [38]. Finally, an in vitro study showed that 
human dermal microvascular endothelial cells exposed to S. aureus EVs produce 
cell adhesion molecules, such as E-selectin, ICAM1, and VCAM1, which efficiently 
promote endothelial cell activation and monocyte recruitment, contributing, 
therefore, to the infiltration of immune cells [36].

Wang et al. demonstrated that EVs derived from the S. aureus JE2 strain could 
activate TLR2 signaling of NLRP3 inflammasomes in human macrophages through 
K+ efflux and apoptosis-associated speck-like protein (ASC) recruitment [57]. 
ASC is a key adaptor complex required for caspase-1 activation, which leads to the 
release of the mature forms of IL-1β and IL-18 cytokines. They also investigated 
whether EVs derived from a mutant for the agr quorum-sensing system and the 
SaeRS two-component system could affect inflammasome activation since they 
control the release of several PFTs, such as hemolysins and leukocidins. Indeed, 
the ΔargΔsaeRS EVs packed a minimum amount of PFTs, leading to the absence of 
caspase-1 activation and a consequent decrease in the release of IL-1β and IL-18 
by human macrophages [57]. Similarly, a mutation in a gene involved in lipidation 
and maturation of lipoproteins (Δlgt) also decreased the levels of Hla and of the 
leukocidin LukS-PV present inside EVs, and, consequently, their ability to induce 
caspase-1 activation and cytokine release [57].

A recent study conducted by Rodriguez et al. demonstrated that nucleic acid 
associated with S. aureus EVs is immunomodulatory [70]. They identified DNA and 
RNA populations associated with EVs derived from Newman strain and provided 
evidence that these nucleic acids are delivered into host endosomal compart-
ments [70]. In vitro experiments showed that murine macrophages exposed to 
EVs presented a strong IFN-β mRNA expression after 3 hours of stimulation [70]. 
Pretreatment of macrophages with inhibitors of endosomal acidification strongly 
reduced IFN-ß mRNA expression after EV stimulation, suggesting that EVs’ 
processing depends on the acidic endosomal environment to release their immuno-
modulatory cargo and promote TLR signaling [70]. These results were corroborated 
when the exposition of TLR3−/−, TLR7−/−, and TLR9−/− mouse macrophages to 
EVs reflected in a substantial decrease in IFN-ß mRNA expression [70].

As described above, most studies regarding S. aureus EVs have focused mainly on 
clinical human isolates, and to date, there is only one report describing the biologi-
cal functions of EVs derived from a S. aureus animal strain. Tartaglia et al. demon-
strated that EVs derived from the bovine mastitis strain Newbould 305 carry several 
virulence factors and induce cytokine production in a bovine mammary epithelial 
cell in vitro without altering their viability [33]. Additionally, they showed that 
the intraductal inoculation of EVs in the mouse mammary gland promotes inflam-
mation, tissue deterioration, and cytokine and chemokine production in murine 
mammary glands [33]. Altogether, these data indicate that staphylococcal EVs can 
interact with and modulate host cells’ immune response, suggesting that EVs can 
play an important role in staphylococcal pathogenesis.

5. S. aureus-EVs delivery to host cells

5.1 S. aureus-EVs integrity and cell toxicity

Secretion of molecules and virulence factors is an essential component of 
S. aureus pathogenesis, including toxins, adhesins, and invasins. Molecules such 
as proteins or nucleic acids released in the surrounding medium may be rapidly 
degraded by the proteases or nucleases secreted in the extracellular milieu. The 
bilayered EVs thus appear as protective vehicles for efficient delivery of components 
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in a concentrated manner. Gurung et al. were the first to evidence that Spa delivery 
via EVs was responsible for host cell death only when EVs were intact, establishing 
S. aureus EVs as effective delivery vehicles to target cells [29].

Other studies confirmed this role of EVs. For instance, disrupted EVs produced 
by S. aureus ATCC 25923 strain were shown to be four times less cytotoxic than 
intact EVs [65]. Again, whole and lysed EVs derived from strain 03ST17 were both 
cytotoxic and proinflammatory, however, these properties were more intense when 
EVs were intact [38, 62]. Nevertheless, in some cases, EV integrity does not influ-
ence their cytotoxic properties, as it is the case of S. aureus M060 EVs, that in both 
intact and disrupted states had the same cytotoxicity levels towards HaCaT cells 
[65]. These results highlight that EVs’ integrity is essential and can lead to differ-
ent outcomes depending on the mode of action of the effector molecules and the 
mechanism of EV cargo delivery.

5.2 S. aureus-EVs internalization into host cells

As important as the transport of cargo by EVs is how they transfer their cargo to 
recipient cells. They can act extracellularly through ligand-receptor interactions or 
intracellularly after their internalization into target cells and cargo release [79]. In 
the latter case, EVs’ internalization may occur through several pathways, which all 
subsequently lead to an intracellular release of their cargo. These pathways include 
membrane fusion, phagocytosis, macropinocytosis, and lipid-raft-, caveolin- or 
clathrin-mediated endocytosis [80].

Studies showed that S. aureus EVs could interact with host cells via cholesterol-
rich membrane microdomain. The cholesterol-sequestering agent Filipin III 
prevents EV membrane fusion and cargo delivery into host cells [29, 64]. Another 
study demonstrated that of all pretreatments of human macrophages with different 
inhibitors for clathrin-, lipid raft-, actin-, and dynamin-dependent endocytosis, 
only dynasore inhibited the entry of EVs into host cells, suggesting that EV uptake 
is mediated by dynamin-mediated endocytosis [57]. This finding is supported by a 
recent report by Rodriguez et al., where macrophages exposed to S. aureus Newman 
EVs had a substantial decrease in IFN-β mRNA expression when cells were also pre-
treated with dynasore [70]. They also provided visual evidence through molecule 
labeling and confocal microscopy that EV-associated RNAs are efficiently delivered 
into macrophages [70]. Both membrane fusion and endocytosis depend on the 
integrity of EVs. This may explain why intact EVs usually present higher cytotoxic-
ity since they allow direct delivery of concentrated components into host cells, 
enhancing, therefore, cell damage and immunomodulation. Although these recent 
findings highlight the role of cholesterol-rich domains and dynamin in S. aureus EV 
uptake, one cannot exclude that staphylococcal EVs exploit diverse entry routes for 
their cargo delivery host cells.

6. S. aureus-EVs environmental modulation

6.1 Impact of growth conditions in S. aureus-EV release

Besides intrinsic bacterial factors, several external factors were also shown to 
modify EV production. In S. aureus, exposure to the antibiotic penicillin signifi-
cantly increased EV number, size, and protein yield compared to untreated bacte-
rial cultures. In contrast, treatment with the antibiotic erythromycin did not affect 
EVs release [40]. This can be explained by the nature of each antibiotic action with 
penicillin affecting cell wall biosynthesis, whereas erythromycin is active on protein 
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translation. Likewise, in another study, S. aureus had a significant increase in EVs 
release after exposure to the β-lactam antibiotics flucloxacillin and ceftaroline 
due to their ability to weaken the PGN wall [68]. Again, addition of the β-lactam 
ampicillin increased S. aureus EV production in a dose-dependent manner, which 
corresponded to a 22.4-fold increase at 64 μg/mL concentration [71]. The PGN 
present in the bacterial cell wall of most bacteria has a rigid structure formed of 
highly cross-linked polymers composed of polysaccharide chains and short peptides 
[81]. β-Lactams have been shown to decrease PGN cross-linking by serving as a 
substrate that irreversible binds and inactivates a transpeptidase involved in cell 
wall biosynthesis. As a result, it increases cell wall permeability due to the presence 
of a looser PGN matrix structure, allowing vesicles to cross the cell wall with less 
resistance, generating, therefore, particles in higher numbers and sizes. The cor-
relation between vesicle release and PGN cross-linking has also been reported for 
Gram-negative bacteria [10, 82].

6.2 Impact of growth conditions in S. aureus-EV cargo composition

Culture conditions also alter EV content since bacteria modulate gene expression 
and protein secretion to cope with environmental changes. Indeed, comparative 
proteomic analysis revealed that 131 and 617 proteins were identified in EVs derived 
from S. aureus strain MSSA476 grown in Luria-Bertani (LB) and Brain-Heart 
Infusion (BHI) broth, respectively, with 109 proteins identified in both condi-
tions [69]. Moreover, EVs derived from LB cultures were two-fold larger than 
those derived from BHI cultures, even though the latter presented higher protein 
diversity, which may also explain their significantly higher cytotoxicity towards 
neutrophils following brief exposure compared to LB-derived EVs [69]. In another 
study, proteomics identified 156 and 137 proteins in EVs derived from cultures in 
the presence and absence of a sub-inhibitory concentration of ampicillin, respec-
tively, while only 67 proteins were shared by both conditions [71]. Another example 
of changes in EVs content was observed in the chemical composition of S. aureus 
EVs following treatment with vancomycin at 1 mg/ml. Compared to EVs produced 
by untreated bacteria, EVs prepared from vancomycin-treated cultures presented 
an increase in the ratio of protein relative to carbohydrates [67].

Additionally, EV content can also be impacted by a combination of several fac-
tors. For instance, Andreoni et al. evidenced that EVs produced by lysogenic strains 
had a significantly higher amount of DNA than those of the cured strains when a 
DNA-damaging SOS antibiotic was used, while the DNA content was unchanged 
in EVs purified from cultures treated with β-lactam [68]. This can be explained by 
the prophage-induced cell lysis caused by SOS-response triggering components, 
leading to an increase of DNA inside EVs, which does not occur with β-lactams 
since they target bacterial cell wall biosynthesis. These findings evidence that both 
intrinsic and external factors impact EV release and content, but much research is 
necessary to better elucidate EV biogenesis and cargo selection in S. aureus as well as 
in other bacteria.

7. S. aureus-EVs and host cells specificity

7.1 S. aureus-EVs strain specificity

Cytotoxicity and immunomodulation of EVs towards host cells vary accord-
ing to the S. aureus strain and host cell line studied since both can have specific 
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characteristics. As virulence factors vary from an S. aureus strain to another, so does 
the cargo of EVs. This affects cytotoxicity and host cell response to EVs contact. 
It was demonstrated that the presence of α-hemolysin in EVs is directly related to 
host cell death, and EVs from α-hemolysin-negative strains have very low or no 
cytotoxic effect on different cell types [30, 64]. Similarly, EVs from M060 S. aureus 
strain containing exfoliative toxin A (ETA) were highly cytotoxic towards HEp-2 
cells, contrary to EVs purified from three other S. aureus isolates that lacked the ETA 
protein [31]. Furthermore, it was also demonstrated that EVs from S. aureus ATCC 
25923 induces a stronger immune response in HaCaT cells than that of M060 EVs 
at the same concentrations [65]. These data show that EVs from different S. aureus 
strains indeed have different effects on host cells.

7.2 Host cell lines specificity

On the other hand, the cell lines used in vitro also have different responses 
reflecting differences in host cells-EVs interactions, which result in variable 
cytotoxicity, and immunomodulation levels. EVs derived from S. aureus subsp. 
aureus Rosenbach MSSA476 induced extensive cell death in human neutrophils and 
THP-1 cells, while it had very low cytotoxicity in HaCaT at the same concentra-
tions [69]. In another study, S. aureus JE2 EVs were showed to be less cytotoxic to 
airway epithelial cells (A549) than to erythrocytes and neutrophil-like HL60 cells 
[40]. As another example, after exposure to ATCC 14458 S. aureus EVs, alveolar 
macrophages produced TNF-α and IL-6, while A549 cells produced only IL-6 
[35]. Together, these findings show that EVs’ role in host cell toxicity and immune 
response is strongly affected by the variations in EV cargo, which itself vary from 
an S. aureus strains to another, and to variations in molecular and physiological 
characteristics of the host cell types.

8. Applications of bacterial EVs

8.1 Use of EVs as a vaccine platform

As reviewed above, EVs interact with host cells leading to cytotoxicity, 
immunomodulation, tissue disruption, and other effects that mimic those caused 
by living bacteria during infection. These characteristics make EVs interesting 
vectors for delivering antigens and other components, some of which may have 
adjuvant properties. These features make EVs good candidates for vaccine devel-
opment. Several studies have shown that EVs can induce adaptive immunity and 
confer protection against infections caused by both Gram-negative and Gram-
positive pathogenic bacteria [83–85]. For instance, mice immunized with 1 μg of 
E. coli derived OMVs resulted in 100% protection against a lethal dose challenge, 
while the survival rate was only 20% in the untreated group [86]. In another 
study, intraperitoneal administration of Streptococcus pneumoniae BAA-255 EVs 
protected mice against the EV-producing cells and the pathogenic KCCM-41569 
strain, demonstrating EVs’ ability in eliciting a cross-protection against different 
strains [14].

8.2 Use of EVs against S. aureus infections

Regarding S. aureus, several studies have already reported the use of its derived 
EVs for immunization, revealing its potential in vaccine design. In 2015, Choi et al. 
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demonstrated that exposition of bone marrow-derived dendritic cells to ATCC 
14458 EVs during 24 h enhanced the expression of co-stimulatory molecules CD80 
and CD86 and of proinflammatory mediators such as TNF-α, IL-6, and IL-12, 
suggesting the induction of adaptive immunity [42]. As expected, intramuscular 
administration with three doses of >5 μg of ATCC 14458 EVs resulted in 100% 
protection against challenge with a lethal dose of bacteria in a mouse pneumonia 
model, with a reduction of bacterial colonization, pneumonia, and production of 
cytokines [42]. They revealed that immunization is mediated mainly by CD4+ T cell 
response, and transfection of these cells from EVs-immunized mice to naïve mice 
results in 70% protection after a lethal-dose challenge of S. aureus. Finally, they 
demonstrated that ATCC 14458 EV immunization provides long-term protective 
immunity and that it is a safe method since the administration of EV doses 10-fold 
higher were not cytotoxic to mice [42].

In another study, Askarian et al. demonstrated that intraperitoneal vaccina-
tion with USA300-derived EVs promoted a high production of antibodies, in 
addition to the protection of mice against subcutaneous and systemic S. aureus 
infections [69]. Another example of S. aureus EVs’ application as a vaccine was 
shown by Wang et al. EVs were purified from the JE2 ΔagrΔspa strain contain-
ing a plasmid coding for non-toxic Hla and LukE toxins under control of the spa 
promoter, whose activity is enhanced in the absence of the arg quorum sensing 
system [40]. They demonstrated that recombinant non-toxic Hla and LukE are 
immunogenic, and engineered EVs carrying these detoxified cytolysins protected 
mice against lethal sepsis infection [40]. Remarkably, reports on OMVs used as 
vaccine platforms against S. aureus infections were also explored. Irene et al. used 
OMVs derived from E. coli to incorporate five S. aureus antigens, Hla, SpA, FhuD2, 
Csa1, and LukE. They were successfully integrated into E. coli OMVs, correspond-
ing from 5–20% of the total protein content [87]. The engineered OMVs conferred 
significant protection against sepsis, kidney, and skin S. aureus experimental 
infections in mice [87].

8.3 Use S. aureus-EVs against other infections

Interestingly, Yuan et al. used EVs derived from the S. aureus RN4220-Δagr 
strain to produce particles with a reduced content of virulence factors and a 
decreased toxicity to generate a safe platform against viral infections [41]. Major 
components of S. aureus EVs were fused to tag sequences able to incorporate viral 
antigens, generating PdhB-FLAG and Eno-FLAG proteins associated with enve-
lope E domain III, the primary protective domain for prevention of dengue virus 
(DENV) [41]. These heterologous viral antigens were successfully integrated into 
EVs, which induced antibodies against four DENV serotypes and protected mice 
against lethal challenge with DENV-2 [41].

9. Conclusions

As addressed here, EVs transport various types of biomolecules that have 
been reportedly associated with bacterial survival and host-pathogen interac-
tions. S. aureus is, to date, one of the best-documented bacteria in this field. Yet, 
several research questions remain to be elucidated. First, EVs biogenesis is still 
poorly understood in Gram-positive bacteria even though recent studies showed 
S. aureus-EVs biogenesis can be affected by a range of intrinsic and external fac-
tors, such as PSMs, autolysins, and environmental conditions, such as antibiotics. 
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Moreover, several studies evidenced that selective cargo sorting exist. Since the 
EV cargo determines their biological functions, clarifying which components are 
selected, and how, is of crucial value to understand their role in pathogenesis, 
and to their use as delivery systems. Second, most studies on S. aureus EVs have 
focused on proteomes. As well as proteins, nucleic acid cargo could play essential 
roles in S. aureus survival and pathogenesis. They could be associated to horizontal 
gene transfer for antibiotic resistance, and regulation of host cell expression by 
small regulatory RNAs. Therefore, more research is necessary in this field. Third, 
the physiological role of S. aureus EVs remains elusive. Staphylococcal EV cargo 
was shown to induce host cell toxicity, and skin and pulmonary inflammations, 
however, to the best of our knowledge, the exact contribution of EVs during 
infection remains unclear. The study of EV-free S. aureus strains in the infection 
context could reveal valuable clues to their real contribution to pathogenesis. 
Nevertheless, to the present, this phenomenon is unknown. Finally, their ability 
to induce a host immune response has arisen interest in using EVs as vehicles for 
vaccination. Several studies reported that administration of S. aureus EVs induce 
protection against systemic, pulmonary, and cutaneous infections. Although 
being a recent field of study, these promising data sheds light onto the possible 
application of engineered EVs to prevent diseases caused by this important human 
pathogen.
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Abstract

Staphylococcus aureus is a major causative agent of intra-mammary infections in 
dairy animals with potential virulence of surface components, toxins, and extracel-
lular enzymes. About 74% quarter prevalence of S. aureus in bovine udder with 
overall prevalence exceeding 61% in dairy animals. About 17 different serotypes of 
dairy originated S. aureus have been reported with 24 virulence coding genes for 
leukocidins (lukED/lukM), pyrogenic toxin super antigen (PTSAg), haemolysins 
(hla-hlg), toxic-shock syndrome toxin (tst), enterotoxins (sea-seo, seu), exfoliative 
toxins (eta, etb), and genes for methicillin (mecA) and penicillin (blaZ) resistance. 
Attainment of refuge inside the macrophages and neutrophils is a major cause of 
S. aureus mastitis persistence. Mammary prebiotics and probiotics are recently 
being used as alternatives to antibiotic for the prevention of mastitis. Literature 
showed anti- staphylococcus vaccines with different results depending upon types 
of immunization, route of administration and adjuvant used. Studies has shown 
that herd specific as well as commercial S. aureus vaccines reduce new infections 
in dairy animals. Experiments are still in progress for the use of vaccines against S. 
aureus mastitis with optimal efficacy and reliability. Perhaps, there might be bright 
future because of highly satisfactory trial results of mastitis vaccines in the lab 
animals.

Keywords: S. aureus, dairy udder, transmission, pathogenesis, economic impacts, 
treatment, prevention

1. Introduction

Staphylococcus aureus is a symbiotic and opportunistic microorganism that 
can colonize various sites of different animals and humans. This bacteria can 
cause serious infections in humans and animals [1]. In animals, bovine mastitis, 
commonly caused by various bacteria, is one of the most devastating disease in 
dairy farming worldwide. Of these bacteria, Staphylococcus aureus is the leading 
pathogen causing the most dangerous mastitis in cattle and the most difficult dairy 
product in most countries. Staphylococcus aureus has emerged as superbug of dairy 
udder, compromising animal health and economy [2]. Its virulence is due to its 
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ability of producing wide array of virulence factors that enhances its attachment, 
colonization, longer persistence and escaping the immune response. Such resistant 
strains are distinguished by systemic heterogenicity, genetic variety, interactions 
between complex community and the extracellular matrix of macromolecular 
substances [3].

Staphylococcus aureus has a variety of strains, most notably multi-drug resistance 
and biofilm formation. The latter has received a lot of attention due to its abil-
ity to minimize the effects of antibiotics, colonize the mucous membrane of the 
epithelium, last longer, avoid immune reactions, and contribute to etiology [4]. 
Methicillin resistant S. aureus strains have been designated as emerging pathogen 
in livestock and dairy animals. Hospital acquired MRSA and community associated 
MRSA are limited to humans only, but livestock occupational personals may have 
infections with human originated MRSA [5].

The successful mastitis therapy depends on various factors such as accurate 
diagnosis, elimination of causative agent, stage of disease, severity of the infection, 
selection of the drugs, route of drugs administration along with other supportive 
treatments [6, 7] and some other factors regarding mastitis causing organisms. 
However, irrespective of the appropriate use of antibiotic, the mastitis may not be 
treated successfully [8]. The treatment failure mainly occurs due to insufficient 
contact of antimicrobials and disease-causing microorganisms in the udder. 
Mastitis can incur economic losses in both ways either directly and indirectly [9]. 
The direct losses include veterinary expenditure, labor costs, reduced production, 
poor quality milk and discarded milk. Whereas, the indirect losses are not obvious 
to the producers and are termed as “hidden losses” which include increased risk of 
other diseases, poor fertility rate, increased culling rate and sometime mortality. So, 
total cost can be much more than the direct losses [10–12]. This chapter addresses 
the following aspects such as transmission, pathogenesis, strains spectrum, eco-
nomic impact, emerging treatment and prevention strategies to control S. aureus 
dairy udder infection.

2. Transmission of Staphylococcus aureus in udder infections

The main reservoirs of Staphylococcus aureus are infected mammary glands, 
ducts, and papillary lesions. However, this bacteria also found on the skin, nose 
and teat passages. The bacteria spread to uninfected areas through the lining of 
the teat cups, milker’s hands, towels and fruit flies. Staphylococcus aureus does not 
persist on healthy teat skin, but tends to colonize damaged skin and teat lesions. 
The body reproduces the infected lesion, increasing the likelihood of teat coloniza-
tion and subsequent udder infection. Heifers infected during calf pregnancy are an 
important reservoir that can be passed on to uninfected Staphylococcus aureus herds. 
There has been much controversy over the route of infection with Staphylococcus 
aureus in early prenatal heifers, but it is possible that the cause is a calf that was fed 
on a mother infected with Staphylococcus aureus. Data is limited, but if you have a 
problem with Staphylococcus aureus on your farm, you should definitely consider 
choosing scrapes carefully (such as cryo-sterilization). Obviously, a good treatment 
plan for mastitis will take into account the absence of this disease in heifers [13].

3. Pathogenesis of S. aureus in udder infection

Bacterial pathogens can recognize, respond and adapt to the harsh environ-
mental conditions that prevail in mammalian hosts during infection. Despite the 
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host’s immune response and antibacterial treatment, it helps to invade, calm, and 
survive within the host [14]. Staphylococcus aureus produces a variety of enzymes, 
including coagulase, which can coagulate plasma, converting plasma fibrinogen 
to fibrin, coat bacterial cells, and inhibit nutrition. Hyaluronidase (also called dif-
fusion factor) can break down the hyaluronic acid present in tissues and support 
the spread of Staphylococcus aureus in the host. It also produces DNase (deoxyribo-
nuclease), an enzyme that breaks down DNA. Lipase, which breaks down lipids, 
and staphylokinase, which breaks down fibrin. It is also known that Staphylococcus 
aureus produces β-lactamase, esterase, elastase and phospholipase for drug resis-
tance, and these enzymes promote colony formation and pathogenicity. Other 
toxic factors of Staphylococcus aureus include leukocidin (which can cause cytolytic 
destruction of phagocytic cells in some animals) and toxic shock syndrome toxin 
(TSST). The latter can cause an overproduction of lymphokine, which can lead 
to tissue damage [15]. Depending on the strain, Staphylococcus aureus can release 
some toxins that are major virulence factors. These toxins act on cell mem-
branes containing superantigens, exfoliating toxins, and some two-component 
toxins such as alpha toxins, beta toxins, gamma toxins, delta toxins and Panton 
Valentine’s toxins and leukocidin (PVL). It can be divided into three categories, 
for example toxins [16]. Protein A, which plays an important role in strategies for 
evading immunity, is immobilized on the staphylococcus-peptide-glycan-penta-
glysin bridge using transpeptidase sortase (Figure 1). Protein A is able to bind to 
fragments of the crystal region (Fc) of IgG antibodies (γ-immunoglobulins). This 
phenomenon is due to the fact that Protein A binds to an IgG antibody produced 
against the target microorganism and reacts with the corresponding antigen usu-
ally present in the patient sample to perform an aggregation test in which a visible 
aggregation reaction can be observed. The Staphylococcus aureus strain is known to 
produce pigments such as staphyloxanthin and gold carotenoid pigments. These 
pigment acts primarily as a toxic factor, acting as a bacterial antioxidant and 
helping microorganisms escape the host’s immune system and kill reactive oxygen 
species used by the pathogen [18]. The toxins produced by Staphylococcus aureus 
destroy the cell membranes and tissues that directly produce milk. White blood 
cells (leukocytes) are attracted to the area of   inflammation and try to fight the 
infection. First, bacteria damage the tissues lining the teat and mammary gland 
within 1/4 of a second, eventually leading to scar tissue formation. The bacteria 

Figure 1. 
Various virulence factors of S. aureus [17].
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then migrate into the duct system, forming deep-rooted infectious pockets in the 
lactating (alveolar) cells. The second is the formation of abscesses that prevent 
their spread, thus avoiding detection by the immune system. Abscesses prevent 
antibiotics from entering bacteria. This is the main reason for poor response to 
treatment. However, bacteria can also escape the lethal effects of some antibiot-
ics by hiding in neutrophils (white blood cells) and other host cells preventing 
exposure to antibiotics. When the white blood cells die (usually within a day or 
two), the bacteria are released and the infection continues [19].

During infection, the destruction of alveolar and tubular cells reduces the lacta-
tion yield. These damaged cells can attach to leukocytes and block the mammary 
canal that drains the alveolar region, resulting in additional scar tissue, blockage 
of the canal, and decreased lactation. The teat canal can be opened later, but this 
usually results in the release of Staphylococcus aureus to other areas of the udder. 
The spread of Staphylococcus aureus in the glands leads to the formation of addi-
tional abscesses, which can become very large and appear as lumps in the udder 
(Figures 2 and 3). Most cases of S. aureus mastitis are asymptomatic, but chronic 
cows typically have high SCC, abnormal udder tissue, and recurrence of clinical 
mastitis. Clinically infected areas are usually swollen, milk has visible clots (large 
clots). Acute infections with Staphylococcus aureus usually develops late in lactation. 
Clinical symptoms such as udder swelling and hardness, milk appearance change) 
do not appear until the start of the next stage. It is difficult to cure an infection 
well, because the drug cannot penetrate all foci of infection, and bacteria can avoid 
contact with antibiotics in the white blood cells. Many strains of Staphylococcus 
aureus have acquired antibiotic resistance (the ability to produce enzymes that 

Figure 2. 
Immune response to S. aureus and vice versa inside the mammary gland [20].
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inactivate penicillin and other antibiotics), making treatment impossible. The 
development of antibiotic resistance during treatment with certain β-lactam antibi-
otics (such as penicillin) is another reason for treatment failure [20].

4. Staphylococcus aureus strains spectrum

Staphylococcus aureus is a major causative agent of intramammary infections 
in dairy animals with potential virulence of surface components (adhesins, cap-
sular polysaccharides, protein A), toxins, extracellular enzymes and coagulase 
[21]. About 74% quarter prevalence of S. aureus in bovine udder [22] with overall 
prevalence exceeding 61% in dairy animals [4]. A wide array of genotypic varia-
tions has been observed with great genetic diversity in the isolates of bovine as 
well as caprine origin. Some of the variants are common throughout the globe as 
ruminant specific S. aureus while others are geographic related in the literature 
[23]. Inflammatory respondent metabolic pathways (BoLA-DRA, GLYCAM1, 
FCER1G, B2M, CD74, NFKBIA and SDS), milk constituent associated (CSN2 and 
CSN3) and immunity related (B2M and CD74) are also specific strains of S. aureus 
of dairy mastitis [24, 25].

Staphylococcus aureus genotyping is mostly done by pulsed field gel 
electrophoresis(PFGE), multi locus sequence typing (MLST), polymerase chain 
reaction (PCR), S. aureus protein A (spa) typing, agar typing and typing on the 
basis of virulence and resistance coding genes [23, 26–31]. Thirty-nine electropho-
retic types of S. aureus with diverse MLST genotyping had been reported, most of 
them were showed genetic heterogenicity and classified to one of the eight clonal 
complexes, suggestive of multiclonal nature of the S. aureus isolates from single 
dairy herd [32]. Clonal 8 complex (i.e., USA300), a lineage known for human infec-
tions, has also been isolated from bovine mastitis, suggestive of recent host shift 
and new adoptive genotypic strain of bovine mastitis [27].

Figure 3. 
Intracellular invasion of S. aureus inside mammary gland [20].
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PFGE typing of S. aureus from dairy origin showed that PFGE type A was 
significantly related to teat skin while PFGE type Q was more exclusive to milk and 
exhibit marked biofilm potential [33]. Overall, PFGE clusters of isolates showed 
same endotoxin coding genes with indistinguishable banding patterns. Phylogenetic 
studies based on MLST sequencing classified these clusters into clonal complexes 
with similar staphylococcal endotoxin genetic profiles [23]. Genotyping of dairy 
originated S. aureus showed five clonal types (PFGE A consisting on sequence type 
747 [ST747] and spa type t359; PFGE B with spa type ST750 and t1180; PFGE C 
with spa type t605 and ST126; PFGE D with spa type t127 and ST751; PFGE F with 
spa type t002 and ST5). About 63% isolates harbor major clone A but negative for 
Panton-Valentine leukocidin and exfoliative toxin D genes [26]. Another reported 
PFGE typing of dairy originated S. aureus revealed 16 PFGE types (from A – P), with 
M, I and O as most frequent but not significantly variant strains in the field, respec-
tively. PCR typing based on endotoxin genes presence showed that 11.7, 1.8, 2.7, 0.9 
and 7.2% isolates carried seb, seb and sec, sec, see, and tsst-1, respectively with zero 
prevalence of sea and sej genes. PFGE types M and O showed clustering behavior 
with β-hemolysin and least prevalence of endotoxin coding genes [34].

Staphylococcal protein A types t084, t304 and t688 from subclinical mastitis 
showed divergent virulence and heterogenicity traits while a novel spa-type t18546 
was also reported from dairy udder ailments [35]. Prevalent clonal types of S. aureus 
from bovine udder exhibited generic alterations of epigenetic modulators to surpass 
immune response of host. The study reported 35,878 transcripts of these strains 
which differ 23% from reference genomic cluster. Expressive nature of 20,756 
transcripts were observed with more than 1 fragment per kilobase of transcript per 
million mapped fragments and 25.95% of multi-exonic genes alternatively spliced. 
Alternative Splicing (AS) events for more than 100 immunogenic genes were noted 
with 379 alternate AS events coding for transcription and splicing proteins. Spa 
typing of ovine originated S. aureus showed 14 diversified clones, most prominent of 
which were t1773, t967 and t1534 as 62.32, 5.79 and 5.79% respectively. Three novel 
spa types were also identified with repeats successions (07–23–12-34-12-12-23-03-
12-23), (04–31–17-24-25-17-17) and (04–31–17-24-17-17) [36].

Screening of S. aureus for endotoxins (SE) showed that >90% isolates were 
positive for SE genes while 70.1% with exaggerative response. All isolates were 
positive for biofilm encoding genes (icaA/D, clf/B, can, fnbA). A total of 7 spa 
types (1 novel spa type t17182), 5 STs, 14 SmaI-pulso-types and 3agr types (no 
agrII) were reported. PFGE cluster II-CC1-ST1-t127-agr III was the most prevalent 
clone (56.3%). Isolates of agr III (PFGE Cluster I/II-CC1-ST1-t127/2279) exhibited 
higher number of virulence genes than other agr types. The MSSA-ST398-t1456-agr 
I clone showed higher antibiotic resistance, weak biofilm expression and lower level 
of virulence genes expression [37]. Another study reported agr-I strain harbor-
ing penicillin resistance genes while agr-III strains were devoid of that pattern. 
Antimicrobial resistance encoding genes (tet (L), tet (K), erm (B) and bla (Z)) 
were frequent in these strains [36]. Thus, the data narrated agr-I and II as different 
subspecies of dairy originated S. aureus [38]. Disruption of the ica operon in a bap-
positive S. aureus strain showed no alteration in biofilm expression, indicating Bap 
gene compensatory mechanism for deficit PIA/PNAG product (a biofilm matrix 
polysaccharide) [39]. 17 different pulsotypes of dairy originated S. aureus have been 
reported with 24 virulence coding genes for leukocidins (lukED/lukM), pyrogenic 
toxin superantigen (PTSAg), haemolysins (hla-hlg), toxic-shock syndrome toxin 
(tst), enterotoxins (sea-seo, seu), exfoliative toxins (eta, etb), and genes for 
methicillin (mecA) and penicillin (blaZ) resistance. PTSAg-encoding genes and 
plasmid encoded sei, sed and blaZ genes were frequent in persistent intramammary 
ailments [40].
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Staphylococcus aureus classification based on mecA gene is narrated as methicil-
lin susceptible (MSSA) and methicillin resistant (MRSA) strains. Studies reported 
84% MSSA prevalence with MRSA isolation rate up to 4%. Spa typing of the isolates 
showed frequent presence of t034 and t529 in MSSA while t121 was noted in MRSA 
strains. Both types of isolates were positive for endotoxin B, C, D, and E. MLST 
and PFGE typing of isolates revealed composite genotype profile of ST 5-PFGE 
USA100-unknown spa type which is of hospital origin and ST 8-PFGE USA300-spa 
type t121 genotype, commonly designated as community-associated MRSA clone 
[28]. Another study reported 77.8% MRSA from goat mastitis as strong biofilm 
producers. Spa typing revealed 44% t127, 33.3% t2049 and 22.2% t7947 type among 
total MRSA isolates [41].

5. Economic impacts due to S. aureus udder infection

Economic impacts of the mastitis are of great financial importance. Mastitis 
negatively impacts numerous aspects of cow and herd management. Mastitis can 
incur economic losses in both ways either directly and indirectly [9]. The direct 
costs include veterinary expenditure, labor costs, reduced production, poor quality 
milk and discarded milk. Whereas, the indirect losses are not obvious to the produc-
ers and are termed as “hidden costs” which include increased risk of other diseases, 
poor fertility rate, increased culling rate and sometime mortality. So, total cost can 
be much more than the direct losses [10–12].

A 15–20% of total cow population of the countries having major share in the 
milk production is affected by mastitis each year. Production losses per effected 
quarter are estimated 30% of productivity loss whereas, 15% production is lost 
during entire lactation/cow. The mastitis rate in the heifer can be up to 97% and S. 
aureus has major significance in imparting the huge economic losses. Staphylococcus 
aureus effects animals of various stage and parity e.g. nulliparous, primiparous, 
primigravid and multiparous [42, 43].

In Holland, the financial losses resulted due to clinical mastitis by Staphylococci 
were €293/Cow. Whereas, it was €277/cow in every clinical case of mastitis due to 
staphylococci in first three months after post calving and €168/cow onward for the 
rest of the lactation. In USA dairy, the annual losses incurred by the mastitis were 
estimated around $2billions, while $400 M in Canada and $130 M in Australia 
excluding the antibiotic residue in human diet, expense to preserve the nutritive 
quality of milk and to prevent milk degradation [12, 44, 45]. There is variation in 
cost of each component between the herds, partially due to the performance of 
herd and partially due to difference in preferences of the farmers when the mastitis 
is detected. Mastitis can impart economic losses to the farmers in following ways.

5.1 Low milk yield

The loss of yield depends on certain factors of great importance like severity 
of mastitis, nature of causative agent, stage of lactation at the time of mastitis. 
Losses are severe in primiparous cows due to clinical mastitis caused by Staph. 
aureus, E. coli with Klebsiella. However, the maximum loss of production in mul-
tiparous is caused by Streptococcus spp., Staphylococcus aureus and others pathogens 
[46, 47]. The loss of production is higher in multiparous cows than primiparous. 
Clinical mastitis occurring before peak production stage/yield causes more exten-
sive loss as compared to rest of the lactation and loss of milk yield is persistent 
throughout the lactation [12, 48]. According to a study, this yield loss for multipa-
rous could be 300-400 kg (4–6% of lactation) while 200-300 kg in primiparous 



Insights Into Drug Resistance in Staphylococcus aureus

130

animals. The magnitude of yield loss in 30% cases of clinical mastitis reached up 
to 950-1050 kg per lactation. Whereas, in subclinical mastitis the losses incorpo-
rated are 80 kg/lactation (1.3%) and 120 kg/lactation (1.7%) in primiparous and 
multiparous respectively [49, 50].

5.2 Altered milk composition

The mastitis milk is low in fats and casein due to reduction in the synthetic 
capacity of secretary tissues of the udder parenchyma. The reduction in the fats 
up to 3-22 kg (1.5–7.5%) and casein protein contents up to 0 to 15 kg (0 to 8.5%) 
of the milk and higher SCC incurs the penalty to the producers in premium 
 payment [51, 52].

5.3 Veterinary and medicinal cost

The veterinarian cost for treatment fee, travel and labor charges. On an 
average a handsome expenditure of $444 in clinical mastitis case are charged. 
This include (128$) directly in term of diagnostic (10$), medicinal expenditure 
($36), discarded milk ($25), Veterinary charges ($41), extra labor ($4) while 
death losses ($32). The indirect costs are ($316) which include ($125) through 
future production losses and ($182) for culling and replacement and whereas 
reproductive losses are ($9). Therefore, to take an accurate decision to control 
the mastitis depends on understanding of economic impact of mastitis [43, 53]. 
Mastitis is among the main reason in cattle for the use of antibiotics and this 
exposure of animal to antibiotics is main reason behind the development of 
antibiotic resistant bacteria and antimicrobial residues in milk which are of a 
great public health concern [4, 7].

5.4 Discard of milk

Milk of the cow is discarded after mastitis diagnosis or while cow is being 
treated with antibiotics due to presence of antibiotic residues in milk during with-
drawal period. The length of the withdrawal period depends on the drugs used and 
production system (i.e. conventional or organic). This discarded milk cost higher 
per unit than the milk not produced due to feed costs inclusions [53, 54].

5.5 Extra labor

Clinical mastitis requires extra labor for veterinary visits and medicine admin-
istration. Milking order is also changed in the clinical mastitis giving rise to less 
efficient milking and increasing the labors cost because hours of extra time required 
to manage the mastitis case [12, 53].

5.6 Subsequent disorders

The probability of subsequent clinical mastitis increases in cows once infected 
with mastitis. As the affected udder act as reservoir for the pathogen, the affected 
cows increase the spreading of mastitis in the herd. Cows having experienced one 
case of clinical mastitis often develop a subsequent case of clinical mastitis later in 
lactation. Mastitis is associated with increased risk of lameness, ketosis, displaced 
abomasum (LDA/RDA), and paresis and fertility problems. The economic cost of 
various disorders and fertility problems arise after mastitis and it is also included in 
the total cost of mastitis [55–57].
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5.7 Culling of animal

The risk of culling and mortality rate is increased with clinical mastitis. Similar 
to milk loss the increased culling also augments the hidden cost. Involuntary culling 
is associated with replacement costs and is an important component of total masti-
tis cost. Economic cost also increases as cows recovered after mastitis do not reach 
their full production potential [9, 10, 53].

6. Review of emerging treatment options for S. aureus of dairy udder

6.1 NSAIDs, plant extracts, and nanoparticles as therapeutic agent

Aqib et al. [58] conducted a study to check the antibacterial of NSAIDs, plant 
extracts and nanoparticles against mecA positve S. aureus. Zinc oxide particles 
ZnO and Zn (OH) 2 were synthesized by the sorbothermal method and character-
ized by X-ray diffraction (XRD), calcination and scanning electron microscopy 
(SEM). Plant extracts were produced by the Soxhlet extraction method. The study 
showed that 34% (n = 200) of subclinical samples obtained from Staphylococcus 
aureus milk were significantly (p < 0.05) associated with suspicious risk factors and 
pathogens. Antibacterial studies have shown that Staphylococcus aureus is 55, 42, 41 
and 41% resistant to oxacillin, siroxacin, streptomycin and enoxacin, respectively. 
Amoxicillin showed higher zone of inhibition increase at 100 mg of Calotropis 
procera extract (31.29%), followed by 1 mg/ml (28.91%) and 10 mg/ml (21.68%) 
eucalyptus. The combination of amoxicillin with diclofenac, aspirin, ibuprofen and 
meloxicam up to 500 μg/ml increases the ZOI by 42.85, 37.32, 29.05 and 22.78%, 
respectively. The Fractional Inhibitory Concentration Index (FICI) shows the 
synergistic effects of amoxicillin with diclofenac and aspirin, as well as with ibu-
profen and meloxicam. Preliminary studies of the combination of micro-particles 
and amoxicillin in vitro have been found synergistic. In combination with zinc oxide 
and zinc hydroxide, the ZOI of amoxicillin increases by 26.74% and 14.85%, respec-
tively. NSAIDs, herbal extracts and micro-particles immediately focused on the 
regulatory resistance of the pathogenic Staphylococcus aureus to explore alternative 
sources of antibacterial agents.

6.2 Lysostaphin as an anti-staphylococcal therapeutic agent

Lysostaphin is a potent staphylococcus-degrading enzyme containing a pep-
tidase that can specifically cleave the polyglycine bridge specific to the cell wall 
of Staphylococcus aureus. Lysostaphin activity is measured by its ability to lyse 
Staphylococcus aureus cells. It is influenced by enzyme concentration, pH, tem-
perature, ion and salt concentration. Staphylococcus aureus is enveloped in a thick 
layer of peptide glycans, and lysostaphin destroys the layer of peptide glycans, 
causing lysis and cell death. Peptide glycans impart strength and rigidity to the cell 
walls of gram-positive microorganisms, grow and divide, maintain cell shape, and 
prevent osmotic lysis of Staphylococcus aureus. Recombinant lysostaphin (rLYS) is 
a zinc metal enzyme that hydrolyzes the glycylglycine bond of a peptide glycan to 
a pentaglycine bridge on the cell wall of Staphylococcus aureus. A rodent model was 
used for the treatment of mastitis. The first study of rLYS in the sand showed that 
the rate of reduction of udder infection was over 87%, and the activity of dissolving 
stones in the body had a detrimental effect on the host. Instead, it reveals that it is a 
traditional antibacterial agent. Efficacy of rLYS in lactating dairy cows with experi-
mentally induced Staphylococcus aureus infection. At least one intra-mammary 
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injection of 100 mg rLYS95 in 60 ml phosphate buffered saline (PBS) cures 95% of 
udder infection with Staphylococcus aureus. The antibacterial activity of rLYS in vitro 
persisted for 72 hours, but in vivo most of the infected mammary glands remained 
in the body for 72 hours after treatment [59].

6.3 Endolysin as therapeutic agent

Staphylococcus aureus is a serious threat to human and animal health, and there 
is an urgent need to develop new antibacterial agents to combat this pathogen. The 
aim of this study was to obtain active recombinant hemolysin from a novel bacterio-
phage (IME-SA1) and to conduct a clinical study of its effectiveness against bovine 
mastitis. We have isolated phages that are toxic and specific for Staphylococcus 
aureus. The optimal infection multiplier is 0.01. Electro-microscopic examina-
tion showed that IME-SA1 belongs to the Myoviridae family with the same head 
(98 nm) and a long tail (200 nm). Experimental lysis experiments showed a phage 
incubation time of 20 minutes and a burst size of 80. If the host bacterium is in the 
early stages of exponential growth, the multiplicity of infection is 0.01, resulting in 
complete lysis of the bacterium after 9 hours. We cloned the endricin gene (804 bp) 
into the pET-32a bacterial expression vector and succeeded in obtaining recombi-
nant Trx-SA1 endricin with a molecule size of about 47 kDa. Preliminary results 
from a milk treatment study indicated that Trx-SA1 can effectively control mild 
clinical mastitis caused by Staphylococcus aureus. Endolicin Trx-SA1 may be another 
strategy for the treatment of infections (including MRSA) caused by Staphylococcus 
aureus [60].

6.4 Mesenchymal stem cells (MSCs)

Although many methods are effective against bovine mastitis, they do 
not address the problem of udder tissue regeneration and are associated with 
increased antibiotic resistance worldwide. Experimentally gold in terms of the 
safety and efficacy of staphylococcus, given the need for alternative therapies 
that have a large economic impact on the disease, and reports of mesenchymal 
stem cell (MSC) regeneration and antibacterial effects. We evaluated this intra-
mammary therapy based on color-induced allogeneic MSCs. In a safety study, 
heifers received a 2.5 x 107 AT-MSCs on day 1 and 10. The animals are clinically 
examined and blood samples were taken for testing. In efficacy studies, Holstein 
black-and-white cows were vaccinated with Staphylococcus aureus, carrier (NEG; 
days 4 and 10), antibiotics (ATB; days 4 and 5), or 2.5 x 107 AT-. MSC (MSC; 4th 
and 5th day). Cows are clinically examined daily and somatic cell count (SCC) 
and colony forming units (CFU) are collected from milk samples. Blood samples 
are collected to measure serum haptoglobin and amyloid A. Two intra-mammary 
injections of AT-MSC into healthy dairy animals do not cause changes in clinical 
or hematological parameters, and pro-inflammatory cytokines. Compared to a 
quarter of the ATB or NEG infected cows, a quarter of the cows in the MSC group 
had a similar log/ ml SCC of milk. However, compared to a quarter of NEG cows, 
a quarter of MSC cows have a lower log CFU/ml. Re-inoculation with 2.5 x 10 
allogeneic AT-MSC in the udder does not elicit a clinical or immune response in 
healthy cows. In addition, anti-inflammatory treatment with MSC reduced the 
number of bacteria in the milk of cows with clinical Staphylococcus aureus mastitis 
compared with untreated cows. This study provides preliminary evidence for the 
safety and efficacy of emulsions based on allogeneic intra-mammary MSCs for the 
treatment of bovine mastitis [61].
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6.5 Bacteriophage as therapeutic agent

The lytic effects of bacterial deposition on Staphylococcus aureus isolates in milk 
have been investigated in vitro, and their possible applications in the treatment of 
udder infections caused by different bacteria have been discussed. The host range 
of the sequenced lytic phage was determined for 92 strains of Staphylococcus aureus. 
These isolates were taken from a quarter of the forehead samples in cases of clinical 
and subclinical mastitis. A point test followed by plaque analysis is used to deter-
mine the range of phage hosts. Three bacterial products STA1, ST29, EB1, ST11 and 
EB1, ST27 were selected according to host range, reproductive properties and stor-
age properties to prepare a phage mixture (1: 1: 1) and tested for their lytic activity 
against Staphylococcus aureus in cold sterilized raw milk. It has been found that at 
least two-thirds of the phage can lyse almost two-thirds of the isolate. The phage 
mixture can reduce the density of Staphylococcus aureus bacteria in cold sterilized 
milk and retain their regenerative capacity in raw milk. Compared to pasteur-
ized milk, the regenerative capacity is only moderately reduced. The significant 
decreasing capacity of the mixture of phages in raw milk facilitated further in vivo 
studies [62].

6.6 Taraxocum mongolicum as therapeutic agent

Taraxocum mongolicum is widely used as a traditional Chinese medicine for the 
treatment of various inflammations and infectious diseases, as well as clinically in the 
treatment of mastitis. The aim of this study was to investigate the protective effect of 
T. mongolicum against S. aureus mastitis and its underlying mechanism. Female ICR 
mice were given 2.5, 5 and 10 g/kg T. mongolicum extract twice daily for 6 consecu-
tive days and infected with Staphylococcus aureus via the teat canal to induce mastitis. 
Anti-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin-6 
(IL-6) and interleukin-1β (IL-1β) levels were measured by ELISA. The activity and 
distribution of myeloperoxidase (MPO) was measured using a kit and immunohis-
tochemistry. Observe histo-pathological changes in udder tissue with H&E staining. 
Western blotting was used to demonstrate the expression of talk like receptor 2 
(TLR2), phosphorylation of related nuclear factor-κB (NF-κB) proteins, and mitogen-
activated protein kinase (MAPK) signaling pathway. T. mongolicum reduces TNF- and 
agr, IL-6- and IL-1. Serum and udder levels of mastitis infected with Staphylococcus 
aureus reduce the activity and spread of MPO. In addition, T. mongolicum is effec-
tive in reducing histo-pathological damage and cell necrosis in udder tissue infected 
with Staphylococcus aureus. In addition, T. mongolicum suppress TLR2 expression and 
phosphorylation of κBα (IκBα), p65, p38, extracellular signal kinase 1/2 (ERK1/2), 
and N-terminal c-Jun kinase (JNK). This study showed that T. mongolicum prevents 
mastitis caused by Staphylococcus aureus infection by exerting an anti-inflammatory 
effect by inhibiting the TLR2-NF-κB/MAPK signaling pathway [63].

7. Role of probiotics and prebiotics in prevention of S. aureus infection

As mastitis is the most dangerous and costly disease of dairy industry. The use 
of antibiotics leads to the development of drug resistance due to which it becomes 
untreatable disease. Also, the presence of antibiotic residues in milk and dairy 
products render it unused able for consumer. So, there is another approach for 
prevention and treatment of mastitis [64]. Many successful experiments have been 
performed in past by using bacteriocin-based products. Nisin has been used as a 
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commercial product for the disinfection of teats. And lacticin is used in the dry cow 
therapy for sealing teat canal at the time of drying off of cow [54, 65].

7.1 Probiotics

Recently, there is need to use other sources in order to reduce antibiotic adminis-
tration because antibiotic administration is a major cause of lethal infections in dairy 
industry. Probiotics are live microorganisms which when administered in sufficient 
amount provides cure from diseases. The probiotics which prevent diseases are called 
as probiotic drugs. So, mammary probiotics are recently being used as alternatives to 
antibiotic for the treatment of mastitis. One of the most useful probiotics are LABs 
(lactic acid bacteria) which interferes with bacteria associated with mastitis, or inter-
act with mammary epithelial cells. Many experiments were performed and claims 
the therapeutic and preventive effectiveness of probiotics [66]. Results evaluated by 
using lactic acid bacteria showed that LABs are pro-inflammatory for the mammary 
glands and it causes an influx of neutrophils into the milk and at drying off of ani-
mals. So, it provides protection against mastitis causing S. aureus and their ability to 
provide cure from mastitis remains to be established [67]. Probiotics interferes with 
the teat microbiota and prevents adherence and colonization of harmful bacteria 
with the teat canal. However, oral probiotics provides no cure, but intra mammary 
preparations can be used with caution to prevent mastitis [66].

Some strains of Lactobacillus casei and weisella produces some compounds which 
are active against persistence of S. aureus bacteria with the epithelial wall of udder 
tissues, and thus resisting S. aureus bacterial pathogenicity by producing hydrogen 
peroxide, competing nutritional components, changing of host immune system 
and its utilization. Prolong use of these probiotics and their metabolites seems to be 
effective alternatives for the control and prevention of mastitis [66, 68].

There are many mechanisms which explain the mode of action of probiotics.

1. The change of the composition of local bacteria and production of bacteriocins 
and metabolites helps in the efflux of pathogenic bacteria by competing for 
nutrients.

2. By increases the barriers of epithelium, either by improvement of epithelial 
junctions or new formation of epithelial cells and introduction of antimicrobial 
peptides.

3. Enhancement of general immune response against bacteria. By interacting 
with many cells like monocytes, macrophages, and dendritic cells and train 
them for innate immunity.

4. Quick actions of systemic responses, like endocrine modulations or central 
nervous system via signaling mediators.

Different experiments are going on to unmask the details of action mechanism 
of probiotics in mastitis alongside boosting up the welfare and production aspects 
of the animals [67, 69].

7.2 Prebiotics

Antibacterial properties of prebiotics were studied invitro. To investigate further 
efficacy against bacteria studies were conducted in lab animals and their success 
for treatment and to prevent against bacteria was determined by evaluating liver 
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enzymes (aspartate transaminase and alanine transaminase), bacterial colony count 
of liver and lungs, and also histological changes. In some studies, raisin was used as 
prebiotic. But it was less effective than others. So, prebiotics are less effective against 
S. aureus than other things [70]. Synbiotics are also tested against mastitis causing 
bacteria. Especially, these are more effective against E. coli and listeria but less effec-
tive against S. aureus which is highly resistive to the synergistic effect [66, 70].

8. Vaccination against S. aureus udder infection

Mastitis is an important disease of the dairy industry that affects production 
and has economic losses, losses are due to high medicine cost and unusable milk 
which goes wasted as a result lowers producers’ profit. For control of this disease it 
is necessary to follow some recommendations like teat sanitization, use of cloth to 
clean udder before and after milking, antibiotic treatment of clinically ill cases, dry 
cow therapy and proper management and nutrition of dairy animals [71]. In addi-
tion to these, vaccination against many pathogens is recommended for prevention 
and elimination of disease. One of the most important pathogenic entity in mastitis 
etiologies is S. aureus. In order to improve the general health, welfare, production 
as well as reproductive efficiency of dairy animals, many therapeutic as well as 
preventive approaches has been in use with less satisfactory results [72].

Staphylococcus aureus mastitis is found in many herds of dairy cows. Due to the 
predominant infectivity of this organism, many herds have been able to maintain 
a low prevalence of IMI caused by this organism. This varies greatly between herds 
and geographic regions, but it has been shown that calves can be infected with this 
pathogen during calving [73]. This pathogen usually causes only a small fraction 
of cases of clinical mastitis, and subclinical infections usually become chronic and 
refractory to treatment. The ability of this pathogen to establish a long lasting IMI 
varies from strain to strain. However, many toxic factors increase the viability of 
microorganisms in the host tissue. For longer periods of infection, fibrin deposits 
and abscess formation further reduce the effectiveness of the immune response. 
The ability of phagocytic cells to survive intracellularly affects humoral immunity 
and drug therapy. In addition, for example, infection with Staphylococcus aureus. 
It rarely elicits a significant innate immune response compared to E. coli. This 
avoids an acute immune response that could compromise the presence of infected 
tissue [74]. An effective vaccine against this pathogen must overcome some major 
hurdles. [1] Conservative and universal antigens are required for large variation in 
strains. [2] Toxic factors of “immunity”, especially cell survival and the ability to 
not be exposed to antibodies. [3] Difficulty in assessing the effect of vaccines on 
reducing infections and the deleterious clinical effects of actual IMI status. The last 
point reflects the nature of Staphylococcus aureus IMI. It can be regularly excreted 
by bacteria in milk from infected glands. Due to L-type transformation (no cell 
wall mutations), Staphylococcus aureus can relapse in milk up to 80% of the quarter 
within 28 days after treatment with careful continuous sampling. IMI One or two 
samples are less sensitive and can correctly identify negative quarters [75].

Its need of time to control S. aureus for profitable business of dairy industry and 
for comfort of consumers with good quality milk and dairy products. In the past 
years, much progress was made by the researchers but in spite the use of different 
strategies to control mastitis, S. aureus is still a problem. In the dairy industry, anti- 
staphylococcus vaccines give different results depending upon types of immunization, 
route of administration, adjuvant used and involvement of some other factors [76]. 
Considerable effort, encompassing numerous antigens, virulence factors, and bacte-
rial strains, has been made to develop an efficacious and practical S. aureus vaccine.
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8.1 Vaccines available in market

Many types of vaccines are in use like commercial and herd specific  
(autogenous) vaccines. The purpose of vaccines is to protect new infections 
and to stimulate cows’ immune system which may provide protection against 
clinical mastitis [71, 77]. Vaccination may result in the increased rate of antibod-
ies in blood circulation against S. aureus pathogens which decreased bacterial 
growth rate after entering into the udder. The resulting increased immunity may 
decrease pathogen damage to milk producing tissues, decreased inflammation, 
and enhance tissue repair. Commercial preparations of vaccine against mastitis 
caused by S. aureus are available in the market [54]. Currently there are only 2 
commercially available vaccines are in use for bovine mastitis control. Lysigin® 
is available in the United States and Starvac® (hipra) is available in Europe  
and Canada. Many others are in trials and local practices with no wide range 
application [6].

8.1.1 Lysigin®

Bacteria containing lysed polyvalent phage-type cultures (including several 
types of capsular sera) are commercially available in the United States (Lysigin; 
Boehringer Ingelheim, Ridgefield, CT, USA). This product was derived from 
a Louisiana study conducted twice every 6 months at 2-week intervals for 
coagulase-negative staphylococcus (CNS) and Staphylococcus aureus calves 
with decreased IMI. However, the problem that arose was that infection studies 
showed that this bacteriocin did not prevent IMI, did not increase IMI clear-
ance, and did not affect SCC or post-exposure lactation. The clinical score in 
heifers treated with Lysigin improved and the clinical course of mastitis was 
short. Immunization with Lysigin increased the level of bovine serum against 
Staphylococcus aureus IgG1, but did not affect the concentration of IgG1, IgG2 or 
IgM in milk [75].

Lysigin® is a multivalent vaccine which is prepared by using the mastitis caus-
ing strains of S. aureus, disintegrated into smaller particles. Early studies showed 
that this vaccine reduces the risk of new infections, lowers somatic cell count and 
thus lowers clinical mastitis effects. It is evident from experimental studies that by 
following a proper vaccination schedule early in life of heifer staphylococcal mastitis 
can be avoided. Moreover, in some recent studies animals in which this vaccine was 
administered showed clinical symptoms of mastitis. But these animals recovered ear-
lier than non-vaccinated animals; also, there was no difference in somatic cell count 
and anti-S. aureus antibodies. So, this vaccine failed to provide sufficient antibodies 
in milk to help leukocytes in the elimination of S. aureus bacteria from mammary 
glands. But Lysigin® vaccinated animals have a higher cure rate as compared to other 
animals [6, 78].

8.1.2 Starvac®

It’s a multivalent vaccine which is mixture of inactivated E. coli and inacti-
vated S. aureus which shows SAAC (slime associated antigenic complex). This 
preparation helps reduce clinical mastitis cases to some extent that are caused 
by S. aureus and E. coli bacteria. This vaccine increases antibodies but does not 
provide complete protection from mastitis, but decreases intramammary infec-
tions and also decreases rate of transfer of infections [79, 80].
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8.1.3 Other formulations/approaches

After experimental infection, it was found that different formulations of bac-
terial drugs that kill whole cells can reduce the number of infections and a quarter 
of SCC, but this effect was only reported 13 days after infection. Subsequent field 
reports of two doses at the same time, lower doses in cattle and additional doses 
during the subsequent lactation period may produce higher antibodies against 
Staphylococcus aureus. Researchers also report that vaccinated animals consume 
an average of 0.5 kg of milk per day and have lower SCC levels. In this study, 
Freund’s incomplete adjuvant was used as part of the first biphasic administra-
tion. This adjuvant is known to cause significant injection site reactions and is not 
commonly used in commercial products. More interesting developments from 
the same research group have identified targets for RNAIII-activated protein 
(TRAP), a highly conserved membrane protein in many Staphylococcus species, 
including Staphylococcus aureus. This antigen can become a specific and univer-
sal vaccine against staphylococcus [81]. Staphylococcus aureus produces adhesin, 
a pathogenic factor that promotes attachment of host tissues and subsequent 
attachment between bacterial cells, creating a biofilm that can resist feeding. 
Surface polysaccharides are an important component of staphylococcal biofilm, 
and strains expressing high levels of extracellular polysaccharides (surface-
associated antigenic complex [SAAC]) have been isolated [82]. A commercial 
formulation combining SAAC Staphylococcus aureus and E. coli has been approved 
by the European Union. Clinical reports have shown that this product can improve 
udder health by reducing re-infection and SCC in vaccinated animals. The use 
of vaccines against Staphylococcus aureus may be restricted in many dairy farms, 
especially herds with low IMI prevalence, such as herds with SCC <200,000 cells/
ml. Thus, Staphylococcus aureus bacteriosin cannot significantly influence the suc-
cessful control of infectious mastitis through the use of correct milking techniques 
and milking machine maintenance. Conversely, people who have been vaccinated 
with the right treatment can experience disappointing results. As previously 
mentioned, this varies greatly between herds and geographic areas. If the herd 
has Staphylococcus aureus, bacteriosin can also reduce the shedding of bacteria in 
the milk of infected animals. Researchers have administered Staphylococcus aureus 
bacteriosin to improve antibacterial treatment, but the results are mixed [83].

8.2 Autogenous vaccine against S. aureus mastitis

These vaccines are the preparations having specific strains of bacteria obtained 
from mastitis suffered by animals and used to immunize the herd for protection 
against further new udder infections with the same strain of bacteria. There are 
evidences which shows that the use of autogenous S. aureus vaccines enhances 
antibody titer in vaccinated animals as compared to non-vaccinated herd and 
reduce the risk of both clinical and sub-clinical mastitis [71]. Some studies also 
show that autogenous vaccines provide almost 70% protection from infection and 
provide protection from clinically ill mastitis cases challenged with S. aureus [80].

Early studies suggest that vaccines for S. aureus will increase cure rate and lower 
SCC but in actuality, it does not work against adult cows. Experimental success was 
also seen with commercial S. aureus vaccine Lysigin® in the young dairy animals. 
When serum samples from vaccinated animals were checked they showed higher 
antibody titer as compared to non-vaccinated animals to combat against S. aureus 
infections [71]. So experimental and commercial preparations of S. aureus vaccine 
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provide protection against mastitis. Efficacy of these preparations against S. aureus 
ranges between 44%–66% and this strategy for prevention of S. aureus in the future, 
some new antigens and adjuvants are added to the vaccine preparations to enhance 
their effectiveness [72, 84].

8.3 Vaccine response in vaccinated dairy animals

Staphylococcus aureus is a predominant organism causing mastitis in different 
species. So, different experiments were conducted in different animal species to 
determine vaccine efficacy. The production and implementation of S. aureus vac-
cine in milk animals has a great impact towards public health. Inactivated vaccine 
was prepared and checked by using different adjuvants against S. aureus [85].

She camel having sub-clinical mastitis, vaccinal isolates were taken from 
her having alpha and beta hemolysin toxin, also some were multidrug resistant. 
Inactivated alum precipitated S. aureus vaccine (APSV) and oil adjuvant S. aureus 
vaccine (OASV) were prepared after confirming its antigenicity in rabbits. 
Experiments showed that APSV and OASV were safe, effective and expressed 
immunogenic responses in experimental rabbits [86, 87].

S. aureus is a major cause of mastitis in dairy cows causing mild to severe and 
chronic infections having drastic effects on cow’s wellbeing, lifespan and milk pro-
duction. Irrespective of years of research on mastitis issues still there is no produc-
tion of an effective vaccine against S. aureus mastitis. Experimental studies showed 
that it’s possible to vaccinate S. aureus naïve cattle and also this experimental 
immunization leads to humoral immune response which is different from response 
that occurs after natural exposure [79, 88].

Experiments are still in progress for the use of vaccine against S. aureus mastitis 
in small ruminants. Still, there is gap in using mastitis vaccine for prevention of S. 
aureus mastitis which is a major issue in dairy industry and causes huge economic 
losses every year. Perhaps there might be bright future for farmers because trails 
of mastitis vaccine in lab animals are showing satisfactory results, which is a 
hope [43, 50].

8.4 Vaccine success rate

Mastitis is one of the most dangerous disease of dairy industry. Vaccination and 
other managemental practices are the tools to prevent mastitis caused by contagious 
as well as environmental pathogens. The success rate of immunization depends 
upon type of vaccine, adjuvant used and route of administration of vaccination 
regardless of type of vaccine, only vaccine is not enough in the large herds with high 
mastitis cases. For achieving success, it is necessary to use up to date manage mental 
practices along with vaccine and culling of chronically ill cases to reduce intra 
mammary infections [50, 89].

Experiments conducted from last 15 decades show that experimental S. aureus 
vaccines as well as commercial vaccines reduce new infections in dairy heifers. S. 
aureus vaccine was prepared by focusing on two major components of S. aureus 
(pseudo-capsules and alpha toxins). 2 and 4 weeks before calving heifers were 
given injections in the supra-mammary lymph node of mammary glands. Injections 
were given subcutaneously. After caving these heifers were challenged with S. 
aureus infections. These heifers showed 46% reduction in S. aureus infections as 
compared with control group of animals. There was almost 70% success rate from 
infection in vaccinated animals and less than 10% in non-vaccinated animals. 
Clinical signs of mastitis were also mild in vaccinated herds compared to control 
group of animals [6, 72].
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9. Conclusion

Staphylococcus aureus is a major mastitis causing pathogen which is contagious in 
nature and persist in the mammary epithelial cell for long period of time and cause 
further infections. About 74% quarter prevalence of S. aureus in bovine udder with 
overall prevalence exceeding 61% in dairy animals. Cure rate in S. aureus mastitis is 
merely 25–50% during the lactation. A wide array of genotypic variations has been 
observed with great genetic diversity in the isolates of bovine as well as caprine 
origin. 17 different pulsotypes of dairy originated S. aureus have been reported with 
24 virulence coding genes for leukocidins (lukED/lukM), pyrogenic toxin superan-
tigen (PTS Ag), haemolysins (hla-hlg), toxic-shock syndrome toxin (tst), entero-
toxins (sea-seo, seu), exfoliative toxins (eta, etb), and genes for methicillin (mecA) 
and penicillin (blaZ) resistance. The magnitude of yield loss in 30% cases of clinical 
mastitis reached up to 950-1050 kg per lactation. Attainment of refuge inside the 
macrophages and neutrophils is a major cause of S. aureus mastitis persistence. 
The antimicrobials cannot penetrate these structures to reach the mastitis causing 
organisms. This limits the use of antimicrobials to secondary importance in relation 
to immediate need of supportive treatment. Mammary probiotics are recently being 
used as alternatives to antibiotic for the treatment of mastitis. One of the most 
useful probiotics are lactic acid bacteria which interferes with bacteria associated 
with mastitis, or interact with mammary epithelial cells. Antibacterial properties of 
prebiotics are also studied invitro. Literature showed anti- staphylococcus vaccines 
with different results depending upon types of immunization, route of administra-
tion, adjuvant used and involvement of some other factors. Many types of vaccines 
are in use like commercial and herd specific vaccines. Commercial vaccines against 
mastitis caused by S. aureus are available in the local markets with variable efficacy 
around the globe. Studies conducted from last 15 decades show that experimental 
herd specific S. aureus vaccines as well as commercial vaccines reduce new infec-
tions in dairy heifers. Experiments are still in progress for the use of vaccine against 
S. aureus mastitis with optimal efficacy and reliability. Still, there is knowledge gap 
in using vaccines for prevention of S. aureus mastitis, needed to be research in focus. 
Perhaps, there might be bright future for farmers because of highly satisfactory trail 
results of mastitis vaccines in the lab animals.
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Chapter 8

Progression of β-Lactam 
Resistance in Staphylococcus aureus
Antresh Kumar and Manisha Kaushal

Abstract

Staphylococcus aureus is a notorious human pathogen that causes superficial 
and invasive infections both in nosocomial and community-acquired settings. The 
prevalence of staphylococcal infections became more challenging after emerg-
ing resistance against topical antibiotics. S. aureus evolved resistance to β-lactam 
antibiotics due to modification and expression of penicillin-binding proteins 
(PBP), inactivation of drug by β-lactamase synthesis, limiting uptake of drug by 
biofilm formation, and reducing uptake by expression of efflux pump. The wave 
of resistance was first observed in penicillin by β-lactamase production and PBPs 
modification. The second wave of resistance emerged to methicillin by appearing 
methicillin-resistant S. aureus (MRSA) strains. Cephalosporin has long been used as 
the last resort for preventing MRSA infections, but resistant strains appeared dur-
ing treatment. In progression to control MRSA or related infections, carbapenems 
have been used but strains developed resistance. S. aureus is among the high-pri-
ority resistance organisms that need renewed efforts for the research and develop-
ment of new antibiotics and innovative preventive approaches. However, a lot of 
toiling is involved in devising an effective treatment against drug resistant S. aureus. 
This chapter aim is to retrospectively determine the progression of resistance in S. 
aureus, against different β-lactam antibiotics and their challenges of medication.

Keywords: Staphylococcus aureus, Drug resistance, β-lactam antibiotics, Penicillin, 
Methicillin, Cephalosporin

1. Introduction

Infections caused by a variety of bacterial, fungal, viral, and other infec-
tious microorganisms are considered to be the world’s most leading problem. 
Infectious diseases are considered to be the world most leading cause of death, 
with almost 50,000 deaths per day [1]. Bacterial and fungal infections are the 
major cause of morbidity and mortality in both developed and developing 
countries [2]. Staphylococcus aureus is a gram-positive, coagulase-positive oppor-
tunistic bacterial pathogen, commonly found in the human nasal mucosa in the 
approximately 20–40% population [3, 4]. It causes a wide range of infections 
such as skin infections, including abscesses, impetigo, and necrotizing fasci-
itis; tissue infections, including osteomyelitis and endocarditis; and toxicities, 
including toxic shock syndrome, pneumonia, sepsis, and surgical site infections 
[5–7]. The superficial and invasive infections caused by S. aureus continue to 
raise serious health challenges globally as it notoriously exhibits resistance [8, 9]. 
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These infections have rapidly developed resistance against most of the available 
antimicrobials, which pose serious threats [10–13]. Infections caused by S. aureus 
are associated with significantly higher mortality, because of the limitations of 
available antimicrobial therapies, difficulties in making a rapid and accurate 
diagnosis, and the development of multidrug resistance (MDR) [14]. The acute 
and chronic staphylococcal infections have now become more problematic after 
emerging multidrug resistance (MDR) against various frontline antibiotics 
[15, 16]. Antibiotics are small molecules that selectively inhibit the growth of a 
plethora of bacterial and other infections. These heterogeneous group molecules 
continue to be save many lives from different bacterial infections. Antibiotics 
are either naturally synthesized by microorganisms or chemically modified into 
exciting drugs. β-lactam antibiotics (β-LA) are considered to be the most success-
ful and frequently used antibiotics against a number of bacterial infections. The 
underlying reason behind this is their wide spectrum activity, oral availability, 
excellent pharmacokinetics, lack of toxicity, and bactericidal action [17]. Due 
to the widespread and prolonged practice of β-LA emerged resistance to these 
resort and became an alarming and emerging problem to the public health. The 
microbial pathogens tend to adopt different resistance mechanism to skip the 
cytotoxic effect of β-LA. The progression in β-LA drug resistance to emerge mul-
tiple antibiotic-resistant microorganisms has made it difficult to manage many 
infectious diseases using common anti-infective drugs. In this chapter, we focus 
on emerging trends of drug resistance in S. aureus to the different β-LA.

2. β-Lactam antibiotics (β-LA)

The landmark discovery the beta-lactam penicillin has been developed with the 
remarkable weapon to control bacterial infections during the Second World War 
[18]. It was naturally synthesized from Penicillium chrysogenum (also known as 
Penicillium notatum). Penicillin G was the first β-lactam antibiotic (β-LA) discov-
ered in 1944, which began the era of antibiotics against a wide range of infectious 
microorganisms [19]. The development of penicillin led to search its different 
derivatives (amoxicillin and methicillin) for the betterment of their efficacy, bio-
availability, solubility, stability, and other pharmacokinetic properties and to evade 
steadily emerging problem of multidrug resistance (MDR). Structurally, penicillin 
is composed of a thiazolidine ring attached to a side chain of a four-membered beta-
lactam ring. All penicillins are derivatives of 6-aminopenecillinic acid, which some-
times differ in their side-chain structure. Many β-LA have lactam ring as an integral 
part of a molecule such as cephalosporins, monobactams, cephamycins, and the 
carbapenems (imipenem and meropenem). These β-LA antibiotics came into the 
light to rescue mankind from different Gram –ve and Gram +ve bacterial infections 
including S. aureus. β-LA are the most available and over 34 β-LA approved by the 
FDA, which together constitute ~50% of all antibiotic prescriptions worldwide. 
Now, β-LA share the annual consumption of over $15 billion, which contribute 
almost 65% of the total antibiotics [20].

The β-LA primarily target the cell wall of a bacterial pathogen. Peptidoglycan 
or murien present in the cell wall provides the mechanical strength to the bacterial 
cell membrane, which is composed of an alternating unit of N-acetylglucosamine 
(NAG) and N-acetylmuramic acid (NAM) residues, joined together by β-1 → 4 
linkage. The NAM is further linked with a pentapeptide stem, which is composed 
of L-Ala-D-Glu- L-Lys-D-Ala-D-Ala. The order and type of amino acids are almost 
similar in Gram –ve and Gram +ve bacterial with some slight variations. The last 
D-Ala is lost during maturation and glycan assembly is cross-linked to form a bridge 
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with the carboxyl group of D-Ala at position 4 and the amino group of the amino 
acid at position 3. Mechanistically, β-LA acts upon a 4-membered “beta-lactam” 
ring, which shows a resemblance to D-Ala-D-Ala sequence of the cell wall [21]. The 
primary function of PBP is in the elongation of the cell wall, which is composed 
of two distinct components termed as PBP1–4. The radioactive analysis revealed 
that penicillin specifically interacts with PBP protein via covalent interactions [22]. 
The tight binding of β-LA to the transpeptidase domain of PBP (penicillin-binding 
protein) thereby inhibits the peptidoglycan synthesis by acylating transpeptidase, 
involved in crosslinking peptide to form peptidoglycan [23].

3. β-Lactam resistance in S. aureus

According to the European Centre for Diseases Control (ECDC), antimicrobial 
resistance is the single biggest threat facing the world in the area of infectious dis-
eases. With the progression of antibiotics discoveries and their prophylactic usages 
have emerged drug resistance to single or multiple drugs. Antibiotic resistance is a 
natural selection process when microorganisms are treated with different antibiot-
ics, and microorganisms tend to escape this selection pressure with greater compe-
tency to survive and thus show antibiotics resistance. In contrast, bacteria with a 
susceptible nature are killed with exposed antibiotics. Emerging resistance to β-LA 
is a serious health concern that causes a major hurdle in the treatment of bacterial 
infections. The condition of drug resistance is primarily developed by increasing 
and indiscriminate usage of antibiotics in clinical ailments, unregulated sales of 
antibiotics, a long course of medication, and poor public health infrastructure. 
According to a hospital survey, over 80% of clinical samples of S. aureus were estab-
lished resistance to the frontline antibiotics including methicillin [24, 25]. It has 
been reported that 70% of nosocomial bacterial pathogens have emerged resistance 
to more than one antibiotic during medication of chronic infections. In contrast, 
an alarming increase in resistance of community-acquired bacteria has also been 
observed with significant high rate both in acute and chronic bacterial infec-
tions. The emergence of drug-resistant strains of Gram-positive (Staphylococcus, 
Enterococcus, Streptococcus sp) and Gram-negative (Pseudomonas, Klebsiella, 
Enterobacter, Acinetobacter, Salmonella sp) bacteria is the more serious in the pres-
ent therapeutic scenario. S. aureus clearly represents one of the most challenging 
pathogenic bacteria. Resistance in S. aureus strains has been continuously increas-
ing; thus, the ability of these pathogens to spread in both hospital and community 
settings increased. Bacteria remarkably developed resistant to antimicrobial drugs 
in several ways. Upon antibiotics treatment, bacteria tend to overcome the selection 
pressure of the drug by morphological and genetic alterations or drug inactivation. 
Alterations of membrane integrity and transfer of resistance genes from one strain 
to another are the common examples of β-LA-mediated resistance in S. aureus. β-LA, 
Penicillin was initially succeeded in the treatment of S. aureus infections but widespread 
and prolonged uses of penicillin were no longer be effective and resistance has been 
emerged soon after in the 1950s [19]. Antibiotic resistance can be a typical feature 
of a bacterial species (intrinsic resistance) or acquired by the individual organism 
that is naturally susceptible (acquired resistance). The acquired resistance is the 
consequence of chromosomal mutations or acquisition of resistance genes by hori-
zontal gene transfer [26]. Resistance to multiple β-LA can be acquired by individual 
strains, resulting in multidrug-resistant phenotypes. The high prevalence of drug 
resistance is primarily adopted by unregulated sales of antibiotics without prescrip-
tion, a long course of medication, indiscriminate usage of drugs, and poor health 
infrastructure. The mobility and mortality caused by drug resistance in public 
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health are difficult to evaluate. In 2013, Center for Disease Control and Prevention 
(CDC) reported more than 11,000 deaths in the USA had a methicillin-resistant 
S. aureus (MRSA)-related infection (CDC 2013). This represents almost 50% of all 
causalities caused by antibiotic-resistant bacteria. As per WHO report, the MRSA 
remains among the high-priority multidrug-resistant organisms that need renewed 
efforts for the research and development of new antibiotics and innovative preven-
tive approaches.

4. Mechanism of β-lactam resistance in S. aureus

Different mechanisms of drug resistance in bacterial pathogens are the major 
hurdle in their treatment. With emerging resistance, it became a serious concern 
to look into drug resistance mechanism, which can help us to prescribe a specific 
medication to effectively overcome the problem of resistance.

Several biochemical mechanisms are responsible for β-LA resistance, including 
enzymatic (β-lactamase) production inactivation of the drug (drug inactivation), 
modifications of drug target in penicillin-binding protein (PBPs) (target modi-
fications), limiting uptake of drug by biofilm formation (reduced drug uptake), 
and active efflux of the drug (drug efflux) as shown in Figure 1 [27, 28]. Bacterial 
pathogens resist the inhibitory action of antibiotics primarily due to the presence of 
an enzyme that inactivates the antibiotic or modified antibiotic target by mutation 
or by the post-translational mechanism, which reduces binding of the antibiotic 
to the target or bypass of the function dependent on the antibiotic target by an 
alternative enzyme that is not inhibited by the antibiotic. Moreover, overexpres-
sion of drug efflux pumps rendered to reduce uptake of the antibiotic inside the 
cell, by pumping out the antibiotics from the cell. In contrast, encapsulation of 
biofilm over the cell boundary reduces the cell permeability to resist antibiotics 
entry into the cell. The expression of chromosomal β-lactamase can be induced by 
either producing the plasmid-encoded penicillinase (β-lactamase) enzyme that 
hydrolyzes β-lactam ring or expression of PBP2a, and a penicillin-binding protein 
(PBP) encoded by gene mecA spread through horizontal gene transfer with low 
affinity to β-lactam antibiotics is primarily responsible for penicillin resistance [17]. 
The penicillin-binding cascade induces the blaZ-encoded penicillinase in S. aureus, 
which is transcriptionally regulated by regulatory genes blaI and blaR1 [26, 29].

Mechanisms of 
Drug Resistance 

in S. aureus

Increase drug
efflux 

Target 
Modifications

Drug 
Inactivation

Reduced Drug 
uptake 

Figure 1. 
β-Lactam resistance mechanism of S. aureus.
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5. Methicillin resistance in S. aureus

Methicillin was introduced in clinical practice for the effective treatment of 
penicillin-resistant S. aureus infections [30]. After 2 years, the second wave of 
resistance against methicillin came into the light and the first report on methicil-
lin resistance S. aureus (MRSA) strain was published by MP Jevons in 1961 [31]. 
Statistically, incidences of methicillin-sensitive S. aureus (MSSA), methicillin-
resistant S. aureus (MRSA), and vancomycin-resistant S. aureus (VRSA) infections 
have increased up to 54% in both hospital-acquired (HA) and community-acquired 
(CA) [32]. These antimicrobial-resistant infections cause a significant economic 
burden on public health. The economic burden of antibiotic resistance in Europe 
was estimated at almost 1.5 billion euros. However, USA spent more than 55 billion 
dollars each year on the treatment of antibiotic-resistant infections [9]. It was found 
that acquisition of methicillin resistance in S. aureus was primarily contributed by 
the integration of a mecA gene encoded for low-affinity penicillin-binding protein 
2a or 2′ (PBP2a or PBP2′) into the staphylococcal chromosomal cassette (SCCmec) 
element of methicillin-sensitive S. aureus (MRSA) [33]. The expression of mecA 
in MRSA is induced by the interaction of methicillin and other antibiotics to the 
regulatory network. MecIR a regulatory protein, homologous to the BlaIR proteins, 
controls the expression of mecA. It is under the control of MecIR regulatory proteins 
that are homologous to the BlaIR proteins that regulate BlaZ expression [34, 35]. 
The SSCmec is located specifically with an unknown gene (orfX) of the staphylo-
coccal chromosomal. The function of the unknown gene is mediated by two recom-
binases termed as ccrA and ccrB that help in the site-specific integration or excision 
of DNA elements from the staphylococcal chromosomal [36, 37]. The insertion 
sequence, transposon (Tn554) or erythromycin- and spectinomycin-encoded resis-
tance genes, and tobramycin and kanamycin resistance-encoded pUB110 plasmid 
can be additionally jumped in the SSCmec region. Typing of SSCmec elements is 
fundamental for the molecular epidemiology of MRSA and categorized majorly 
into five types, that is, type I-V [38]. The SSCmec-type I-III elements are present 
in hospital-acquired MRSA strains, which are typically resistant to non-β-lactam 
antibiotics. In contrast, SSCmec-type IV-V are only resistance to methicillin, which 
are primarily present in community-acquired MRSA (CA-MRSA). Different studies 
revealed that multiple insertions of SCCmec elements in the staphylococcal chro-
mosome of MSSA strains yield a MRSA lineage. The mecC gene, homolog to mecA 
gene, exhibits 68.7% nucleotide identity is identified in S. aureus, Staphylococcus 
sciuri, and Staphylococcus xylosus strains [39]. The recent studies revealed that mecC 
carrying S. aureus contributes in methicillin resistance in the human population by 
up to 2.8% of MRSA strains [40–42], while no report was found on mecB-carrying 
S. aureus resistance to methicillin. In many MRSA strains, the expression of mecA 
is also affected either by the synthesis of truncated MecIR regulatory proteins or 
by repression by β-lactamase regulators BlaI and BlaR. The Mec and Bla regulatory 
proteins can alter the functional behavior and expression of PBP2a-encoded gene 
in MRSA strains. In a short period, MRSA strains have been identified all around 
the globe particularly Asia, USA, and Europe [43]. In spite of the rapidly spreading 
of methicillin resistance, MRSA exhibited broad-spectrum drug resistance against 
methicillin, penicillins, cephalosporins, and carbapenems. The MRSA cases were 
increased in hospitals and other healthcare facilities (hospital-acquired), and in 
communities (community-acquired infections). People with immediate surger-
ies or stay in healthcare facilities are at MRSA higher risk. Infection also spreads 
if a medical device has been put in their body or when they come close to contact 
with MRSA-infected patient. MRSA spreads in communities through uncovered or 
draining wounds mostly associated with crowded living, sharing personal items, 
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recent stays in healthcare facilities, etc. In 2017, CDC reported that more than a 0.3 
million cases and over 10,000 deaths from MRSA-related infections are estimated 
in-hospital patients with more than 1.7 billion healthcare burdens in the United 
States. This figure represents mere a 50% of all the mortalities caused by antibiotic-
resistant bacteria. The prevalence of MRSA infections in India has been reported to 
increase from 29% in 2009 to 47% in 2014 [35].

6. Cephalosporin resistance in S. aureus

Similar to penicillin or other β-lactams, cephalosporins also target to bind 
penicillin-binding proteins (PBPs) to inhibit peptidoglycan formation in bacteria. 
These are effectively used in the treatment of superficial (skin and soft tissue) 
infections, and nosocomial and community-acquired pneumonia. Different strains 
of S. aureus strains have evolved resistance to cephalosporins, which evolved by 
reducing the binding affinity of cephalosporins to transpeptidase of PBPs, and also, 
β-lactamases are produced by bacteria having encoded plasmid for inactivation of 
therapeutics effect of cephalosporins. The plasmid-mediated β-lactamase resistance 
is corroborated by the amount and activity of the enzyme produced in bacteria.

Recent studies revealed that the prevalence of cephalosporins resistance in S. 
aureus is comparable to the β-lactamase-resistant penicillin, which accounts for 
30–35% [44, 45]. Ceftaroline is the fifth-generation antibiotics, approved by the 
FDA in 2010, which has a broad-spectrum activity against a plethora of bacterial 
pathogens. Ceftaroline is active against methicillin-resistant S. aureus (MRSA) 
and has been successfully used for the treatment of different invasive bacterial 
infections with low adverse effects. This potent third-generation drug was found 
resistance in MRSA-ST293 strain in different geographical regions. Ceftaroline 
had the higher affinity to PBP but nonsense or missense mutations in the mecA 
gene alter the amino acid sequence of PBP protein, which causes alteration in 
the ceftaroline binding to PBPs. In addition, alteration of the promoter sequence 
of PBP4 by mutation increases PBP4 production that leads to resistance to 
ceftaroline [46].

7. Carbapenem-resistance

The β-lactam antibiotic carbapenems are the last resort, potent, broad-spectrum 
antibiotic against Gram +ve and Gram –ve bacterial pathogens. They contain a 
carbapenem structure linked together with a beta-lactam ring, which primarily targets 
to bind with PBPs of the cell wall. Due to high potency, low adverse effect appeals to 
prefer the use of carbapenems. Prolonged and widespread uses of the drug have devel-
oped carbapenems resistance, which is contributed by a different mechanism. The 
resistance that arises to carbapenems is due to β-lactamase gene transfer/production, 
mutational alteration in PBPs, and expression of efflux pump systems [47, 48]. The 
carbapenem resistance is mainly contributed by β-lactamase production.

8. Future perspective

Emerging resistance in S. aureus is a serious human health problem, which 
continuously increasing mortality and morbidity rates in both nosocomial and 
acquired infections. The constant evolution of resistance to topical antibiotics 
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including the continuing appearance of new resistance mechanisms and complex-
ity in multidrug-resistant phenotypes are appealing to find new diagnostic tools 
and therapeutic strategies to get rid of this problem. However, a lot of toiling has 
continued to devise a workable treatment against staphylococcal infections par-
ticularly for the elimination of MRSA and VRSA pathogens. Emerging MDR in S. 
aureus has evolved major challenges in research and need to expend research to the 
next level to understand the progression of drug resistance pathways and infections 
pattern of S. aureus. The new search of therapeutics targets and bioactive molecules 
and their judicious use may be proven significantly to prevent the problem of drug 
resistance [2, 49]. Reducing the outer membrane permeability of bacterial cells 
can circumvent the problem of drug resistance. Iron conjugated with the antibiotic 
method may help to selectively interact to the outer membrane to active transport 
of antibiotic inside the cell [50]. Another possible approach has been targeted to 
inhibit quorum sensing that is primarily related to the virulence factors release 
and associated with the microbial pathogenesis. Chemically, virulence factors are 
toxic to the host cells that disrupt immune response, along with host cell disruption 
and cell adhesion. SarA and agr are two main quorum sensing mechanisms of S. 
aureus, which can be targeted to block the quorum sensing for controlling S. aureus 
infections. In addition, bacteriophage therapy is one of the potential methods for 
controlling the drug resistance in S. aureus infection. Phage therapy has many 
advantages over chemotherapy, for example, very specific, no side effect, envi-
ronmental friendly, no allergenic effects, and harmless to the eukaryotic host [51]. 
Phage has been used to eliminate MRSA infections but is still immature in clinical 
application [51]. The phage-based treatment of resistant S. aureus will further be 
helpful to select the gene responsible for its control. These strategies will pave a way 
to develop a vaccine in future against the S. aureus.

9. Conclusion

It is very clear that bacterium including Staphylococcus aureus shows extraor-
dinary adaptability to cope with antibiotic effect and emerge drug resistance 
against antibiotics. The phenomenon of drug resistance was first observed when 
β-lactam antibiotics became ineffective after indiscriminative uses and plasmid-
responsive β-lactamase (penicillinase) synthesis. The second wave of resistance 
against methicillin has been primarily contributed by the stable integration of a 
mecA gene-encoded penicillin-binding protein and penicillin-binding protein 2a 
or 2′ (PBP2a or PBP2′) into the staphylococcal chromosomal cassette (SCCmec) 
element. Cephalosporins have been proven as an effective drug preventing MRSA 
infections but failed. In progression to antibiotics, carbapenems have been used for 
preventing S. aureus infections, but multidrug resistance (MDR) strains devel-
oped. The common cause of bacterial resistance involves horizontal gene transfer, 
target alteration by point mutations, and expression of efflux pump, which made 
a variety of antibiotics ineffective and induces persistent infections in both hos-
pital and community settings. Moreover, the prolonged and widespread use of 
different antibiotics, lack of awareness, and insanitation, primarily contribute in 
rapidly developing multiple drug resistance (MDR) in developing countries that 
causes a major financial burden in the treatment of infectious diseases. Though a 
lot of toiling is involved in devising an effective treatment against staphylococcal 
infections particularly for the elimination of MRSA and VRSA, the new search of 
bioactive molecules and their judicious use may be proven significantly to prevent 
the problem of drug resistance.
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Abstract

Patients with skin and soft tissue infections may appear with the abscess. 
Erroneous diagnosis of these entities is common, and should carefully consider 
the possible alternative diagnoses. Risk for developing skin abscess factors includes 
disruption of the skin barrier, edema, venous insufficiency, and immune suppres-
sion. However, healthy individuals who have no risk factors may also develop these 
diseases. The most common microbiologic cause of abscess, a commonly group 
Streptococcus or Streptococcus pyogenes; Staphylococcus aureus (including methicillin-
resistant strains) is a notable but less common cause. The most common microbio-
logic cause of skin abscess is S. aureus; a skin abscess can be caused by more than 
one pathogen. The diagnosis is based on skin abscess usually on the clinical manifes-
tations. It must be subject to patients with disposable abscess incision and drainage, 
with a test of culture and susceptibility of materials wet. There is no justification for 
the blood of patients in the cultures of the abovementioned circumstances. It can be 
a useful radiographic examination to determine whether the skin abscess is present 
(via ultrasound) to distinguish cellulitis from osteomyelitis (via magnetic resonance 
imaging). There may be a justification for radiological assessment in patients with 
immune suppression, diabetes, venous insufficiency, or lymphedema in patients 
with persistent symptoms of systemic lymphatic obstruction.

Keywords: bacteria, skin, abscess, S. aureus

1. Introduction

1.1 Bacterial skin abscess

The most common cause of abscess skin is Staphylococcus aureus (either methicillin 
or midwife to methicillin. Staphylococcus aureus aureus), occurring in up to 75% 
of cases; many patients infected with MRSA do not have risk factors [1–3]. It can 
be caused by skin abscess more than one pathogens [4]. The isolation of multiple 
objects (including S. aureus CT with Gram-negative bacilli and anaerobes) are more 
common in patients with skin abscess, which includes the surrounding areas of 
oral or anal or vaginal [5]. Organisms live by mouth, including anaerobic, you see 
most often among drug users by intravenous. Include unusual causes of skin abscess 
such as fungus pneumococcus and Streptococcus. Most cysts are caused by infec-
tion. However, it can occur in a sterile abscesses put irritants injected. Examples 
include (especially those drugs Injected that depend on oil), which may not be 
fully absorbed and remain at the injection site, causing local irritation. Cysts can be 
transformed into a sterile solid during solid lesions scars [5].
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2. Original of abscess

The abscess arise in many tissues and organs of the body, the most important of 
which are subcutaneous tissue, lymph nodes, soft and adipose tissue around the anus, 
and breasts in pregnant or lactating women and at the root of the teeth. Cysts can 
also arise in internal organs such as the liver, lung, brain, kidney and appendix. The 
abscess has spread significantly in recent years [6]. And the risk factor has been more 
than 65% including the use of intravenous drugs. In 2005, Dermatology departments 
received more than 3.2 million people with abscess in the United States [7], while in 
Australia, about 13,000 patients were hospitalized [8]. Cysts arise in many tissues 
and organs of the body, the most important of which are subcutaneous tissues (then 
they are superficially dimple or deep), such as liver, lung, brain abscess, kidney, and 
appendix. The most important complication is the spread of the abscess (pus) to 
neighboring tissues by means of treatment tools, which may sometimes cause the 
death of these tissues (gangrene). Acute inflammation of the abscess originates from 
the entry of pus bacteria into the affected organ or tissue. Surface cysts are swollen 
red and painful, accompanied by high fever and pulse [9]. The abscess can also be 
fatal in rare cases, such as when it is in an area where pressure on vital organs such as 
the trachea in the case of abscess in the neck area. If the abscess is superficial, it will 
fluctuate during palpation due to the movement of pus inside. A contributing factor 
to the formation of an abscess in addition to the use of intravenous drugs [10]. An 
unconfirmed study suggests that the presence of previous cases of hernia of the verte-
brae or any imbalance thereof [11]. While the main cause is pathogenic bacteria, fungi 
or parasites, the most common cause is methicillin-resistant Staphylococcus aureus in 
the United States and other parts of the world [6]. Staphylococcus aureus causes subdu-
ral abscesses and parasites to cause abscess, especially in developing countries [12].

3. Epidemiology of skin abscesses

Because of changing the display skin abscess, it was difficult to assess the 
incidence and prevalence. The incidence of skin abscess is 24.6 per 1000 people per 
year [13]. Because the majority of the ski abscess tends to melt within 7–10 days, 
the estimate variable spread significantly. Among patients in hospitals, the rate of 
prevalence ranges from abscess skiing 7–10% [14, 15]. Among all patients infected 
in hospitals only infections, skin abscess plays a more important role. Emergency 
care center, an outlying ski, is the third most common diagnoses after chest pain 
and asthma [16]. There is an increase in the prevalence rate of men (60–70% of all 
cases) and patients aged between 45 and 64 years old. It managed approximately 
70–75% of all cases in the outpatient setting [13, 16]. With many cases of skin 
abscess involving the lower leg area (7.9–11). In general, the incidence of benign 
tumors complex is low (Arasepelas 0.09 per 1000 people per year; inflammation 
of the lymphatic vessels is 0.16% of all cases of inflammation of cellular tissue and 
the lymphatic vessels. 16 per 1000 people per year and fasciitis necrotizing 0.04 per 
1000 person-years) [13].

The real spread of abscess skin infection is unknown because the light is usually 
self-occurrence and patients seeking medical care. However, often they face skin 
abscess in the outpatient and inpatient. According to national statistics for 2011 
regarding the cost of health care project and use, skin abscess rate led to 3.4 million 
visits to the emergency department, or 2.6% of the total emergency department 
visits, with 13.9% of visits have led to hospitalization [17].

They have caused the infection, skin and soft tissue as well as the case of 
500,000 outside the hospital, or 1.4% of total departures, with an average length 
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of stay of 3.7 days and an average cost of $ 18.299 per case. These figures are on the 
rise due to the prevalence of Staphylococcus aureus resistant to methicillin-associated 
Balmethycelin in the past decade [18–21].

A recent prospective study showed that one out of every 5 patients provide 
primary care clinic for skin abscess caused by Staphylococcus aureus resistant to 
methicillin (MRSA) require additional interventions at a cost of approximately $ 
2000 per patient [22].

4. Risks factors of skin abscesses

The presence of specific risk factors may stimulate the skin abscess, may impose 
pathogens, disease course and respond to specific treatments. It did not prove 
the existence of risk factors for the development of skin abscess associated with 
the seriousness of the disease [23]. It can be organized into two categories of risk 
factors. First, there are factors associated with the patient, which may provide for 
the disease or the effects of predictive. Risk factors in this category include serious 
diseases and the age of the elderly and the situation that suffers from a lack of human 
immunodeficiency virus and diseases of the liver, kidney and vascular insufficiency 
(especially the lymphatic or venous) [24]. Since it turns out that the lower part of the 
leg is more places of infection transmitted through sexual contact common, studies 
have described risk associated with the patient’s infection due to these factors [25]. It 
was able to determine the likelihood of skin abscess in the lower limbs based on the 
presence of Staphylococcus aureus and/or beta-hemolytic Streptococcus in the toe box, 
erosion or leg ulcers, and/or eradication of the former esophagus. These factors inde-
pendently associated with the development of skin abscess in the lower leg. In the 
same population group, if the bacteria found in the toes are absent, the presence of 
the pedal palm has the ability to moderate predictive secretion of the skin. Moreover, 
the multiple risk factors associated with the patient may be associated with a poor 
prognosis of the disease faster, and the development of slow recovery and the causes 
of the most resistant diseases. Must take into account the specific risk factors (renal 
failure or chronic kidney, spleen deficiency, immune status, vascular insufficiency or 
neuropathy) when determining the severity of the disease [26].

Observed factors associated with skin abscess are often among middle-aged 
adults and older. Erysipelas occurs in young children and the elderly [13].

It includes predisposing factors associated with the risk of skin abscess are:

1. Disable the skin barrier due to trauma (such as corrosion, penetrating wound, 
pressure ulcers, venous leg ulcers, insect bite, injecting drug use).

2. Inflammation of the skin (such as eczema, psoriasis and radiation therapy).

3. Edema due to poor lymphatic drainage.

4. Edema due to venous insufficiency.

5. Obesity.

6. Immune suppression (such as diabetes or infection with HIV) disease.

7. Skin breaks between these fingers may not be clinically.

8. Dermatitis pre-existing (such as foot frond, herpes, varicella) [27].
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Also, acute bacterial skin infections occur when exposure to the risk of loss of 
skin integrity e.g high bacteria in  pregnancy skin or the availability of food bacte-
rial, or excess moisture in the skin, or lack of blood supply, or immune suppression, 
or a damaged cornea layer. Poor hygiene and the exchange of personal things, 
physical contact, and crowded living conditions facilitate the spread of infectious 
diseases. Vascular diseases, peripheral diseases and skin pre-existing increase the 
risk of acid cellulose. Usually leads to diabetes, a diabetes which is controlled by 
a bad foot injury. Cause painful events such as wounds, biting and drug abuse by 
injection injuries increase the risk of skin infections and cysts. The risk of infection 
on surgical-site support is in the process category, where clean and smaller opera-
tions are at the risk of contaminated infections and high-risk operations have a 
higher risk of injury [28].

Colonization with Staphylococcus aureus and Streptococcus in the front lines on the 
skin increases the risk of skin abscess. Considered skin contact to the skin through 
exercise and attendance in day care or school and live in a place nearby (such as 
military barracks) risk factors for CAMRSA skin abscess [29].

5. Bacterial invasion of the skin

For as long as microorganisms that colonize the skin of importance to skin 
diseases and microbiology; I have been collecting our knowledge of these organisms 
live accurate until recently through the existing studies on the culture. Historically, 
it is Staphylococcus aureus and other Staphylococcus aureus negative coagulation as 
the primary bacterial colonies of the skin. Other microorganisms that are generally 
regarded as skin colonizers include coryneforms of the phylum Actinobacteria (the 
genera Corynebacterium, Propionibacterium and Brevibacterium) and the genus 
Micrococcus. Gram-negative bacteria, with the exception of some Acinetobacter spp., 
are generally not isolated from the skin, but are thought to arise in cultures owing to 
contamination from the gastrointestinal tract [30].

It was isolated from non-bacterial microorganisms from the skin. Fungal species 
are the most common Malassezia spp., which is particularly widespread in the fatty 
areas. Considered mite Demodex (such as Demodex follicle and Demodex brevis), a 
microscopic arthropods, part of the natural skin flora. They feed on mites Demodex 
sebum and be more prevalent after puberty, preferring to colonize the oily areas of 
the face. Demodex mites may also feed on epithelial cells lining the unit sunscreens 
space, or even other organisms (such as acne Brobbeoneptariom) that live in the 
same place. It is not the role of the experimental study of viruses, and is limited 
research on the molecular and microbiological methods available for the identifica-
tion and characterization of viruses [31].

Historically, culture-based approach is the standard to describe the microbial 
diversity. It is now clear that only a minority of bacteria able to thrive in isolation 
[32]. Choose mainly culture-based laboratory techniques “herbs”: species that 
thrive under conditions typical nutritional and physiological use of diagnostic 
microbiology laboratories. This is not necessarily the most abundant organisms in 
society. This bias is particularly evident when trying to isolate the organisms living 
in micro skin, which adapted to the nature of cold, dry and acidic environment. 
Moreover, the hair follicles and sebaceous glands are an oxygen-free environment 
and are home to the anaerobic microorganisms. Isolate the problem especially 
anaerobic using routine methods based on culture. These are often slow-growing 
organisms and require special conditions for growth and during the transfer and 
processing of samples [33, 34].



163

Bacterial Skin Abscess
DOI: http://dx.doi.org/10.5772/intechopen.91657

The development of molecular techniques to identify and quantify microor-
ganisms has revolutionized our view of the world Microbial. Characterization of 
genetic diversity of bacterial depends on the sequence of genes for RNA ribosomal 
16S, found in all bacteria and analyzes antique, but not in eukaryotes. Genes rRNA 
contain 16S in highly variable regions of certain types, which allows the classifica-
tion of classification, and the spaces reserved for the one who, operating Xaah 
molecular site linking the primers PCR. The emergence of new sequencing tech-
nologies (such as pyrosequencing) is to increase productivity significantly while 
reducing the cost of sequencing. More importantly, the living organism culture does 
not need to determine the sequence of its kind by 16S rRNA [35].

The skin is the largest organ in the human body, colonized by a variety of tiny, 
mostly harmless organisms or even beneficial to their hosts. Colonialism is the 
motivation behind the surface of the skin environment, which is highly variable 
depending on the site topography, and host factors internal factors, the external 
environment. The responses can be innate immune and lead to a modified adaptive 
skin microorganisms in the skin, but microorganisms are also working to educate 
the immune system. Molecular road development has led to the identification of 
microorganisms to see the emerging skin bacteria resident are very diverse and vari-
able. The improved understanding of the microbes in the skin is necessary to gain 
insight into the involvement of microbes in human skin disorders and to enable new 
methods for therapeutic drugs antimicrobial and antimicrobial therapy [36].

The main barrier against microbial invasion is the skin. It interacts continuously 
with the external environment, a colonizer with a variety of microbes. The vast major-
ity of plants colony consists of bacteria. To help organize the distribution of plants, one 
that divides the body into two halves at the waist. The usual things that colonizes the 
skin above the waist are usually positive types of Gram such as Staphylococcus epidermi-
dis, Corynebacterium species, S. aureus and Streptococcus pyogenes [37].

Staphylococcus aureus and Corynebacterium spp. It is the most abundant organ-
isms that colonize humid areas, consistent with the data culture that indicate that 
these organisms prefer high humidity areas. These include navel wet sites (navel), 
and the basement axillary, and wrinkling inguinal (side thigh) and wrinkling 
brigades (the upper part of the fold between the buttocks), insole foot, hole popli-
teal (behind the knee) and the pit antecubital (elbow inner). Staphylococcus aureus 
occupies air position on the skin and may use urea in the race as a source of nitro-
gen. Insect bacteria are highly sensitive organisms that have slow growth in culture, 
and such as the role of the skin accurate objects has been appreciated until recently. 
Treatment of sweat by bacteria and Staphylococcus (along with the minute in the 
basement of underarm living organisms), resulting in a transient characteristic 
odor associated with sweating in humans [38].

On the other hand, the typical living organisms colonize the skin below the waist 
Gram-positive and Gram-negative. It is expected that this will be a minor near the 
anal area difference. Attracted intestinal species, such as the intestinal bacteria, to this 
region of the skin so-called “Fecal Crust” [36].

Normal distribution pattern consists of the largest population areas in the 
armpit and groin and thigh, where there is moisture level higher. Microflora tend 
to fill the upper layer of the cornea and parts of the hair follicles. Specific microbes 
tend to colonize the anatomical structures based on tropical stimuli and biochemi-
cal interactions of the site and the formation of specific tissues of biological mem-
branes. Plants can be significantly by climate group differ, genetics, age, sex, stress, 
hygiene, nutrition, hospitalization [37].

Skin abscess is the most common manifestations of bacterial infection. Abscess 
may appear in painful blocks degrade transient without medical intervention, or 
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in severe cases, such as large deep cysts associated with the spread of the blood 
stream. Although many of the bacteria, causing Gram-positive and Gram-negative 
cysts, but Staphylococcus aureus, especially MRSA associated with the community, 
it is the causative agent of the most common. Once configured, it can interfere with 
pus in the lesion Walled significantly with the activity of antibiotics to the extent 
this makes antibiotic treatment effective to some extent when the abscess exceeds a 
certain size, with the emergence of the problem of additional scarring. In the case 
of EBioMedicine [39].

Hancock and his colleagues have positive peptide targeted basically describing 
the formation of cysts. Developed peptides screen anti-biofilm. In the laboratory, 
which prevent or eliminate biofilms formed by bacteria both Gram-positive and 
Gram-negative. In non-vertebrate models of infection P. aeruginosa, boosted the 
survival of the host [40].

The main question that arises from the study is the relationship between 
the strict response and abscess formation. It was responsible for the formation 
mechanisms kharaj an important topic for research in this field aureus. While 
some defense mechanisms for stress, such as reducing metals and oxidative stress 
and nitric, appear to have a role in the ability of S. aureus to form abscesses, the 
stringent response in this context has not been clarified yet. It is likely to be the 
primary contact due to the direct impact of the stringent response CodY regula-
tor. CodY has proven that it affects the severity of the disease in many animal 
models by changing the expression of the organizers of key, such as agr (RNAIII 
and RNAII) and saeR, hemolysins (hla), leukocidins (lukSF), the synthesis of the 
capsule (icaADBC), as well as genes that show it is important to form an abscess. 
Expression PSMα, which shows that it prevents installed by DJK-5, independently 
organized through RSH for CodY. Specific factors that regulate the formation of 
abscess under the strict response remains identified in Staphylococcus aureus and 
other microbes [41].

From a clinical perspective, the siege imposed on the composition of the 
abscess would be a useful assistant to kill pathogens. Often, infected individuals 
already infected a large abscess requires Tbarva surgically. For those who provide 
abscesses smaller or in the early stages which are not viable after discharge surgi-
cal, antibiotics are used routinely, but may not be enough to stop the progress of 
formation of abscess, especially if the pathogen offending is relatively resistant 
to antibiotics. It can be strict inhibition of the response to the formation of 
mass abscess useful, and will compare the use of helper inhibitors of protein 
synthesis inhibition in the treatment of inflammatory toxin mediated by poison. 
Inhibitors will be particularly useful if they also prevent chronic or recurrent 
cysts including cases related to chronic bacteria gold that are difficult to treat, 
such as inflammation of the sweat glands Almqih. Future studies will need to 
prove that the inhibitors are still effective when used with antibiotics effective or 
marginal [42].

Other Bacteriologic characteristics. In the monomicrobial form, the pathogens are 
S. pyogenes, S. aureus, V. vulnificus, A. hydrophila, and anaerobic streptococci (i.e., 
Peptostreptococcus species). Can Staphylococcus aureus and Streptococcus hemolytic 
occur simultaneously? Most injuries are obtained from the community and there 
in the limbs, with nearly two-thirds of cases in the lower limbs. There is often an 
underlying cause, such as diabetes or vascular disease, atherosclerosis or venous 
insufficiency with edema. Sometimes, chronic vascular ulcers turn into a more 
intense process. Fasciitis cases of necrotizing that arise after infection varicella 
or trivial injuries, such as minor scratches and insect bites, always be the result of 
bacteria S. pyogenes. The mortality rate in this group is high, where close to 50–70% 
in patients with low blood pressure and organ failure [43].
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6. Pathophysiology of abscesses formation

There are other factors, has not yet fully be understood, perhaps play a role. In 
addition, the large number of organisms found in the abscess, and the presence 
of an antibiotic inhibitor of enzymes, hostility Anaerobic activity anti-microbial 
host and defense environment, as well as fibroblasts in the capsule surrounding 
Boukerg, contributes to the persistence of infection despite antibiotic treatment 
and the need to exchange. You must remember the contribution of both aerobic and 
anaerobic organisms in the formation of cysts when one chooses antibiotics to treat 
such infections [44].

7. Common causes of a skin abscess

When breaking the skin’s natural barrier we have, even from simple shock, or 
small tears, or infections, bacteria can enter the skin. It can be formed where the 
abscess is trying to kill your body’s defenses these germs through the inflammatory 
response (white blood cells = pus). It can cause blockage of sweat or sebaceous 
gland or hair follicle or the bag to a pre-existing abscess.

Staphylococcus aureus, E. coli, P. aeruginosa, and Streptococcus pyogenes are the 
most common types of bacteria that cause skin abscesses in the following areas of 
the body; the head and neck, parties, armpits, trunk.

There are Staphylococcus aureus on the proper surface of the skin. It can cause 
skin infections, such as skin abscesses and boils, and preferably live in wet areas of 
the body such as the armpits, groin, and inside the nostrils.

Can some bacteria S. aureus produces a toxin called Panton-Valentine leukocidin 
(PVL), which kills white cells, causing the body to do more white cells to continue 
to fight infection.

PVL-positive strains of bacteria are therefore more likely to cause skin infections 
and abscess. They can also cause more serious conditions:

• Septicaemia is blood poisoning caused by bacteria multiplying in the blood.

• Pneumonia is swelling (inflammation) of the lungs caused by an infection. Pus 
collects in the airways and is coughed up as mucus [45, 46].

8. Types of skin abscesses

• Impetigo, erysipelas, and cellulitis. Impetigo may be caused by infection with S. 
aureus and/or S. pyogenes. The decision of how to treat impetigo depends on the 
number of lesions, their location (face, eyelid, or mouth), and the need to limit 
spread of infection to others.

The tests antibody conjugate Streptococcus no value in the diagnosis and 
treatment of herpes, but they provide a useful supporting evidence of infection 
Streptococcus recent in patients suspected of having inflammation glomerulonephri-
tis after Streptococcus. Anti Alstrptullizin O weak response in patients with herpes 
Streptococcus [47], Supposed to be fat in the skin working to suppress Alstrptullizin 
O response, but the levels consistently high DNase B [48].

Because S. aureus currently accounts for most cases of herpes bullosa, as well as 
for a large part of the non-inflammatory tumor. Complications of herpes retrovi-
ruses Streptococcus uncommon, for reasons not yet known, rheumatic fever did not 
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occur after herpes Streptococcus. On the other hand, are skin infections that affect 
the strains of the renal group “A” of the main Streptococcus previous glomerulone-
phritis after Streptococcus in many regions of the world. There are no conclusive data 
indicate that the treatment of the skin Streptococcus pyoderma prevents nephritis, 
but this treatment is an important measure of a pandemic in the elimination of 
strains that infect the college community [49].

9. Abscess, cellulitis, and erysipelas

Cause inflammation of the tissue cell may be many of the original skin living 
organisms or in specific environmental areas. Inflammation associated with cysts 
usually caused by S. aureus.

9.1 Cellulitis

These terms refer to the spread of skin infections spread, except for infections 
associated with the well pyogenic inherent, such as skin abscesses and inflam-
mation of the fascia enterocolitis and arthritis Morphological and osteomyelitis. 
Unfortunately, doctors use the term “cellulitis” and “blush” is inconsistent. For 
some, it regards the distinction between the two terms deeply inflammation: erysip-
elas affect the upper dermis, including surface lymphocyte, while the inflammation 
of the tissue cell includes deep dermis, as well as subcutaneous fat. In practice, it 
may be difficult to distinguish between inflammation of cellulose and Aloristil 
clinically, and used some doctors, especially in northern Europe, the term “blush” 
to describe both infections.

Erysipelas is characterized by clinically from other forms of skin infections fol-
lowing Balmizatan: lesions are raised above the surrounding skin level, and there is 
a clear line of demarcation between the concerned tissue and tissue is involved [50]. 
This disorder is more common among infants, young children, and older adults. It 
is almost always caused by β-hemolytic streptococci (usually group A), but similar 
lesions can be caused by streptococci from serogroups C or G. Rarely, group B 
streptococci or S. aureus may be involved. In older reports, erysipelas characteristi-
cally involved the butterfly area of the face, but at present, the lower extremities are 
more frequently affected [51].

With early diagnosis and appropriate treatment, the prognosis is excellent. 
However, the infection rarely extends to the deeper levels of the skin and soft tissue. 
Is penicillin, which is given either by intravenous or oral according to clinical sever-
ity, is the optimal treatment (A-III). In the case of suspected infection Staphylococcus 
aureus, you must choose penicillin-resistant semi-industrial penicillinase or cepha-
losporin of the first generation. (A-III). In multiple prospective randomized trial, 
the effectiveness of roxithromycin, anti-Maikaroledat, equivalent to those used in 
penicillin. Resistance between macrolides streptococci group, however, is increasing 
in the United States [52].

These infections arise when living organisms enter through breakthroughs in 
skin. Include predisposing factors for these infection cases that make it more fragile 
or local host defenses skin is less effective, such as obesity and previous skin dam-
age, edema of venous insufficiency or blockage of the lymphatic or other reasons. 
The origin of the barrier may be inactivated skin is shock, and skin infections previ-
ously existing, such as herpes or eczema, ulceration, and networks toe chapped 
spots or fungal infections, skin and inflammatory diseases, such as eczema. Often, 
the commas are in a small skin and is clinically moderate. These infections can occur 
anywhere, but the most common in the lower legs [53].
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Include surgical procedures that increase the risk of inflammation of cellulose, 
which is assumed to be due to the interruption of lymphatic drainage, eradication of 
venous bile, and the anatomy of the axillary node breast cancer, surgery for diseases 
of malignant women involving the lymph node dissection, especially when follow-
ing radiation therapy node of lymph. The radical hysterectomy [54–56].

Streptococcus responsible in areas of intermittent intra-toe or cracked, underlin-
ing the importance of the discovery and treatment of ringworm foot and other 
causes of toe deformities in these patients. Sometimes, the Streptococcus tank is 
the anal canal or vagina, especially for the group B Streptococcus, which causes 
inflammation of the cellular tissue in patients with cancer, former women treated 
with surgery and radiation therapy. S. aureus less frequent causes inflammation of 
cellular tissue, and is often associated with penetrating trauma earlier, including the 
injection sites of drug use illegal [57, 58].

Can many factors other infectious inflammation of the production of cellular 
tissue, but usually only in special cases. With cat bites or dogs, for example, the 
administrator would be responsible for the object types Bastorella, especially P. 
multocida, or Capnocytophaga canimorsus. This may cause inflammation of the 
cellulose Alheffilh after immersion in fresh water, while the infection after expo-
sure to salt water can arise from species Vibrio, especially V. vulnificus in warm 
climates. In rare cases, Streptococcus iniae or E. rhusiopathiae may cause infection in 
persons employed in aquaculture or meatpacking, respectively. Inflammation can 
occur Salil about the pilgrims caused by Haemophilus influenzae in children. It has 
been reported diagnostic and therapeutic considerations for these infections by 
the Committee on Infectious Diseases, American Academy of Pediatrics. In anti-
neutropenia, infection may be caused by Pseudomonas aeruginosa or Gram-negative 
bacilli, and in patients with HIV, may be in charge of the organism is Helicobacter 
sinaada. From time to time, Alkraatokov neoformans cause inflammation of cel-
lulose in patients with cellular immune deficiency [59, 60].

Due to the low production rate, the blood cultures is not fruitful for the case of 
typical cases of erysipelas or cellulitis, which were not particularly severe [61]. The 
aspirations of the needle and skin biopsies also are not necessary in typical cases, 
which must respond to treatment with antibiotics directed against Streptococcus and 
Staphylococcus. This may be more useful for patients with diabetes procedures, 
malignant tumors, and factors to prepare non-regular, such as injury immersion, 
bites and animals, neutropenia, and immune deficiency [62].

Include diseases that are sometimes confused with acute inflammation of the 
tissue cell, such as resulting from contact with a skin disease, inflammation of the 
causes of allergies; gout, with skin inflammation significantly extends beyond 
the affected joint; herpes zoster. Hardening of the skin of acute fatty, which is 
inflammation of the lip which occurs mostly in obese women with deficient women 
phlebitis in the lower limb, causing painful areas, erythematous, thin, warm, 
non-saturated, and sometimes scaly in the medial leg-like inflammation of cellular 
tissue [63].

The lifting of the affected area, which is an important aspect and is often 
overlooked in the treatment, the improvement process accelerates by encouraging 
the discharge of gravity edema and inflammatory substances. Patients should also 
receive appropriate treatment for any medical condition may be ripe for infection, 
such as ringworm foot or venous eczema (“stasis dermatitis”) or shock.

Each bout of cellulitis cause inflammation and lymphatic perhaps some per-
manent damage. Acute or recurrent seizures may result from inflammation of 
the tissue cell to lymph edema, which are in some cases large enough to cause the 
elephant’s disease. Measures to reduce the recurrence of inflammation of the tissue 
cell treatment maceration between the numbers, maintain skin hydration well 
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emollients to avoid dehydration and cracking, and minimize any essential edema in 
ways such as raising the upper limb, or compression stockings, or pressure pumps 
air, and if appropriate, treatment Diuretic. If frequent infections occur despite such 
measures, prophylactic antibiotics appear reasonable; however, published results 
demonstrating efficacy have been mixed [64]. Because streptococci cause most 
recurrent cellulitis, options include monthly intramuscular benzathine penicil-
lin injections of 1.2 MU in adults or oral therapy with twice-daily doses of either 
250 mg of erythromycin or 1 g of penicillin V (B-II). An alternative option, but 
has not been tested, for patients suffering from inflammation of trusted frequent 
cellulose is an attempt to shorten each episode by providing antibiotics by mouth 
for them to start treatment as soon as the start of the symptoms of infection. One 
of the selenium experience by mouth showed a decline in the rate of recurrence of 
erysipelas in the secondary lymph edema by 80%. This report requires independent 
confirmation [65].

9.2 Cutaneous abscesses

Skin cysts are collections of pus intradermal skin and deep tissue. Usually red 
nodules are painful, thin, volatile, often surmounted by a pimple surrounded by the 
edge of the swelling erythema. Usually multiple microbes skin cysts, and contain 
bacteria form the regional natural skin flora, and are often combined with living 
organisms from the adjacent mucous membranes [65]. S. aureus is present, usually 
one nurse, only ~25% of skin cysts in general. Cysts contain up the skin, which 
often carry the wrong signs as “fat bags,” usually on the Flora Leather article in the 
cornea Aljbnah, even when they are not inflamed. The cultures of the inflamed 
cysts produce the same living organisms, suggesting that inflammation and vomit-
ing occur in reaction to the rupture of the cyst wall and threw its contents into the 
dermis, instead of infectious complications [66].

9.3 Furuncles and carbuncles

Strangeness (or “boils”) is inflammation of the hair follicles, usually caused 
by Staphylococcus aureus, extending pus through the dermis to the subcutaneous 
tissue, where a small abscess is formed. It is therefore different from folliculitis, 
where inflammation is more superficial and there is pus in the skin. Deer can 
occur anywhere on the skin hairy. Each lesion consists of dogma Inflammatory 
and upper blister show which hair. When the infection extends to include several 
contiguous follicles, and produces a homogeneous mass inflammatory with pus 
distracted from multiple holes porous, called the beauty of the lesion. Muscles 
tend to develop on the back of the neck is likely to occur particularly in people 
with diabetes. For small oven, be moist heat, which seems to enhance drainage, 
satisfactory. Larger Alorfan require larger and all bony rip Tbarva. Systemic 
antibiotics are usually not necessary, what inflammation Salil or the surround-
ing fever did not occur on a large scale (E-III). Cases may occur outbreak of 
inflammation of the thyroid gland caused by MS (MSSA), and as well as MRSA 
disease in families and other places that involve personal contact and close (such 
as prisons), especially when the skin are common injury, such as sports teams or 
Entertainment groups outdoors. The lack of personal hygiene and insufficient 
exposure to others injured Balfrt predisposing factors important in these circum-
stances. In some cases, it may harbor fungus organism and facilitate the trans-
mission. Depending on the individual circumstances, it may require control of 
outbreaks bathing antibacterial soap, such as chlorhexidine; thorough washing 
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of clothes, towels and clothes family; use separate towels and towels. And try to 
eliminate the transfer of cluster Meningococcal between the colonists [67].

Some individuals have frequent bouts of injury. Have a few of these people, espe-
cially children, host responses methodology is not normal, but for most of them, 
the only Almahb factor that can be determined is the presence of Staphylococcus 
aureus in the front openings or sometimes elsewhere, such as perineum [68].

9.3.1 Soft-tissue infections and the evaluation of MRSA infection

The emerging problem is to increase the spread of the skin and soft tissue 
infections caused by MRSA acquired by the community. Considered MRSA, which 
is traditionally considered one of the causes of disease-causing diseases, patho-
gens that occur in the community, and differ from their counterparts in hospitals 
in several ways [69]. Cause community strains infections in patients who lack 
the typical risk factors, such as hospitalization or residence in a long-term care 
facility; often are susceptible to antibiotics, non-lactam, including doxycycline or 
clindamycin or trimethoprim—sulfamethoxazole or fluoroquinolone or rifampin; 
genetically, do not appear to be linked to local hospitals and strains contain a 
cassette-type SCCmec of the fourth type is unusual in Isolates hospital. Finally, 
community isolates frequently contain genes for Banoudin Valuksidin, which is 
associated with mild to severe infections in the skin and soft tissue. It occurred 
because of an outbreak of MRSA isolates acquired from the community between 
prison inmates and prisons, injecting drug users and the Native American popula-
tion and gay men and participants in sports Immobilizer children [70]. Thus, 
recurrent or persistent furuncles and impetigo, particularly in these high-risk 
groups, that do not respond to oral β-lactam antibiotic therapy are increasingly 
likely to be caused by MRSA.

9.3.2 Necrotizing skin and soft-tissue infections

Necrotizing fasciitis may be chronic to bacteria and result from Cyclococcus, 
Pseudomonas, or aqueous Aeromonas. Recently, necrotizing fasciitis has been 
prescribed in a patient with MRSA infection. Inflammation of multiple necrotic 
fasciitis may occur microbes after surgery or in patients with peripheral vascular 
disease, diabetes, ulcers lie down, tears spontaneous mucous in the digestive tract or 
the digestive system (i.e., Fournier gangrene). As with renal bone necrosis, unless 
there is gas in the deep tissue often in these mixed infections [71].

Soft and soft tissue infections skin infections differ from light and surface 
through clinical presentation and common systemic manifestations and treat-
ment strategies [72]. Are often deep and destructive. It is deep because it may 
involve fascial compartments and/or muscles; it is devastating because it caused 
great destruction of tissue and can lead to a fatal outcome. These cases are usu-
ally an injury “minor,” as it evolves from an initial break in the skin due to trauma 
or surgery. It can be abnormal (usually containing Streptococcus or Staphylococcus 
aureus rarely) or multiple microbes (containing plants from mixed bacterial aerobe-
anaerobe). In the initial stages, it may be difficult to distinguish between inflamma-
tion of the cellular tissue, which must respond to the treatment of anti-microbial 
alone necrotizing infection that requires surgical intervention. Many of the clinical 
characteristics indicate a necrotic infection of the skin and deep structures: (1) 
severe pain and constant; (2) bubbles, concerning the obstruction of blood ves-
sels deep that traverse the fascia or muscle compartments; (3) the skin or bruises 
necrosis (bruises) that precedes skin necrosis; (4) gas in the soft tissue, detection 
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palpation or photography; (5) edema extends beyond the margin of erythema; (6) 
skin anesthesia; (7) of systemic toxicity, manifested in fever, leukocytosis, delirium, 
and renal failure; and (8) rapid deployment, especially during antibiotic treatment. 
Bubbles alone is not a diagnosis of deep infections, because they also occur with 
erysipelas, cellulitis, burned skin syndrome, coagulation diffuse into the blood 
vessels, Volminac Purpura, some toxins (e.g., those associated with bites of spider 
brown), skin diseases skin.

10. Necrotizing fasciitis

Fasciitis is an infection necrotizing under the skin are relatively rare tracks on 
the aircraft along the fascia and extends beyond the surface signs of infection, such 
as erythema and other skin changes [73]. The term fasciitis sometimes leads to the 
mistaken impression that the muscle fascia or interruption of urine. The most com-
mon fascia is superficial fascia, which consists of all the tissues between the skin 
and the core muscles (i.e., tissue under the skin).

The clinical characteristic feature is the sense of the wooden tissue under the 
skin. Inflammation of cellular tissue or blush, can seep tissue under the skin and 
produces. But in the inflammation of the fascia, the tissue implicit fixed, and 
cannot distinguish blame and vascular aircraft by palpation. It is often possible to 
note the course of erythema wide in the skin along the infection during its progress 
in cattle head. If there is an open wound, the examination of the edges with a sharp 
tool allows an autopsy on ready-to-aircraft vascular surface that exceed the margins 
of the wound.

11. Anaerobic streptococcal myositis

Streptococcus anaerobic cause more than other Streptococcus aureus infection lazy. 
Unlike other dead infections, usually associated with muscle injury and aircraft 
Allvaiah streptococcal anaerobic shock or perform surgery. Incision and drainage 
necessary. The necrotic tissue and debris eradication but should not remove the 
inflamed muscles viable, because they can heal and restore function. It must be 
packed incision with wet bandages. Antibiotic treatment is very effective. All of 
these organisms susceptible to penicillin or ampicillin, which must be administered 
in high doses.

12. Pyomyositis

Inflammation of the mouth, which is caused by Staphylococcus aureus essen-
tially, is the presence of pus within individual muscle groups. In some cases, the 
pulmonary S. or Gram-negative intestinal bacillus is responsible. Because of its 
geographical distribution, often called the case “orbital inflammation of the pus,” 
but it is recognized cases increasingly in temperate climates, especially in patients 
with HIV or diabetes, lack of. Present the results are local pain in a muscular one, 
muscle cramps, and fever. This disease occurs mostly, but can share any muscle 
group, including lumbar muscle or trunk muscles. At first, it may not be possible to 
contact the separate abscess because localized infection deep within the muscles, 
but the area has a wooden feeling strong is associated with pain and tenderness. In 
the early stages, you can perform ultrasound imaging or CT scans to distinguish 
between this entity and deep venous thrombosis. In the most advanced cases, the 
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abscess is swollen and clinically evident. And appropriate antibiotics in addition to 
the surgical incision and extensive health and sanitation are required for the proper 
management [74].

13. Synergistic necrotizing cellulitis

This is simply inflammation of the soft tissue enterocolitis, which includes 
muscle groups in addition to the surface tissue and fascia. The level of participation 
depends on the depth and levels of tissue affected by the process of origin or patho-
logical process that precedes infection. Predisposing main causes are cysts circular 
ischemic. Similar recognition and treatment with inflammation of the fascia grunt, 
but surgical exploration reveals his innermost.

• Surgical site infections. Include infections of soft tissue surgical those that 
occur after surgery and those severe enough to require surgical intervention 
for diagnosis and treatment. Clearly provided the algorithm indicates that the 
infection site surgical rarely occur during the first 48 h after surgery, usually 
arise fever during that period of non-infectious causes or unknown.

14. Fournier gangrene

Gas gangrene is a rapidly progressive infection caused by Clostridium perfringens, 
Clostridium septicum, Clostridium histolyticum, or Clostridium novyi. Severe penetrat-
ing trauma or crush injuries associated with interruption of the blood supply are the 
usual predisposing factors. C. perfringens and C. novyi infections have recently been 
described among heroin abusers following intracutaneous injection of black tar 
heroin. C. septicum, a more aerotolerant Clostridium species, may cause spontane-
ous gas gangrene in patients with colonic lesions (such as those due to diverticular 
disease), adenocarcinoma, or neutropenia.

This type of inflammation of the soft tissue grunt includes scrotum and penis 
or vagina and can have a malicious or explosive beginning [75]. The average age of 
onset is 50 years. Most of the patients suffer from a significant illness, especially 
diabetes, but 20% of them will not have a clear reason. Most patients initially have 
an infection around the anus or retroperitoneal spread on aircraft along the fascia 
to the genitals. Inflammation of the urinary tract, the most common in the event of 
a narrowing of the urethra, and includes glands around the urethra and extends to 
the penis and scrotum; or previous trauma to the genital area, allowing the arrival 
of living organisms to the tissues under the skin.

Infection can start insidious with a separate area of necrosis in the perineum, 
which is rapidly advancing within 1–2 days with the progress of skin necrosis. In the 
beginning, it tends to cause surface gangrene, and is limited to the skin and subcu-
taneous tissue, and extends to the base of the scrotum. Usually save the testicles, 
glans penis, and the spermatic cord, because they contain a separate blood source. 
Infection may extend to the perineum and the anterior abdominal wall through the 
fascia aircraft.

Most of the cases caused by mixed aerobic and anaerobic plants. Often there are 
types of Staphylococcus aureus bacteria Pseudomonas, usually in a mixed culture, but 
in some cases, be Staphylococcus aureus is the only pathogen. False is another com-
mon object in the mixed culture. As with other infections dead, is the rapid surgical 
exploration of aggressive and appropriate purification necessary to remove all the 
dead tissue, while avoiding the deeper structures when possible.
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15. Clostridial myonecrosis

Cause gas gangrene Clostridium (e.g., muscular muscle necrosis) significantly 
from C. perfringens and C. novyi and C. histolyticum and C. septicum. C. perfrin-
gens is the most common cause of gas gangrene associated with shocks. Severe 
pain increasingly begins at the site of infection after 24 h of infection is the first 
symptom of reliable. The skin may be pale at first, but quickly changed to bronze 
and then to the red color purple. The area becomes infected tense and smooth, 
show fluid-filled bubbles blue reddish. There is gas in the tissue, which is detected 
as crepitus or on the basis of imaging studies, globally present at this late stage. 
Systemic signs of toxicity, including irregular heartbeats, fever, sweating, develop 
rapidly, followed by shock and the failure of multiple members.

Both painful gas gangrene and spontaneous are destructive infection requiring 
accurate intensive care, and support measures, and aggressive surgical revision, 
and appropriate antibiotics. The role of oxygen therapy high pressure is still 
unclear. Altemeier and Fullen [76]. It has been reported significant reduction in 
the mortality rate among patients with gas gangrene using penicillin and tetra-
cycline in addition to aggressive surgery in the absence of high-pressure oxygen. 
Treatment of experimental gas gangrene proved that tetracycline and clindamycin 
and chloramphenicol were more effective than penicillin or high-pressure oxygen 
treatment [77].

16. Clinical manifestations

Abscess clear zones of erythema, edema, and warmth. Evolve as a result of 
bacteria entering through the breakthroughs in the skin barrier [78]. You can be 
seen Petechiae and/or bleeding in the skin erythema, and can surface bubbles occur. 
Fever and other systemic manifestations of infection may also be present. Cysts are 
always one-sided almost, lower limbs are the most common sites of involvement; 
bilateral engagement should consider quickly in alternative causes [79].

Cysts deep dermis and subcutaneous fat include; reddish include the upper and 
lymph dermis surface. Cysts with or without purulent may appear. Erysipelas is 
grainy [80]. It tends patients with cysts or cellulitis to get more comfortable with the 
development cycle of topical symptoms over a few days [81].

Patients suffering from erysipelas usually suffer from the emergence of severe 
symptoms with systemic manifestations, including fever, chills, feeling very upset 
and headache; these can precede the onset of signs and symptoms of local infec-
tions from minutes to hours. In erysipelas, there is a clear demarcation between the 
involved and associated tissues. There may be raised or erythematous border with 
central clearing. Classic descriptions of the red leaf notes “butterfly” face involve-
ment. The involvement of the ear (ear tag in Milian) is a distinctive feature of 
Oryeceblas, because this area does not contain deeper tissues of the skin [82].

Additional features of the abscesses and lymphatic vessels Oristepelas 
inflammation and enlargement of the regional lymph nodes. Edema surround-
ing Bbesellat hair may lead to variation in the skin, which creates showing little 
strength orange peel (“peau d’orange”). This can be seen vesicles bubbles and 
akimats or Alnchat. Can bleeding skin in the case of a significant inflammation 
of the skin. Inflammation of the cellular tissue that causes injury and inflam-
mation Alglazi Algrgreeni is an unusual manifestation of inflammation due to 
cellular Alclaustradia and other anaerobes. It should be the acute manifestations 
of systemic toxicity with the rapid investigation of additional sources underlying 
infection [83].
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17. Diagnosis of complicated abscess and soft tissues infections

Often begins with a diagnosis of a comprehensive abscesses clinical history and 
physical examination results, which helps to assess the severity of infection, fol-
lowed by the study of the living organisms that cause microbearing [84, 85].

Standard procedure is to increase the clinical assessment of laboratory investiga-
tions, especially for inpatient. In addition to the patient’s history, should be taken 
into account relevant risk factors such as frequent entry in the hospital factors, 
diabetes, neutropenia, wounds sting and animal contact, which may indicate a 
potential junior responsible for the injury of living organisms [86].

Possible complications associated with cysts such as inflammation of the lymph 
glands and muscle inflammation and inflammation of the intestine and colon, 
gangrene, osteomyelitis, bacteremia, endocarditis, blood poisoning or poisoning 
should be taken into account during the diagnosis. It may indicate a significant 
increase in the number of white blood cells (or leukopenia) syndrome poisoning, 
while the levels of creatine kinase high may indicate the presence of muscles self-
lessly caused by inflammation of the fascia or inflammation of the bowel syndrome 
and colon [87].

Radiological examination and investigations aid imaging of deep tissue 
infections to assess the location and size of the infection and any involvement of 
blood vessels that can guide surgical drainage procedures. Tests must be per-
formed culturing microbiological in all cases to distinguish between abscesses 
and MRSA infections, non-infectious MRSA, and therefore the revision of the 
final decision on the management of antibiotics to reduce the risk of treatment 
failure likely [88].

Diagnosis of skin abscess usually depends on the clinical manifestations. Abscess 
appears Oristepelas in areas of skin erythema, edema, and warmth. It is raised 
lesions Erysipelas higher than the surrounding skin with a clear delineation of the 
level of tissue between the concerned and involved. Skin abscess appears as a pain-
ful, volatile, erythematous node, with or without a surrounding abscess.

For laboratory tests are not required for patients with uncomplicated infec-
tion in the absence of associated diseases or complications. It must be subject 
to patients with disposable abscess incision and drainage. Routine culture of 
materials debrided is not necessary in healthy patients who are not receiving 
antibiotics [89].

There is no justification for the cultures of abandoned materials and cultures 
of blood (before the addition of antibiotic treatment) in the following cases 
[90, 91]:

• Severe local infection (e.g., extensive cellulitis).

• Systemic signs of infection (e.g., fever).

• History of recurrent or multiple abscesses.

• Failure of initial antibiotic therapy.

• Extremes of age (young infants or older adults).

• Presence of underlying comorbidities (lymphedema, malignancy, neutrope-
nia, immunodeficiency, splenectomy, diabetes).

• Special exposures (animal bite, water-associated injury).
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• Presence of indication for prophylaxis against infective endocarditis.

• Community patterns of S. aureus susceptibility are unknown or rapidly 
changing.

Blood cultures are positive in less than 10% of cellulitis cases [92]. There may be 
a justification for skin biopsy if the diagnosis is uncertain; cultures from samples of 
skin biopsy result in pathogens in 20–30% of cases. Cultures of healthy skin wipes 
are not useful and should not be done [93].

It can be useful radiographic examination to determine whether the skin abscess 
is present (via ultrasound) and to distinguish between cellulitis and osteomyelitis 
(via magnetic resonance imaging). There may be a justification for radiological 
assessment in patients with immune suppression, diabetes, venous insufficiency, 
or lymphedema in patients with persistent symptoms of systemic. Radiological 
examination cannot reliably distinguish inflammation from Salil fasciitis or gas 
gangrene Grunt; if there is clinical doubt for these entities, the imaging should not 
delay surgical intervention [94].

In patients with recurrent cysts, serological tests for drugs Almnhllh blood 
beta may be a useful diagnostic tool. Assays include the reaction of an anti 
Alstrptullizin-O (ASO), or test an anti-desoxyribonuclease b (anti-DNA), or anti 
Alheialoronidaz test (AHT), or antibody test Alstrepettosem [95].

18. Problems related to the emergence of MDR related abscesses and 
related clinical management issues

Experimental methods are used to treat a range of cysts surgical treatments and 
antimicrobial support. However, high resistance of microorganisms to the antibiot-
ics [96]. Resistant organisms medicines in particular, may complicate the treatment 
of cSSTI. Between the organisms of multi-drug resistance, MRSA, enterococci 
resistant to vancomycin (VRE), and gentle stretching act-lactamase (ESBL)—pro-
ducing isolates of E. coli and Klebsiella spp. It has the highest incidence of [97]. 
Strains of CA-MRSA differ genetically apparently from HA-MRSA, and thus involve 
the risk of more severe infections and ease of transmission of resistance [98].

The presence of Pantone assumed—Valentin Okosidin, Botulinum cellular 
genes coding in MRSA isolated from infection CA—skin to play an important 
role in this increased virulence strains associated with tissue necrosis, and 
necrosis of the severity of the largest local and systemic manifestations [99]. 
Carrying strains of CA-MRSA is also the genes of chromosome mec (SCCmec) 
Staphylococcus aureus (types IV and V), which gives resistance to methicillin and 
antimicrobial agents β currently available and help in the transfer of resistance 
easily between living organisms. Although MRSA infection was considered, HA 
mainly, recent evidence has appeared on the emergence of CA-MRSA rapid even 
in hospitals [100].

19. Surgical methods and supportive care

The secretions of fluid from the abscess and ulcers are the common features of 
bacterial abscesses. Therefore, aggressive surgical revision dead tissue/infected by 
using chemical or mechanical methods of preferred whenever possible to stop the 
spread of infection and promote wound healing. The delay is known in the final 
revision of the soft tissue infections is considered one of the most important risk 
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factor for death [101]. Implementation of incision and drainage of inflammatory 
cysts and purulent [102]. Other roads dressing negative pressure, chronic infection 
or localized large wounds with excessive secretion [103]. Download closure with 
the help of the vacuum (as a substitute for wound healing), especially for surgical 
wounds or subsequent surgery deep infections, infections of the blood clotting 
involving venous blood clots, and vascular compensation cases involving injuries 
in the vascular arteries. Supportive care, which includes fluid resuscitation, and 
members of the support, nutritional, and management to maintain oxygen and 
tissue perfusion important interventions in the clinical outcomes of these patients 
are considered [104].

20. Treatment of skin abscess

Some small cysts degrade without treatment, up to the point of disposal. Warm 
compresses help to speed up the process. It referred to as the incision and drainage 
when there is a great pain, tenderness and swelling. It is not necessary to wait for 
volatility. Under sterile conditions, local anesthesia either lidocaine or freezing 
spray is given [105].

Patients suffering from abscesses intravenous anesthesia large and extremely 
painful and may benefit pain during the exchange. Often enough having one hole 
tip stripes to open the abscess. After draining the pus, you must examine the cavity 
or glove full finger scan sites. Optional normal saline irrigation with gauze used to  
reduce dead space cavity and prevents the formation of vaccines. Usually the valves 
are removed after 24–48 h. However, the recent data did not prove the effectiveness 
of routine irrigation or packing. High local temperature may precipitate inflamma-
tion decision [106].

Surgical intervention is the main therapeutic method in cases of fasciitis entero-
colitis (A-III). However, many cases of inflammation of the fascia Grunt may begin 
to Kthab descendant, and if you have been identified fasciitis necrotizing early and 
treated aggressively, it avoids some patients distort surgical procedures. It must 
be based on the decision of an aggressive surgery to several considerations. First, 
there is no response to antibiotics after a reasonable experience is the most common 
indicator. You must be judged to respond to antibiotics by reducing fever and toxic-
ity and lack of progress. Second, deep toxicity, fever, low blood pressure, or skin 
and soft tissue provided during antibiotic treatment is an indication for surgical 
intervention. Third, when the local wound necrosis appears in any skin with easy 
dissecting along the fascia using a blunt tool, you need to make an incision and a 
more complete discharge. Fourth, any soft tissue infection accompanied by gas in 
the injured tissue suggests the presence of tissue necrosis requires Tbarva surgically 
and/or anesthesia.

Most of the patients must come back with rheumatoid fasciitis Grunt to the 
operating room over the first 24–36 h after the anesthesia process, and then a day 
until the surgical team finds no further need debridement. Although separate pus 
is usually absent, these wounds can discharge abundant amounts of tissue fluid. 
Aggressive management of fluid is necessary assistant.

You must treat inflammation of the fascia Grunt and/or toxic shock conjugate 
caused by Streptococcus Group A syndrome of streptococci using penicillin and 
clindamycin (A-II). The rationale for clindamycin in laboratory studies that show 
both the suppression of toxins and modify the production of cytokines (i.e., TNF), 
and on animal studies showing the effectiveness of superior versus penicillin, and 
two studies Rsiditin demonstrating the greater effectiveness of clindamycin for 
β-antibiotics lactam [107, 108]. You must add penicillin due to increased resistance 
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to Group A Streptococcus conjugate of Macroledat, although it is in the United 
States, only 0.5% of the Group A drug resistance Almacrolad is also resistant to 
clindamycin.

Cannot be recommended for sure using of beta globulin (B-II) intravenously in 
the treatment of toxic shock syndrome conjugate Streptococcus. Although there is 
sufficient evidence on the role of toxins Streptococcus outside the cellular in shock, 
organ failure, and the destruction of tissue, containing different sets of IVIG 
variable amounts of neutralizing antibodies to some of these toxins, and lacked the 
final clinical data [107]. One of observational studies have shown better results in 
patients receiving IVIG, but these patients were more likely to undergo surgery and 
received more than historical control subjects clindamycin [108]. Showed a second 
study, was a double-blind trial, which placebo-controlled northern Europe, no 
improvement statistically significant in survival, and specifically for this section, 
any decrease in due time for the lack of further progress fasciitis necrosis (69 h 
for IVIG group, compared to 36 h for a placebo) [109]. The results of these studies 
provide some promise. However, the Committee believes that further studies on the 
effectiveness of IVIG is necessary before it can make a recommendation on the use 
of IVIG for the treatment of toxic shock syndrome conjugate Streptococcus.

21. Abscess arises from the body parts

21.1 Dental abscess

In the early seventeenth century, death bonds began in London on account of the 
causes of death with teeth inserted continuously in the list of the main reasons for 
the fifth or sixth death [110]. By the twentieth century, it has been recognized the 
possibility of the spread of dental abscesses and cause acute poisoning leading to 
death. An audit was conducted at the Hull Royal Hospital between 1999 and 2004, 
an increase in the number of patients who provide services to oral surgery, face and 
jaws with teeth rot [111]. In the United States, a large prospective study reported 
that 13% of adult patients sought treatment for dental pain and infection over 
24 months of follow-up [112]. The percentage of abscess dentoalveolar occurred 
6.4% among children who attended the dental clinic at the outpatient clinics in 
Nigeria. In India, dental caries affect 60–65% of the general population [113]. 
Factors involved in the bacteriological cause abscesses teeth consist of a complex 
mix of strict anaerobic and anaerobic optional. Derived data sets show cultural and 
molecular studies that have been identified more than 460 unique bacterial species 
that belong to 100 genus and 9 species in different types of infections pulposus 
[114]. Signs and symptoms of acute abscess in the teeth are pain, swelling, and ery-
thema are usually localized infected teeth, although suppuration can spread often to 
nearby tissues, causing fatal complications. Fever, swelling of the mouth and inside 
the mouth, erythema, tenderness to palpation significantly. Trismus in addition to 
any changes in the sound, such as hoarseness and a torrent of saliva should pay the 
doctor to the state of emergency [115].

21.2 Subcutaneous tissue abscess

Respond to simple infections confined to the skin and underlying soft tissues in 
general to manage outpatient. Among the common symptoms are simple: cellulitis, 
erysipelas, herpes, folliculitis, fur, shrimp, cysts, infections and injuries. Include 
complex injuries that extend to the deep underlying tissue, which include deep 
cysts, ulcers decubitus, fasciitis grunt, Fournier gangrene, infections of human or 
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animal bite. These infections may appear with the inflammatory response syn-
drome features or systemic sepsis, and sometimes brain necrosis. Inflammation 
around the anus, and diabetic foot infections, infections in patients with accom-
panying diseases, and infections of the causes of resistance diseases also represent 
a complex inflammatory. The diseases of aging, heart disease, or liver, or diabetes, 
or weakness, or immune poisoning, or obesity, or arterial venous insufficiency or 
peripheral lymphatic, and psychological trauma among the risk factors of infection 
of sexually transmitted. The spread of the disease is more common among military 
personnel during deployment abroad and athletes participating in the nearby 
sports. Provide with erythema, warmth, edema, and pain on the affected site. 
Systemic manifestations of infection may follow, reflect the size of the severity of 
infection. Lower limbs are the most common [116].

21.3 Lymph node abscess

Found swollen lymph node cervical in many different disciplines of general 
medicine to specialized disciplines such as ear nose and throat surgery or maxillofa-
cial surgery craniofacial. It causes swelling benign or malignant may be. Swellings or 
even benign cysts as a result of infection due mostly Staphylococcus aureus and Group 
A. Rare disease of animal origin also causes swelling of the lymph node is Altolemia 
disease. This disease shows all over the northern hemisphere, but the proportion of a 
1056 case only registered in the EU in 2016 is very low [117]. Francasla Tolensis, one 
of the causes of Altolemia disease, is Gram-negative bacteria; been described for the 
first time in 1911 in the United States of America (USA). Bacteria can be divided into 
four different strains. Sub-species F. tularensis subspecies holarctica spread mostly 
in Europe, while the sub-species F. tularensis subspecies tularensis exist frequently in 
North America. Although it is the same bacteria can be identified in more than 250 
different animal species, but the exact path of transmission to humans is not yet clear 
[118]. In order to avoid serious illness and complications, it is necessary to appropri-
ate early treatment after identifying pathogens. Active substances of antibiotics are 
aminoglycosides and fluoroquinolones and tetracycline and chloramphenicol and 
rifampicin. It should not be used erythromycin as a representative of Macroledat 
because of natural resistance, especially for the type of mushroom ring [119].

21.4 Perianal abscess

Cysts around the anus are the most common types of cysts anal. These cysts 
can cause considerable annoyance to patients. It is located at the edge of the anus, 
and if left untreated can extend into space ischioanal or space intersphincteric 
because these areas are continuing with the space around the anus. It can also cause 
systemic infection if left untreated [120]. The prevalence rate of cysts around 
the anus and anal cysts, in general, is underestimated, since most patients do not 
seek medical care, or are refusing as the occasional hemorrhoids. It is estimated 
that there are approximately 100,000 cases of benign anal disease in general. The 
average age at presentation is 40 years, and that the male mostly of adults twice 
the rate of infection than females [121]. Abscess around the anus is an indication 
of the incision and drainage in a timely manner. Antibiotics management alone is 
inadequate and inappropriate. Once you make an incision and drainage, there is 
no need to antibiotics unless management require some use of medical problems. 
Such cases include valvular heart disease, and patients with immune deficiency, 
diabetes patients, or in the development of sepsis. Antibiotics are also considered 
in these patients or cases showing signs of infection or systemic inflammation of 
the cellular tissue surrounding [122].
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21.5 Breast abscess

Breast infections are divided into categories of breastfeeding and non-breast-
feeding, or postpartum and non-puerperal. It can be associated with the surface of 
the skin or underlying lesion. The breast abscesses are more common in lactating 
women, but they also occur when women are breastfeeding. It is important to rule 
out more serious diseases such as breast cancer when the patient gets unsatisfactory 
signs and symptoms of breast abscess. The vast majority of these injuries occur in 
females, but they can also occur in males. Diagnosis and treatment of breast abscess 
is not difficult, but there is a high percentage of repetition [123]. Abscesses breast 
disease is often caused by Staphylococcus aureus and Streptococcus species, it became 
Staphylococcus aureus resistant MRSA increasingly common. Usually breast abscess 
is a result of a mixed deciduous plants with bacteria S. aureus and Streptococcus and 
anaerobic bacteria [124]. Incision and drainage are the standard for the care of 
breast abscesses. If the patient’s back in a primary care centers by the provider is not 
satisfied with the implementation of these procedures, the patient may start antibi-
otics and transmit it to a general surgeon for final treatment. You may be trying to 
suction the needle abscesses smaller than 3 cm or abscesses milk [125].

21.6 Liver abscess

Liver abscess is a pus-filled mass inside the liver [126]. Common causes are 
cases of abdominal such as appendicitis or diverticulitis because of the spread of 
blood through the portal vein. Can also develop liver injury complication [127]. The 
prognosis has improved for liver abscesses. The mortality rate in-hospital is about 
2.5–19%. The elderly, ICU admissions, shock, cancer, fungal infections, cirrhosis, 
chronic kidney disease, acute respiratory failure, severe disease, or disease of biliary 
origin have a worse prognosis [128]. Antibiotics: metronidazole fourth and third 
generation cephalosporin/quinolones, antibiotics and β-lactam, and aminoglyco-
sides effective [129].

21.7 Brain abscess

Cysts inside the skull is a common and serious life-threatening. They include 
brain abscess and subdural empyema or outside the dura and are classified by loca-
tion anatomic or the causative agent of the disease. The term brain abscess is used in 
this article to represent all types of cysts within the skull [130]. Abscess formation 
may occur after nerve surgery or head trauma. In these cases it is often the cause 
of the bacterial skin infection by, such as Staphylococcus aureus and S. epidermidis, 
or negative bacilli Gram. Sinus) it is often caused by Streptococcus species 4 but 
abscesses Staphylococcus aureus and microbes (including those resulting from the 
anaerobic Gram-negative bacilli) also occur [131].

21.8 Renal abscess

Renal cysts and the period surrounding the animal are satisfactory entities that 
are uncommon due to kidney infections or around it. Moreover, it is a challenge for 
diagnostic physicians. Delays in diagnosis may lead to higher morbidity and mortal-
ity rates [132]. With the availability of computerized tomography (CT) and mag-
netic resonance imaging (MRI) in the diagnosis of renal cysts, the mortality rate 
dropped to 12% [133]. The mainstay of the treatment of kidney cysts or perineum is 
adequate drainage system and antibiotics optimal. Include the classic management 
of kidney cysts surgical exploration, incision and drainage, or the eradication of the 
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kidney. However, the destructive treatment at the beginning of the 1970s appeared, 
and the trend towards common conservative treatment due to advances in new 
imaging techniques and antibiotics. It is noticed several reports that small cysts 
nephrotic effectively treated through antibiotics intravenously.
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Abstract

Staphylococcus aureus is a colonizing microorganism of the nasal region of both 
humans and animals and represents an important opportunistic pathogen. The 
acquisition of the mecA and mecC genes by S. aureus led to the emergence of methi-
cillin resistance (MRSA), becoming a public health problem in both human and 
animal areas. In addition to resistance to β-lactam antibiotics, MRSA strains have 
multidrug resistance to antimicrobials, significantly limiting therapeutic options, 
making it crucial to have effective alternatives for treating staphylococcal infec-
tions. In this context, the use of lytic bacteriophages, which are viruses that infect 
and lyse bacteria, as well as the use of their by-products, such as endolysins, has 
shown potential in the control of S. aureus, including MRSA. Due to the specificity 
of bacteriophages to infect particular prokaryotic hosts, these viruses represent an 
antibacterial resource for the control of public health relevant microorganisms, 
especially antibiotic-resistant bacteria.

Keywords: Methicillin resistant Staphylococcus aureus, MRSA, phage, phage therapy, 
phage by-products

1. Introduction

1.1 The role of S. aureus in human and animals

Among the different relevant bacterial genus in Veterinary and Human 
Medicine, Staphylococcus is one of the most frequent opportunist pathogens. The 
species belonging to this genus present themselves as Gram positive cocci and are 
related to different communitarian and nosocomial infections, in both humans 
and animals. The members of Staphylococcus spp., especially Staphylococcus aureus, 
are constituents of the normal microbiota of the skin, mucous membranes, and 
upper respiratory tract of humans [1]. Although S. aureus is not considered part of 
the microbiota of dogs, indexes of 5% [2], 10% [3, 4], and even 20% [5] of nasal 
colonization by the bacterium were described in canines. Similarly, the cats also are 
included among the pet target-species potentially colonized by S. aureus due to their 
close proximity to humans, as pets [6]. In the context of proximity, the coexistence 
between man and dogs is still closer in order of canine aptitudes additional to the 
condition of the pet, as guide dogs, hunting dogs, guard dogs, among others. Thus, 
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the pets share daily routines with their owners, establishing affective bonds that 
emphasizes the importance of the control of transmissible diseases inter-species.

Historically, the first publications related to the human carriage of S. aureus, 
emerged in mid-1940s [7] and showed the relevance of the bacteria in the human 
infections. On the other side, the approach to this theme in the vet sphere was only 
evidenced from the year 2000. Regardless, S. aureus has zoonotic potential [8], 
being even more relevant when the bacteria is methicillin-resistant (Methicillin 
Resistant S. aureus or MRSA). The transmission of this emerging zoonotic patho-
gen among pets and humans [9], including veterinary staff, has been demonstrated 
[10, 11], implying problems in the public health sphere [12]. In addition, the risk 
of zoonotic transmission of S. aureus may impact directly in the relation between 
humans and animals, harming the strength of the affective bond. Additionally, 
the expressive occupational health risk to veterinary professionals must also be 
considered [13].

1.2 Infections related to S. aureus and Methicilli Resistant S. aureus (MRSA)

S. aureus is one of the most structured species in order of the high frequency as 
etiological agent of infections, as well as the growing prevalence of its resistance to 
antimicrobials [14]. The health complications arising of the infection by S. aureus in 
humans and animals are diversified and depend on intrinsic factors to the bacteria 
(virulence factors as extracellular enzymes, capsular polysaccharides, surface-
associated proteins), as well as the conditions inherent to the host. Clinically, they 
can limit themselves to localized skin infections, but can cause severe illnesses as 
septicemia, respiratory tract infections, osteomyelitis, endocarditis, besides food 
poisoning [9]. Along with the severity of the bacterial infections, the other factor 
that compromises the recovery of the infected individuals is the bacteria antimi-
crobial resistance profile. The higher the degree of resistance, the higher will be 
the restriction to therapeutic alternatives to the treatment of the infection, there 
may not even be an effective drug. In this regard, the World Health Organization 
(WHO) suggested in 2017, a list of resistant bacteria considered more relevant in 
order of antibiotics shortage to treat the diseases. The specialists grouped the patho-
gens accordingly with the bacterial species and the resistance type shown, resulting 
in three priority tiers: critical, high, and medium, being Methicillin-Resistant S. 
aureus considered high priority [15].

1.3 Perspectives to MRSA infections treatment

Alternatively, with the development of the new antibiotics to supplant the 
resistance, there is the possibility of using viral agents to control unwanted bacteria. 
Viruses termed “bacteriophages” or “phages” are the most abundant agents in the 
environment and are host-specific, i.e., they infect only prokaryotes that have their 
own specific receptors for their adsorption. The absence of such receptors makes 
phage binding to the target cell as well as subsequent infection impossible, charac-
terizing the specificity of these viruses [16, 17]. Phages are easily recovered from 
soil, sewage, and feces and their numbers are about 3 to 10 times higher than bacte-
rial counts even though variations exist between ecosystems [18, 19]. Like other 
viruses, bacteriophages are obligate intracellular, and are characterized according 
to the replication cycle exhibited after infection of the bacterial host. The cycle can 
be lytic or lysogenic, but only phages that exclusively perform the lytic cycle are of 
interest for use as therapeutic agents, since they will promote cell lysis at the end of 
the cycle [18].
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2. Methicillin resistant Staphylococcus aureus (MRSA)

2.1 What is MRSA?

The Staphylococcus genus consists of a variety of opportunistic pathogens of 
variable relevance in veterinary medicine, being the coagulase-positive S. aureus 
and members of the group Staphylococcus intermedius, particularly Staphylococcus 
pseudointermedius, the most important clinically [13]. In human medicine, S. aureus 
can cause clinical manifestations ranging from mild skin and soft tissue infections 
to severe bloodstream infections. A remarkable skill of this genus is its capacity 
to acquire antibiotic resistance [20], mainly from the irrational increase in the 
intensity of its use [21]. Methicillin resistant S. aureus (MRSA) are resistant to an 
important range of antibiotics [20]. The resistance to methicillin, conferred by 
the presence of the mecA or mecC gene, is of particular relevance. These genes, 
located in Staphylococcal Chromosomal Cassette (SCCmec) confer the methicillin 
resistance [22] and codify the production of a penicillin-binding protein (PBP) 
with low affinity to beta-lactams antibiotics, such penicillin, cephalosporins, and 
 carbapenems [20, 23].

2.2 Laboratory detection of MRSA

Phenotypic tests for laboratory identification of Staphylococcus species are 
relatively simple, with the employment of the catalase and coagulase tests, both 
positive. However, definitive confirmation requires the employment of additional 
tests or the Matrix Assisted Laser Desorption Ionization - Time Of Flight Mass 
Spectrometry (MALDI-TOF) [24], since both S. aureus and S. pseudointermedius 
(in addition to other species of staphylococci, such as S. lugdunensis) are coagulase 
positive. The detection of mecA and mecC genes by polymerase chain reaction 
(PCR) is also a complementary alternative for the correct identification of methi-
cillin resistant species [25]. Alternatively, phenotypic tests to confirm methicillin 
resistance are often performed because they have low cost and reliable results. In 
this context, the behavior of the bacteria is evaluated by disk-diffusion on Mueller 
Hinton agar with 30 μg Cefoxitin disk for S. aureus (MRSA) [24]. The test consists 
of preparing a bacterial suspension in sterile 0.9% NaCl with density equivalent to 
0.5 McFarland standard (1.5 x 108 CFU/mL). Next, a cotton swab is soaked in the 
freshly prepared solution and is seeded on the Mueller Hinton agar surface. After 
application of the antimicrobial disks and appropriate incubation (35°C/24 hours), 
the behavior against the antibiotics is verified according to the measurements of the 
inhibition halos formed around the tested disks [21], and it is interpreted according 
to the current reference guidelines used in each health service.

2.3 MRSA colonization and MRSA infection

Historically MRSA was described in humans in 1961 [26], while MRSA 
colonization and infection in animals was first reported in 1972 in asymptomatic 
dogs in Nigeria and a case of bovine mastitis in Belgium [23]. Around 25–30% of 
the human population is asymptomatically colonized by S. aureus in their nostrils 
[22, 27]. Humans and animals with nasal colonization by S. aureus and MRSA 
are considered to be at higher risk for developing infections and transmission of 
bacteria and, since colonization usually precedes infection [26]. In this sense, 
there is a great public health concern because domestic animals are potential 
reservoirs of these pathogens, with subsequent transmission to humans. The 
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colonization of people in contact with colonized animals has been described. In 
addition, it has been shown that transmission can occur from animal to human 
as well as from human to animal [20]. The epidemiological success of S. aureus-
related pathogens depends not only on its ability to produce virulence factors but 
also on its fitness, that is, its ability to grow and persist in its hosts, promoting 
colonization [28].

It is now well established that MRSA isolates are often non-susceptible to dif-
ferent classes of antibiotics and are considered multidrug-resistant (MDR) when 
resistance is observed for at least three different classes of antimicrobials [25]. 
The great adaptability of this pathogen is due to its expressive genetic plasticity, in 
which approximately 25% of the S. aureus chromosome consists of mobile genetic 
elements, such as chromosomal cassettes, transposons, plasmids, and bacterio-
phages, which can be acquired through horizontal transfer [29].

When human MRSA infections persist, worsen, or recur despite surgical 
treatment, additional use of systemic antibiotic therapy is required [27]. Different 
clinical treatment options are available to combat MRSA infections, including 
vancomycin. Although this drug is the main therapeutic option, there are several 
limitations in its use, such as the achievement of optimal serum concentration, 
long-term treatment, renal toxicity, and restricted route of administration (intra-
venous) [30]. In the veterinary field, there is no effective therapy to treat MRSA 
infections, so prevention and control measures are critical to contain the further 
spread of MRSA [21]. While this challenge remains unresolved, successful treat-
ment of infections may require the development of new antibiotics and the use of 
bacteriophages and phage-derived lytic proteins [29] as alternative therapeutic 
resources.

2.4 Bacteriophages as anti-MRSA agents

With the emergence of MRSA, staphylococcal infections have become difficult 
to control. MRSA is typically resistant to beta-lactams and can even present resis-
tance to other antimicrobials [20], thus requiring new therapeutic alternatives. In 
this sense, phage therapy resurfaces as a promising tool for the control of unwanted 
bacteria, since it consists of the use of viruses, called bacteriophages, capable of 
infecting and killing prokaryotes without harming human or animal cells.

2.4.1 What are bacteriophages?

Bacteriophages, also known as phages, are viruses that infect and lyse prokary-
otes. They are considered the most numerous infectious entities on the planet, being 
found in different environmental matrices, such as sewage, water, soil, among 
others [31]. Phages have been proposed as an alternative resource to the problem of 
resistant bacteria since they infect bacterial cells and, at the end of their reproduc-
tion cycle, promote the lysis of the host bacterium [18, 32]. After their discovery in 
1917, phages were successfully used for the treatment of several bacterial infections 
[31]. However, the advent of antibiotics and their industrial-scale production, 
coupled with the lack of adequate studies and the poor understanding of phage biol-
ogy at the time, resulted in the abandonment of studies related to these viruses as 
therapeutic agents in most institutions. A few places followed up on these studies, 
such as Eastern Europe, mainly Russia, Georgia, and Poland. Truly, the production 
and use of phages for prophylaxis and therapy never stopped in the last two coun-
tries mentioned [33]. From these countries emerged the main research in the phage 
therapy field.
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Subsequently, the indiscriminate use of antibiotics enabled progressive bacterial 
resistance, leading to the resumption of studies with phages. Thus, bacteriophages 
and their products, such as enzymes released at the end of their replication cycle, 
were once again considered as therapeutic agents [32]. Phage therapy is the use 
of bacteriophages to eliminate bacterial pathogens, and fortunately, innovative 
research techniques have made several advances in the field possible. One of the 
most important discoveries has been the distinction between the replication cycles 
carried out by phages. The replication of these viruses occurs mainly through two 
cycles: the lysogenic and the lytic.

2.4.2 Phage replication: Lytic and lysogenic cycles

Frequently, S. aureus displays prophages inserted into its DNA and this viral 
genetic material contributes to bacterial adaptability once it encodes virulence 
and fitness factors [34]. Although most phages that infect S. aureus are temperate, 
i.e. lysogenic, some of them are strictly lytic and present potential for use as anti-
staphylococcal agents. According to the International Committee on Taxonomy of 
Viruses (ICTV), phages with DNA genetic material belong to the order Caudovirales 
which comprises nine different families: Siphoviridae, Myoviridae, Podoviridae, 
Herelleviridae, Drexlerviridae, Demerecviridae, Chaseviridae, Autographiviridae 
and Ackermannviridae [35]. The phages described so far capable of infecting 
S. aureus belong to the first three families, of which Myoviridae and Podoviridae 
involve S. aureus phages whose cycle is exclusively lytic [36]. Phages from these 
families are characterized by having an icosahedral capsid, where the genetic 
material is located, and are differentiated by the type of tail they have, which can 
be long and flexible (Siphoviridae), long and retractable (Myoviridae) or short 
(Podoviridae) [18].

Regardless of the type of cycle (lytic or lysogenic) performed by the bacterio-
phage, the replication process will begin by the adsorption of the virus to receptors 
on the surface of the host cell wall. During the infection of Gram-positive bacteria, 
as is the case of Staphylococcus spp., proteins present in the fibers of the viral tail 
interact with the teichoic acids of the cell wall, and the teichoic acids found in S. 
aureus are distinct from those observed in other Staphylococcus, thus allowing the 
specific binding of the phage [37]. The absence of this receptor in the bacteria 
renders the phage unable to bind and start its replication cycle, giving the virus the 
characteristic of being host specific. After the irreversible binding of the phage to 
the bacterial proteins, the bacterial cell wall undergoes the action of enzymes asso-
ciated with the phage tail tip complex, forming a pore in the bacterial wall through 
which the genetic material of the virus is ejected into the cell. In Staphylococcus 
phages of the Myoviridae family the ejection of the viral DNA is facilitated by 
the contraction of the tail sheath [38]; in S. aureus Siphoviridae phages occurs the 
action of enzymes associated with the phage tail tip complex [39] and in S. aureus 
Podoviridae phages are the putative cell wall-degrading enzymes located in the tail 
spike [40]. Once the viral DNA is inside the host, either the lytic or the lysogenic 
cycle will be performed according to the characteristics of the phage.

The lysogenic cycle is characterized by phages that are able to infect and inte-
grate their genetic material into the DNA of the bacteria, thus forming a prophage. 
The ability to integrate its genetic material with the bacteria is due to the presence 
of genes that encode the integrase protein, an enzyme that mediates the recombina-
tion between the phage’s DNA and that of the host [41]. Subsequently, proteins are 
produced that induce viral latency, implying a pause in the transcription of gene 
products, allowing the prophage to exist with the bacteria for several bacterial 
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generations without major consequences. Furthermore, the prophage induces 
immunity in the bacteria against infection via new phages. Bacteriophages that 
exhibit this type of replication cycle are not suitable in the context of phage therapy, 
since at the end of the viral cycle the death of the bacteria will not necessarily occur. 
In addition, bacteriophages that perform the lysogenic cycle may be responsible for 
producing toxic substances and carrying resistance genes [32], implying benefits 
for the bacteria.

On the other hand, in the lytic cycle there is no integration of the phage genetic 
material to the prokaryote DNA. At the end of this viral replication cycle, when the 
new virions are already formed and ready to be released, there is the production 
of enzymes capable of lysing the bacteria cell wall, inducing bacterial rupture and 
death for the release of new virions. Therefore, phages whose replication cycle is 
lytic are the most suitable for use in phage therapy, precisely because they cause 
bacterial lysis [18]. The schematic representation of the lytic and lysogenic cycles in 
S. aureus is shown below (e.g., Figure 1).

2.4.3 History of phage therapy in S. aureus infections

The attempt to use phages for the treatment of infections caused by S. aureus 
began soon after the discovery of phage therapy, and it is likely that the first use 
was in six patients with skin diseases in 1921. After the discovery of antibiotics, 
the studies related to phage therapy were abandoned and the few that continued, 
conducted in Georgia, Russia, and Poland, included efforts to treat staphylococ-
cal infections [31]. Although the main studies target the use of phage therapy in 
humans, phages have also been proposed for use in veterinary medicine. The first 
case of application of this therapy in animals was associated with d’Herelle, one of 
those responsible for the discovery of phages. In 1919, he used the viruses to contain 
an outbreak of lethal typhoid fever in chickens. After analyzing several dead ani-
mals, d’Herelle was able to identify Salmonella Gallinarum and after isolated a lytic 
bacteriophage for the bacterium in question [42]. In another study, S. aureus phages 
were tested in mice, but the results were unsatisfactory because the virus used was 
not able to protect against a lethal dose of the bacteria [42].

Studies with phages for the control of staphylococcal infections were continued 
in some regions of the world. In the United States (1952), a laboratory (Delmont 
Laboratories) licensed, for human use, a bacterial lysate produced from the 

Figure 1. 
Lytic and lysogenic cycles.
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infection of bacteriophages in two virulent strains of S. aureus. Several years later, 
in 1986, the same product was licensed for veterinary use for the treatment of 
recurrent canine pyoderma but is no longer marketed for human use. This lysate, 
whose commercial name is “Staphage Lysate SPL”, consists of bacterial cell wall 
fragments, intracellular components released during bacterial lysis, culture media 
ingredients, and viable bacteriophages. In 1981, it was demonstrated to be able to 
protect 80–100% of infected mice compared to the group not treated with SPL [43]. 
In dogs, SPL has been used effectively to treat chronic staphylococcal blepharitis 
as well, where weekly injections were administered to control the disease without 
adverse effects on the animals [44].

Because of the resistance of S. aureus to antimicrobials, some studies have sought 
to evaluate the activity of phages and their products against MRSA isolates. In 2008, 
one study evaluated the potential use of phages to eliminate or reduce nasal colo-
nization by S. aureus, concluding that decolonization may be beneficial for certain 
patient groups, and phages were able to effectively combat induced infections in 
animal experiments [45]. A recent review concluded that phages are effective as 
topical antimicrobials against S. aureus, being able to combat MRSA in skin infec-
tions regardless of whether they are used with or without combination to topical 
antibiotics [46]. In addition to the phage itself being used as an antimicrobial agent, 
its products, such as lytic enzymes (endolysins), are also the subject of investiga-
tion. Phages and their products can be administered orally, inhaled, intravenously, 
subcutaneously, and topically, as suspensions for ocular use or application to 
bacteria-infected burns. The use of bacteriophages in therapeutics has advantages, 
mainly the high viral specificity that allows them to bind only to bacterial cells with 
the specific receptors, not affecting human or animal cells, thus avoiding significant 
side effects. Furthermore, phages can be used in the control of bacteria that show 
resistance to antibiotics [32]. Additionally, these viruses can adapt to the resistance 
mechanisms developed by bacteria, evolving in parallel to their host.

2.4.4 Commercial phage products anti-staphylococcal

Commercial products containing phages or enzymes produced by them are 
manufactured and available in some countries, mainly in Russia and Georgia, but 
also in Canada, the Netherlands and the Czech Republic. The following table (e.g., 
Table 1) gathers different commercial phage products, the target bacteria of each 
product, their main uses and the manufacturer [47–50].

In recent years, different studies involving commercial phage products with 
anti-staphylococcal activity have been undertaken. Most of them were related to 
S. aureus Myoviridae phages and demonstrated very promising results. Among 
them, it was shown that 100% (10/10) of multidrug resistant S. aureus isolates were 
lysed by Fersisi phage cocktail; 90% (9/10) were lysed by Instesti bacteriophage 
and 80% (8/10) by Pyo phage cocktail, showcasing the high lytic activity of com-
mercial phage cocktails of Eliava BioPreparations, Georgia [51]. Similarly, 95% of 
clinical isolates of staphylococci, including 3 MRSA and 17 Methicillin susceptible 
S. aureus (MSSA) were sensitive to the action of Pyofag® polyvalent bacteriophage 
(Pharmex Group LLC, Ukraine for NeoProbioCare Inc.) Moreover, the same com-
mercial phage cocktail was able to control furuncles in a patient with skin lesions by 
topical application of Pyofag®, as well as orally and nasally, for 14 days [52].

Some commercial products with the same name, but produced by different 
manufacturers, are proposed for the control of S. aureus in skin and wound infec-
tions, including Pyophage (polyvalent purified) cocktails from Microgen (Russia) 
and Pyophage from Eliava BioPreparations (Georgia). One study evaluated the 
performance of both cocktails against 20 MSSA and 31 MRSA clinical isolates 
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Product name Active against Informations/use Manufacturer

Complex Pyo 
bacteriophage

Staphylococcus, 
Streptococcus, Enterococcus, 
P. mirabilis, P. vulgaris, 
K. pneumoniae, K. 
oxytoca, P. aeruginosa, 
enteropathogenic E. coli

Mix of sterile lysate phages.
Used for the treatment of 
diseases of the eyes/ear/
nose, throat, infections of 
respiratory tract, lungs, 
surgical sites, urogenital, 
enteric, septic diseases. 
operational and newly 
infected wounds, for the 
prevention of hospital-
acquired infections.

Microgen (Russia)

Fersisi 
bacteriophage

S. aureus, S. epidermidis, 
S. pyogenes, S. sanguis, S. 
salivarius, S. agalactiae

Sterile filtrate of phage 
lysates.
Used for the treatment 
of otolaryngological 
diseases; infections of skin, 
urogenital, gynecologic, 
enteric, pyo-inflammatory 
disease in children 
(including newborns).

Eliava BioPreparations 
(Georgia)

Gladskin Acne, 
Gladskin 
Eczema, 
Gladskin 
Rosacea, 
Gladskin Shaving 
Irritation

S. aureus, Metichillin 
Resistant S. aureus 
(MRSA)

Endolysin XZ.700. Used 
for the treatment of skin 
disorders (acne, eczema, 
rosacea, psoriasis).

Micreos 
(Netherlands)

Intesti 
bacteriophage

S. flexneri serotypes 
1,2,3,4, S. Paratyphi 
A and B, E. coli, S. 
Typhimurium, S. 
enteritidis, P. vulgaris, S. 
Cholerasuis, S. sonnei, S. 
Oranienburg, P. mirabilis

Mix of sterile filtrates of 
phage lysates.
Used for the treatment of 
enteric infections.

Eliava BioPreparations 
(Georgia)

Intesti- 
bacteriophage

S. flexneri serotypes 
1,2,3,4,6, S. sonnei, S. 
Paratyphi A and B, 
S. Typhymurium, S. 
Cholerasuis, E. coli, 
S. Oranienburg, S. 
enteritidis, P. vulgaris,  
P. mirabilis, Enterococcus, 
Staphylococcus, P. 
aeruginosa

Mixture of sterile filtrates 
of phage lysates.
Used for the treatment 
of bacterial dysentery, 
dyspepsia, disbacteriosis, 
enterocolitis, colitis, 
salmonellosis.

Microgen (Russia)

Pyophage S. aureus, S. pyogenes, S. 
sanguis, S. salivarius, S. 
agalactiae, E. coli,  
P. aeruginosa, P. mirabilis, 
P. vulgaris

Mix of sterile lysate phages.
Used for the treatment 
of infections of upper 
respiratory tract,
dermatological, surgical 
site, ocular urogenital, 
gastrointestinal, purulent 
septic infections in 
children, for prevention 
of post- operational 
complications and hospital 
infections.

Eliava BioPreparations 
(Georgia)
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and concluded that both products had greater than 75% coverage, but Microgen’s 
Pyophage was extremely effective against MRSA, killing 97% of the bacterial 
isolates. Genomic analyses of the S. aureus phages contained in these commer-
cial products revealed great similarities (Myoviridae, Kyavirus genus), however 
Microgen’s cocktail additionally featured a S. aureus Podoviridae component that 
possibly contributed to the higher coverage observed against MRSA [53].

In a recent study, the action of Stafal® (a preparation with polyvalent bacte-
riophages active on S. aureus) on planktonic cells as well as on biofilms produced 
by MSSA and MRSA was demonstrated. Bacterial cells immersed in the biofilm 
required high phage concentrations and longer exposure time to be destroyed com-
pared to planktonic forms [54]. It is likely that this occurred because of the diffi-
culty of the phage to access the host cell surface within the biofilm matrix. Still, the 
phages were active on the biofilms, whereas antimicrobials are known to be inef-
fective due to the limitation of their diffusion through the extracellular polymeric 
substances matrix. Similarly, enzymes encoded by bacteriophages called endolysins 
have shown promising advances against bacterial biofilm formation. Such enzymes 
are responsible for lysis of the host bacterial cell wall promoting the release of viral 
progeny at the end of the replication cycle of lytic phages [55]. Experimental assays 
showed that the phage-derived lysine named “LysH5” was able to remove S. aureus 
biofilm, even eliminating persistent cells (subpopulation of cells that showed high 
resistance to antibiotics). During treatment of staphylococcal biofilm with LysH5 
(0.15 μM), complete inhibition in biofilm formation was also seen in certain  
S. aureus isolates [56].

Commercially, the recombinant endolysins Staphefekt SA.100 and Staphefekt 
XDR.300 (Micreos Human Health BV, Netherlands) which act on S. aureus (includ-
ing MRSA) are available for use. A few clinical studies have been conducted with 
Staphefekt SA.100 and all have demonstrated remission and/or improvement 
of chronic S. aureus skin infections (folliculitis, rosacea, and eczema) [57, 58], 
reinforcing the utility of this therapeutic resource. Moreover, it is believed that 
endolysins may be better therapeutic alternatives than bacteriophages themselves 
since bacteria have the possibility to develop resistance to the phage. On the other 

Product name Active against Informations/use Manufacturer

Pyofag® 
polyvalent 
bacteriophage

S. pyogenes, S. aureus, 
E. coli, P. aeruginosa, P. 
vulgaris, P. mirabilis

Solution in vial with 
bacteriophages.
Used for the treatment of 
pyoinflammatory diseases 
of ears, throat, nose, 
oral cavity, eyes, surgical 
infections, burn wounds; 
urogenital, gynecologic, 
and enteric infections.

Pharmex Group 
LLC (Ukraine) for 
NeoProbioCare Inc. 
(Canada)

Stafal ® S. aureus, MRSA, 
including biofilms

Polyvalent bacteriophages 
of the family Myoviridae 
and genus Kayvirus.

Bohemia 
Pharmaceuticals 
(Czech Republic)

Staphefekt TM S. aureus and MRSA Endolysin XZ.700. 
Used for treatment 
of inflammatory skin 
conditions such as eczema, 
acne, rosacea, psoriasis.

Micreos 
(Netherlands)

Table 1. 
Commercially available anti-S. aureus phage products.
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hand, it is necessary to consider that endolysins present limitations, such as: i) 
induction of inflammatory response of cytokines and neutralizing antibodies that 
imply the reduction of the half-life time (in vivo); ii) their systematic use in vivo will 
provoke an immune response that will promote the loss of the lytic activity of the 
enzyme [59]; iii) lower activity on Gram-negative bacteria due to the presence of 
the external membrane in the cell wall [60].

Other commercially available products are: Bronchophage, Otophage, 
Phagodent, Phagoderm, Phagogyn, Phagovet, Vetagyn (Micromir, Russia); 
ENKO bacteriophage, SES Bacteriophage, Staphylococcal bacteriophage (Eliava 
BioPreparations, Georgia); Dysentery bacteriophage, E. coli bacteriophage, E. coli-
Proteus bacteriophage, Klebsiella purified polyvalent bacteriophage, Sextaphag® 
polyvalent pyo bacteriophage, Streptococcus bacteriophage (Microgen, Russia); 
Phagestaph, Phagyo, Septaphage (Biochimpharm, Georgia); and Intestifag® 
polyvalent bacteriophage (Pharmex Group LLC, Ukraine for NeoProbioCare Inc., 
Canada). Detailed information can be found in related sources [47–50].

2.4.5 Non-commercial anti-S. aureus bacteriophages

Fortunately, since the year 2000, different studies have contributed to a better 
understanding of phages as anti-S. aureus therapeutic agents. For example, the 
efficacy of the bacteriophage named ØMR11 against a lethal infection caused by  
S. aureus in mice was evaluated. Initially, the phage was isolated, had its bacterio-
lytic activity determined, and finally, in vivo infection experiments were performed 
by introducing S. aureus intraperitoneally, including MRSA strains, causing bactere-
mia and eventual death of the mice. After peritoneal administration of the isolated 
phage in infected animals, suppression of S. aureus-induced lethality occurred [61]. 
Similarly, the use of cloned lysins encoded by the phage ØMR11 was efficient in cell 
lysis, including MRSA. These lysins are enzymes produced at the end of the replica-
tion cycle of bacteriophages and are responsible for degrading the bacterial wall and 
releasing virions. After sequencing the phage ØMR11 the possible genes related to 
lysins were identified, these were cloned, and their protein products were purified 
on a large scale. The results showed high activity of lysins against MRSA isolates 
both in mice contaminated intranasally and subsequently treated with the intrana-
sal lysins, as well in animals infected intraperitoneally, showing that the enzyme 
can be used for the control of S. aureus in humans and domestic animals [62].

A cocktail containing two bacteriophages, designated K and 44AHJD, was tested 
against clinical isolates of S. aureus, showing 85% of lytic action on the bacteria. The 
in vivo efficacy of the cocktail was evaluated through the murine nasal colonization 
model. Efficient decolonization was verified after eight days of intranasal adminis-
tration in animals treated with the phage cocktail, while the control group (received 
only the bacteria) and the group treated with placebo remained colonized [63]. 
Although different studies have already demonstrated the efficiency of phages on  
S. aureus, few clinical trials have been conducted to validate their efficacy and safety. 
According to the records of clinical trials involving S. aureus and bacteriophages, 
in progress or already concluded [64] it appears that they are scarce and that few 
countries, mainly the U.S., have invested in clinical trials that corroborate the use of 
phages in clinical practice (e.g., Figure 2). The lack of large clinical studies that can 
effectively consolidate the use of phages in vivo is an obstacle to be overcome.

The Clinical Trials platform, a database of clinical studies conducted worldwide, 
reports the existence of eight studies related to the use of bacteriophages against 
S. aureus [64]. These are intended for the use of viruses for the treatment of ulcers 
infected by S. aureus in diabetic patients, prevention, and treatment of infection 
by S. aureus and other bacteria in burn patients, use for patients with covid-19 
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affected with pneumonia or bacteremia/septicemia due S. aureus infection, use in 
patients with serious or immediate risk of life, and patients with venous leg ulcers. 
In addition, three studies that use phages as a diagnostic method. When considering 
regulatory measures for the application of phages as therapeutic agents, it is likely 
that, initially, such viruses are more easily used prophylactically in order to reduce 
the frequency of infections. In contrast, phage therapy aimed to eradicate systemic 
bacterial infections will inevitably be more complex [65].

2.4.6 Advantages and challenges of phage therapy

Among the principal attractive aspects of phage therapy, the main ones are: i) high 
specificity of the virus for the bacteria providing freedom from side effects on cells 
that are not targeted by the therapy; ii) activity against different bacteria, including 
multidrug resistant bacteria; iii) reduced treatment costs compared to antibiotic 
therapy; iv) prevention to the growth of secondary pathogens; v) ability to degrade 
bacterial biofilm by lysing bacteria; vi) high body distribution and vii) high efficacy 
compared to antimicrobials [32]. On the other hand, there are some limitations to the 
use of phages in therapy, among them: i) the possibility of antibody production by the 
immune system; ii) the difficulty of measuring the application dose; iii) the possibility 
of gene transfer among pathogens through phages, which may be responsible for pass-
ing pathogenic determinants and virulence factors, resulting in a possible resistance 
of bacteria; iv) the ability of bacteria to develop resistance against bacteriophages; v) 
elucidation of the correct route of administration and treatment time and vi) accurate 
and rapid diagnosis of the microorganism that is provoking the illness [32].

Fortunately, for all the limitations previously indicated, there are already studies 
that aim to circumvent these problems. For example, viral genome sequencing avoids 
the use of phages that are lysogenic or contain toxic and resistant genes. Along with 
this is the progressive search for new phages to be used if antibodies are produced by 
the immune system, or to replace phages for which the bacteria have become resis-
tant. In addition, it is already known that viruses can mutate and adapt to resistance 

Figure 2. 
Clinical trials involving S. aureus and bacteriophages. Available at: www.pngwing.com
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mechanisms created by bacteria. In other words, after the creation of barriers that 
make it impossible for the phage to replicate in the bacteria, changes occur in the 
viruses that allow their replication cycle to continue, even with the presence of 
the bacterial adaptations [32]. Further in this context, the use of new diagnostic 
resources allows the rapid differentiation of the disease-causing bacteria, in addition 
to the use of cocktails with different phages for the same bacterium, enhancing even 
more the specificity and avoiding the manifestation of resistance [32, 66].

3. Conclusions

MRSA represents a global threat due to its progressive resistance to antimicrobials, 
as well as the future prospect of no effective antibiotics. The use of lytic bacteriophages 
and their by-products are promising alternatives for bacterial control, since they infect 
and lyse the pathogen without the inconvenience of side effects, as well as contribut-
ing to lower consumption of antimicrobials, reflecting in the reduction of antibiotic 
resistance rates. The study of phages has always occurred in countries such as Georgia 
and Russia, where phage-based commercial products are relevant antibacterial 
alternatives. Although different in vivo studies have already evidenced the efficacy of 
phage therapy in prophylaxis and treatment of staphylococcal infections, including 
those caused by MRSA, some aspects should be considered before its clinical use. 
Among them, the restriction and scarcity of clinical trials along with the lack of robust 
randomized clinical trials evaluating the safety and efficacy of phage therapy are 
important limitations for the therapeutic use of these viruses. We highlight the need to 
foster studies in the area of phage therapy, especially given the scenario of increasing 
multi-resistant bacteria worldwide and the scarcity of new antimicrobial drugs.
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Abstract

The most important microbe in humans is Staphylococcus aureus, which has 
caused worldwide dispersion in both nosocomial and community settings. The 
impact of Gram-positive Staphylococcus Aureus on the host is extremely detrimen-
tal to illness development. The life form is noteworthy for its ability to receive 
anti-toxin protection from a variety of anti-toxin classes. The development and 
distribution of methicillin-resistant Staphylococcus Aureus (MRSA) strains, which 
are generally multi-drug resistant in clinics and, as a result, in the population, 
cause severe mortality and bleakness. The research of MRSA illness transmission 
has advanced since its underlying event, which necessitates a complete clinical 
approach to dealing with take on this microorganism. For long term use drug of 
choice is vancomycine nevertheless its efficacy has been put to the test by rise in 
opposition. More modern anti-MRSA anti-infection medicines have been approved 
for clinical usage in the last 10 years or so. The aim of this chapter is to offer related 
data on the genus Staphylococcus and the evolution of antibiotic resistance in addi-
tion a discussion of the most important antibiotic resistance mechanisms. Although 
they are notorious for causing anti-infection blockage, there is a constant need for 
exploring innovative MRSA antagonists from various sources, including plants, and 
assessing non-anti-toxin draws close.

Keywords: antibiotics, staphylococci, MRSA, environment, livestock infection

1. Introduction

Staphylococci are most seen in humans and other animals. They were usually 
separated into two groups based on their size to collect blood plasma. The most 
pathogenic species, S. aureus, is established by coagulase-positive staphylococci. 
There are currently over 30 distinct types of coagulase-negative staphylococci 
(CNS). CNS constant skin commensals, even though a few animal species can 
produce adulterations. It is now evident that the separation of staphylococci into 
positive and negative strains is unnatural and, at times, misleading. Coagulation 
is a marker for S. aureus; however, there is no immediate confirmation that it is a 
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virulence factor [1]. Similarly, several of S. aureus’s distinctive secludes are defective 
in it. In any event, the span is still widely used by clinical microbiologists. Some of it 
binds to protein and polysaccharides, which are linked to virulence. The combined 
effect of various factors transmitted during illness causes harm [2]. Antibodies for 
staphylococcal toxins and compounds neutralize them; however, vaccines are not 
available. Antimicrobial therapy and clinical drainage are commonly required to 
treat blisters, massive bubbles, and looping illnesses. These are difficult to treat with 
anti-toxins alone and frequently necessitate the removal of the device. A rare strain 
in which hospitalized patients are resistant to the maximal usage of antibiotics for 
contaminations, vancomycin is the final medicine to which opposition has not been 
produced [3].

2. Strains of S. aureus

Although S. aureus is normally a commensal part of the human microbiota, its 
role sometime as opportunistic pathogen, which causes several diseases in skin as 
abscesses, sinusitis as respiratory diseases, and food poisoning. Pathogenic strains 
regularly promote infections by causing virulence causes including strong protein 
toxins and the creation of a cell-surface protein that attaches to and deactivates 
antibodies. The enhancement of antibiotic-resistant types of Staphylococcus aureus, 
such as methicillin-resistant Staphylococcus aureus (MRSA), is a worldwide scientific 
problem. Even though there are wide investigation and expansion, no S. aureus vac-
cine has been approved. There are now 32 species and the genus Staphylococcus has 
eight subspecies, numerous of which specially inhabit the human body, although 
Staphylococcus aureus and Staphylococcus epidermidis are the two most explained and 
examined strains.

3. Staphylococcal infections in humans

S. aureus disease are normally pyogenic and severe, and if not treated, they can 
disperse to neighboring tissue or metastatic sites via bacteremia [2]. Several com-
mon diseases caused by S. aureus include furuncles or boils, cellulitis, impetigo, and 
post-operative wound diseases in several sites. S. aureus causes several skin and soft 
tissue disorders, including mastitis. Staphylococcal mastitis has received less atten-
tion than S. aureus suppurations in humans. According to estimates, 1–3% of nurs-
ing mothers suffer with mastitis. Infection usually appears two to three days after 
birth, with symptoms ranging from abscess formation to cellulitis development [4]. 
In extreme cases, general signs such as a common cold and fever may arise.

Toxic shock syndrome (TSS), and staphylococcal food poisoning are examples 
of staphylococcal diseases produced exclusively by the production of staphylococcal 
toxins. Enterotoxins are resistant to heat and may live circumstances that would 
normally destroy bacteria [5]. Furthermore, enterotoxins are resistant to the action 
of proteolytic enzymes and can remain active in the digestive tract after consump-
tion [6, 7]. After consuming toxic food, nausea and vomiting ensue, and the incuba-
tion period is brief. Possible adverse effects include diarrhea, hypotension, and 
dehydration. Enterotoxin production has been found in S. xylos, S. chromogenes, S. 
cohnii, S. pseudintermedius, epidermidis, S. lentus, S. lugdunensis, S. sciuri, S. sapro-
phyticus, S. warneri, and S. hyicus, among others [3, 6]. Approximately partial of the 
CNS species found to be involved for human diseases, particularly S. epidermidis, are 
often accountable for nosocomial and suppurative infections linked with prosthetic 
devices [8, 9]. The increased suppuration rate is related to the bacterium’s ability to 
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produce an extracellular polysaccharide. The development of the protective advan-
tages and biofilms on bacteria is discussed in further detail below.

Joint infections, septicemia, urinary tract infections, peritonitis, infections, 
wound infections, and endocarditis are the second most common CNS conditions 
associated with human suppuration. Staphylococcus saprophyticus, another oppor-
tunistic bacterium, causes urinary tract infections in humans [2, 10].

As novel zoonotic pathogens, S. lugdunensis and S. schleferi identified. 
Staphylococcus lugdunensis, another human pathogen, has lately emerged as animal 
pathogen involved in respirational and skin diseases. It has previously been linked 
to skin infections as well as invasive diseases including osteomyelitis, endocar-
ditis, and sepsis. Staphylococcus schleiferi, formerly related to skin infections in 
dogs, has recently been linked to human metastatic infection, endocarditis, and 
 endophthalmitis [11, 12].

4. Staphylococcal infections in animals

The only bacteria that cause significant disease in animals are Staphylococcus 
aureus, Staphylococcus epidermidis, Staphylococcus hyicus, and Staphylococcus pseudin-
termedius. Other Staphylococcus species exist primarily correlated with devious ani-
mal infections. S. aureus produces septic arthritis in hens, as well as subcutaneous 
abscesses. S. aureus is a common cause of dermatitis in goats and sheep, and it can 
cause botryomycosis in horses and pigs, a persistent, suppurative granulomatous 
illness. S. aureus, like S. pseudintermedius, causes suppurative illnesses in companion 
animals. Staphylococcus hyicus causes exudative epidermitis, called as greasy pig 
sickness. In several countries, methicillin-resistant S. pseudintermedius is becoming 
a significant clinical issue in veterinary medicine [13].

Intramammary infection causes in different animals: Even though bovine IMIs 
are the most economically significant, staphylococci IMIs can generate substantial 
losses in locations where sheep and goats are raised for milk. Similarly, substantial 
financial losses have been reported in places where buffalo or camel milk is gener-
ated because of mastitis. Due to IMI problem, financial loss occurs in different 
ways—rejection of milk because of its poor quality or milk withdrawal after or 
before medication, high treatment fees, high labor cost all these include [12, 14]. 
Aside from the apparent economic losses caused by IMIs, there are sum of indirect 
expenditures that are difficult to measure. Subclinical diseases in a herd usually go 
undiagnosed, causing in a steady drop in milk supply and a reduction in total milk 
value. This results in a consistent loss of income surplus, even when found, can take 
a considerable amount money and time to cure [9].

This species S. aureus is possibly the most well-known mastitis pathogen 
because once infection occurs due to this species, its unable to treat and become 
persistent [15].

5. Structure

5.1 Taxonomy

RNA hybridization, ribosomal DNA (r-RNA), and approximately 16 oligonucle-
otide r-RNA analyses also reveal that Staphylococci compile family level infidelity. 
This social problem occurred in a wide group of Bacillus-Lactobacillus-Streptococcus, 
which described Gram-positive bacteria with low G + C DNA components. In any 
event, Biochemica discovered 30 different kinds of staphylococci [3, 16].
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Eleven of these may be secured with individuals such as guests. S. aureus (nares) 
and S. epidermidis (nares, skin) are fundamental visitors with the highest patho-
genic potential. S. saprophyticus (skin, occasionally) is another common cause of 
urine plot contamination. S. hemolyticus, S. simulans, S. cohnii, and S. warter are all 
bacteria. Furthermore, S. lugdunensis can cause illness in people [6].

5.2 Morphology

Gram-positive cells are found in S. aureus cells and appear to be in good 
health. When seen via a light magnifying device, they are frequently in bunches 
that resemble grapes after staining. The Greek name for these bacteria is 
‘Staphylococcus,’ which means “in the shape of (staphyle) grapes packed with 
berry (kokkos)” [17]. Filtering electron small perception reveals primarily circular 
shaped cells with smooth surfaces [18]. The width of the cells ranges from 0.5 to 
1.0 M [19]. On electron microscopy, a thick cell divider may be seen, as well as an 
obvious and shapeless cytoplasmic layer and shapeless cytoplasm [20].

5.3 Isolation and identification

The existence of staphylococci in a real-world problem can be linked from the 
start following testing with a second Gram stain. In any event, little amounts of 
microorganisms in blood obstruct minute examination and must be improved 
from the outset. Striking raw material from the clinical model into strong medium, 
such as different agar including blood, tryptic soy, or heart implantation, separates 
living things. Models that are at risk of being harmed by different bacteria can 
grow on mannitol salt agar containing 7.5% sodium chloride, which allows crown 
indulgent staphylococci to grow [21]. In an ideal world, a Gram stain of the solution 
would be done, as well as tests for catalase and coagulase production, allowing the 
coagulase-positive S. aureus to be identified quickly. The creation of thermostable 
deoxyribonuclease is another enormous test for S. aureus. Testing conditions might 
need S. aureus to agglutinate with latex particles, coated with immunoglobulin G 
and fibrinogen, which bind protein and the batching factor autonomously on the 
bacterial cell surface [5, 22–24]. These are available from business sources (e.g., 
Staphaurex). The most recent latex test (Pastaurex) uses monoclonal antibodies 
against serotype 5 and 8 capsular polysaccharides to reduce the number of false 
negatives. (Some novel clinical isolates of S. aureus necessitate the production of 
coagulase in the same way that packaging factors do, which can make checking 
tedious.) The association of S. epidermidis (and, to a lesser extent, other coagulase-
negative staphylococci) with no so-called comial illnesses associated with pos-
sessing gadgets suggests that partition of these microorganisms from blood will 
undoubtedly be significant, especially if reformist blood social orders are positive. 
Nowadays, S. epidermidis and other types of Staphylococci are identified using 
commercial biotype ID units such as as API Staph Ident, API Staph-Trac, Vitek GPI 
Card, and Micro breadth Pos Combo. Preformed strips containing test substrates 
are among them [20, 25].

5.4 S. aureus infection pathogenesis

S. aureus communicates several cell surface-related and extracellular proteins 
that are potentially toxic. Pathogenesis is complex for most diseases caused by this 
living creature. Along these lines, it is difficult to properly determine the role of 
some random element. This also reflects the shortcomings of many animal models 
for staphylococcal diseases. In any event, linkages between strains unrelated to 
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specific illnesses and articulation of specific variables suggest their importance 
in pathogenesis. In the case of some toxins, symptoms of human illness may be 
replicated in animals with pure proteins [26]. The use of atomic physics has resulted 
in late progress in the understanding of the pathophysiology of staphylococcal 
diseases. Potentially hazardous components have been cloned and sequenced, and 
proteins have been screened. This has sparked atomic-level research into their 
modes of action, both in vitro and in model frameworks. Furthermore, characteris-
tics encoding potential harmfulness factors have been deactivated, and the destruc-
tiveness of the mutants in creature models has been compared to the wild-type 
strain. Any reduction in harmfulness traps the missing component. If destructive-
ness is reinstated when the quality is returned to the freak, then “Sub-atomic Koch’s 
Postulates” have been satisfied. This approach has confirmed a couple of S. aureus’s 
damaging components [23, 27].

6. Infection in the general population

S. aureus is responsible for a wide range of contaminations in humans. Clinical 
illnesses caused by S. aureus, square measure divided into native space and health 
facility categories based on the onset of illness. These two strains square measure 
apparent in clinical indicators of contamination, anti-infection quality, and 
therefore the genetic basis of the contaminating S. aureus strains [21]. For a long 
period, S. aureus has been primarily a health care organism, and it may be a major 
source of mortality and dullness in medical clinics. Regardless, the native space 
S. aureus illnesses are increasing in square measure. Many clinical bacteriemia, 
infective carditis, skin and sensitive tissue contaminations, osteoarticular disorders, 
and pleuropulmonary contaminations are all caused by S. aureus. Other clinical 
contaminations include epidural sore, meningitis, dangerous shock situation, and 
urinary plot infections. According to European research, the prevalence of osteo-
articular infections in children ranges from 7 to 22 per 100,000 person-years. In 
males, its ratio is more as compared to female as result of children in France are 24 
per 100,000 for boys and for girls its ratio is 19 per 100,000 per year. Some ethnic 
groups may be more vulnerable, with Maori and Pacific Islander people overrepre-
sented in a New Zealand study of 813 instances of acute OM. Since 2000, CA-MRSA 
has become a far more common cause of acute osteoarticular infections in the 
United States. In a study of 158 cases in Tennessee, the proportion of osteoarticular 
infections caused by CA-MRSA increased from 4 to 40% between 2000 and 2004. 
Similarly, in Dallas, TX, the proportion of cases of acute OM caused by CA-MRSA 
was 6% from 1999 to 2001 and 31% from 2001 to 2003. Between 2001 and 2010, 
195 of 376 (52%) cases of S. aureus OM in Houston, TX, were caused by MRSA. S. 
aureus produces a wide range of SSTIs, from the benign (e.g., impetigo and simple 
cellulitis) to the potentially fatal. It is the most often isolated pathogen from surgi-
cal site infections (SSIs), cutaneous abscesses, and purulent cellulitis. We discuss 
the epidemiology, pathogenesis, clinical characteristics, and the management of 
S. aureus SSTIs, with a focus on the recent community-associated MRSA pandemic 
(CA-MRSA) [28].

7. Factors that cause harm

S. aureus has complete control over the harmfulness variables. Components 
enable live beings to function as microorganisms, which cause a wide range of 
animal contaminations, including human contamination. Destructive factors aid in 
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the connection of cells, the separation of the host’s resistant shield, tissue infiltra-
tion, the cause of sepsis, and the inspiration of poison interceded circumstances. 
This is the cause of persistent staphylococcal infections in the absence of a strong 
host immune response [8].

8. The study of disease transmission

8.1 Nasal carriage

S. aureus is a commensal bacterium that acts as a leader. The natural claim to 
fame of the head is the front nares, where the animal colonizes in individuals. S. 
aureus nasal carriage increases the risk of infection, particularly in health care 
settings [29]. S. aureus nasal carriage may affect up to 30% of humans [30]. Because 
nasal carriage enhances the chance of the advancement of cautious site, lower 
respiratory, and flow framework diseases in health care facilities, attempts are being 
performed to eliminate the carriage utilizing diverse methodologies [11, 12].

8.2 Rise and advancement of MRSA

S. aureus is a commensal bacterium that is also a pioneer. Front Nares is a par-
ticular head of the environment in which animals invade people. Nasal S. aureus 
heightens the disease’s risk, particularly in clinical settings [29]. S. aureus can reach 
30% of the human population by normal nasal transportation [30]. Because nostrils 
enhance the danger of careful location, decreasing illness, and circulation of respi-
ratory systems in medical clinics, attempts are being made to publish it.

Sarman is a strain of S. aureus that transmits the MECA quality, which encodes 
penicillin proteins that restrict extras, PBP2A. Anti-microbial beta-lactams work by 
inactivating penicillin-limiting proteins (PBP), which is a critical accelerator for the 
conjunction of bacterial cell dividers. In all situations, this anti-infective drug has 
only a modest affinity for PBP2A; nonetheless, this chemistry escapes inactivation 
and is part of the essential PBP involving the integration of cell dividers and bacte-
ria, even in the presence of beta-lactam anti-microbes. Sarman is resistant to most 
beta-lactam anti-infection drugs because of the presence of MECA [15]. Penicillin 
was discovered in 1928 as an anti-toxin primary beta-lactam and was found to capti-
vate weapons against S. aureus infection. There were instances of S. aureus  
tension that resisted penicillin in the 1940s, which was faster following the pre-
sentation in the institution [7]. This stress caused Beta-lactamase plasmid beta-
lactamase (penicillinase) to be produced, which breaks beta-lactam penicillin rings, 
resulting in non-active anti-microbes [31, 32]. In the 1950s, penicillin resistance was 
restricted to the closure of the S. aureus emergency clinic. In the late 1960s, due to 
the mobility of plasmid quality penicillin (Blaz) and diffusion of clones from safe 
strains, more than 80% of S. aureus was captivated, independent of area and the 
establishment of an emergency clinic, was extremely resistant to penicillin [9, 33]. 
The researchers then examined methicillin, a semi-designed penicillin that was 
resistant to enzymatic corruption from penisination, in S. aureus with opposition 
penicillinase intervention. Methicillin was introduced to the center in 1961; how-
ever, after one year, S. aureus blockage restricts the use of methicillin (MRSA) [34]. 
For the next 10 years and beyond, the MRSA outbreak is projected in many regions 
of the world, particularly in European nations [35, 36]. The Sarman appears in the 
form of a supported microbiological clinic, and the major components of these 
reports are from an emergency clinic. In 1981, the Battle-Lactam anti-infection 
protection system in the Sarjor separator was described [4]. As previously stated, 
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MRSA Supegate provided a high-quality MEC code for PBP2A. Quality is a variable 
genetic component ranging from 21 to 60 KB known as a Meca ribbon (SCMCECA) 
from the chromosome (SCMCECA). Two ideas describe the origins of MRSA. The 
specific clone idea proposes that the adaptable hereditary components join the 
S. aureus popula at an event and bring a specific MRSA clone framework, which 
disseminated all over the globe. Other most common theory is that MRSA is created 
by how many times the process of exchanging portable hereditary components 
becomes phylogenetic, including S. aureus (MSSA) strains (MSSA) [MSSA]  
[9, 32–35]. Related Medical Care and Local Sarma Area

8.3 Medical care related to MRSA (HA-MARM)

SRSA in medical therapy (HA-MRASA) is S. aureus collected from patients at 
least two days after in hospital or with the danger of Sarma (history of hospital 
today, medical procedures, dialysis, or homes at the Advisory Office are drawn 
in one year earlier). The existence of a catheter that is directly eternal clinic or 
percutaneous gadgets (such as tracheotomy tubes, gastrostomy cylinders, or Foley 
catheters) with Cultural Clock. Alternatively, on the other side of MRSA termina-
tion [4, 36], MRSA for local regions (Ca-Mrasa) occurs when S. aureus discharges 
patients after 2 days in hospital and without the previously described MRSA danger 
concerns. MRSA was previously and resistant to non-beta lactam anti-infection 
agent until the 1990s.

8.4 Health care-associated MRSA

MRSA has traditionally been thought of as a clinic- or health care-related patho-
gen (HA-MRSA), affecting those patients by doing surgery or some medical devices 
implants and as well as those who are immunocompromised. Health care-related 
MRSA strains are often multidrug resistant and contain SCCmec types I, II, and 
III [37]. Most HA-MRSA types worldwide are CC5, CC8, CC22, CC30, and CC45 
[28, 37].

9. Resistance of staphylococci to antimicrobial drugs

Clinic strains of S. aureus often impervious to various anti-infection agents. 
Without a doubt, strains are impervious to all clinical medications, paying little 
attention to vancomycin and teicoplanin glycopeptides, it has been clarified [38]. 
The term MRSA reference methicillin obstruction and most of the methicillin 
strains likewise increase. Plasmid-aniseed vancomycin opposition has been distin-
guished in a few Enterococci and the obstruction determinant has been moved from 
Enterococci to S. aureus in the lab and can happen normally [23]. S. epidermidis  
nosocomial secludes sturdy to a few anti-toxins including methicillin. 
Notwithstanding, S. aureus expresses protection from disinfectant and affection, 
for example, the quartier ammonium compound, which can help its endurance 
in the medical clinic climate. Since the start of the anti-microbial time, S. aureus 
has reacted to the presentation of new medications by securing quickly with an 
assortment of hereditary instruments including (1) plasmid extraction some 
procurement or extra data in chromosomes through transposon or DNA inclu-
sion type and (2) with a chromosomal quality change [5].

Many determinants-encoded plasmids are recently put into chromosomes on 
sites related to the determinant of the methicillin resistance. There may be benefits 
for organisms that have a determinant of resistance in the genetic material due to 
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more stability. The four basic mechanism of resistance to bacteria are as follows: (1) 
enzymatic deactivation of drugs, (2) changes to target area of the drug to prevent 
binding, (3) enhanced drug efflux to avoid toxic absorptions collects in cells, and 
(4) permit mechanisms in which an analytical resistant type is stated [10, 11, 38].

9.1 Antimicrobial drugs

Penicillin first time in S. aureus showed exceptional adaptability. The impedi-
ment has resulted in tone prescriptions in a short period of time. A few strains are 
now resistant to the most used anti-microbials. He is concerned that no new anti-
infection drugs are on the horizon. Every new advancement may be traced back to 
an existing medication [5, 34].

The initial approach used by the pharmacological production to identify antimi-
crobial medicines is to channel organic products and designed synthetic compounds 
for antibacterial activity. After that, the activity instrument is considered. Another 
technique for determining the antimicrobial age has been obtained. The likely aims, 
for example, chemicals, are up to the major capacities (e.g. in cell division) are 
recognized based on microbial and metabolic physiology information. The identi-
fication approach is then refined to differentiate some objective atomic inhibitors. 
Similarly, given specific atomic knowledge on the target particles, precise inhibitors 
may be devised [22].

9.1.1 Mechanism of methicillin resistance in staphylococci

Methicillin resistance develops because of the mecA gene being acquired, which 
determines a complementary penicillin-binding protein, with a poor attraction  
for -lactam antibiotics [37], Despite of inactivation of cells’ natural penicillin-
binding protein, the production of PBP2a allows bacterial cell wall production to 
continue in the existence of lactam antibiotics. Cephalosporins and cefamycins have 
resistant to lactam antibiotics, which are conferred via the mecA gene.

The mecA gene is part of the Staphylococcal Cassette Chromosome mec 
(SCCmec), a large mobile genetic element [19, 39].

International classification of Staphylococcal types of chromosome elements 
now contains 11 kinds of different SCCmec elements. Mec gene is protected by 
this Staphylococcal chromosomal which has been found in CPS and CNS [10]. In 
CNS, the structure of SCCmec elements is polymorphous with abundant amount 
of CCRmec sequences found, but not used for MRSA [40]. For the development of 
novel MRSA, clones’ greater frequency and diversity of SCCmec elements required 
that play a vital role in CNS and CNS is reservoir of mec elements. Horizontal 
transfer of SCCmec elements to S. aureus from CNS is still not found [38]. For many 
years, scientists have speculated about the origin of the mecA gene. mecA gene 
homologous have been discovered in S. sciuri and S. vitulinus, neither instance is 
the mecA gene present in a mecA complex like SCCmec [22]. Two scientists named 
as Tsubakishita and colleagues discovered a mecA gene similar in S. fleuretti that 
had almost 100% sequence with MRSA strain N315 and resided on a structure that 
was nearly matching to the mecA complex. Staphylococcus fleuretti is a commensal 
bacterium that belongs to the S. sciuri group of staphylococci [18]. Direct detection 
of methicillin resistance gene in staphylo which lives in animals serves as reservoir 
for making new SCCmec elements [20].

Molecular research on a S. A new mecA homolog was discovered after a methicil-
lin-resistant S. aureus strain was reported to be phenotypically resistant to methicillin 
but on other hand when tested with polymerase chain reaction (PCR) assay it was 
negative [1]. The bacterial strain in which the gene was originally sequenced, S. aureus 



215

Antimicrobial Resistance Leading to Develop Livestock-Associated Methicillin-Resistant…
DOI: http://dx.doi.org/10.5772/intechopen.100169

LGA251, shares 70% nucleotide similarity with the conventional mecA gene [23]. 
The investigation of Garca-lvarez and colleagues revealed that mecALGA251 was 
discovered in S. aureus lineages commonly linked with cattle, such as clonal complex 
(CC)130, CC1943, and sequence type (ST)425, implying the presence of a zoonotic 
MRSA reservoir. Furthermore, evidence of mecALGA251-carrying MRSA strains 
being transmitted from animal to human has been observed [30]. The IWCC renamed 
the mecA variant mecC [41] in 2012. The mecC gene is located on a new SCCmec 
element known as SCCmec XI [14]. S. methicillin-resistant S. aureus strains with the 
mecC gene have been proven to cause a variety of illnesses in people, and they appear 
to be mostly community associated.

9.2 One health and antibiotic resistance

One well-being concept reveals that human well-being is inextricably linked to 
the environment and its inhabitants. Because the well-being of animals, people, and 
the environment are all intertwined, interdisciplinary approaches to advancing the 
strength of each of these areas are required. As the human population grows, more 
people come into touch with animals, increasing the risk of disease transmission 
between humans and larger animals. The concept of one’s well-being is quite related 
to the idea of environmental change and global travel risks. The achievements of 
Robert Koch, Rodolph Virchow, and William Osler in the development of vaccina-
tions and their impact on human health, the management of zoonosis, and germ 
theory formed the framework of one health [25] (Figure 1).

9.3 New resistance variants continue to emerge

With a Gram-positive entrance to multi-fiditive Gram-negative microscopic 
organisms, which is a limited or completely less handling option, large variations in 
the degree of opposing predominance occur. Some attention has been drawn to the 
quality that encodes the novel metallo-lactamase 1 (NDM-1) (NDM-1) (NDM-1) 
which renders Gram-negative enterobacteria resistant to the line’s most recent anti-
toxins, such as Carpenem [10]. Indeed, this is an AMR concern since there has been 

Figure 1. 
How antibiotics spreads.
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an overall increase in the risk of delivering enterobacteria in Europe and throughout 
the world as to most carpenemase characteristics. Another issue that has emerged in 
the last decade is multi- or enlarged TB, Neisseria (microorganisms causing gonor-
rhea) that is resistant to the most current cephalosporins, and problematic clostrid-
ium that causes a severe moxifloxacin safe flat mate. Regardless, progress has been 
made in comprehending the unpredictable nature of opposing reversibility [40]. 
The investigation discovered that there was a minimal or no risk of AMR reversals 
after being defined in Community and non-Community situations [37, 38].

9.3.1 Antibiotic-resistant bacteria transmission

The emergence of multi-obstruction detonates, particularly among Gram-
negative bacteria, has drawn attention to the growing relevance of genetic 
component coding transfer for multi-resistance, as well as the potential zoonotic 
transmission (creature based). The term “resistome” represents new informa-
tion regarding the transmission of AMR bacteria [22]. Resistments are a group of 
characteristics that were first discovered in terrestrial microscopic organisms. It is 
necessary to be accountable for the development of various defense mechanisms 
that allow soil microorganisms to survive in the face of anti-microbials found 
naturally in the environment. It is considered that attributes from blockage might 
perhaps be transferred to non-land microscopic creatures, therefore exacerbating 
opposition difficulties. Regardless of whether it is debated, research reveals that 
some safe microorganisms have been more successful in sustaining extensively and 
enduringly owing to the resistome [23]. Antimicrobial misuses outside of human 
medicine is an additional aggravating element in AMR, notably the development 
of AMR in animals and humans [14, 24, 41]. The use of antimicrobials in agricul-
ture can provide a large source of antimicrobial safe microscopic organisms that 
can spread to people through food supply when critters are eaten. This includes 
non-therapeutic applications, such as development progression. This also includes 
using it as a prophylactic to try to prevent illnesses from developing in food species 
and as a useful specialist to cure debilitated creatures. See the previous section. 
Farming serves as a reservoir for AMR microorganism transfer to and from humans 
[13]. However, it remains difficult to correlate the anti-microbial inhibition of 
food default microorganisms, the use of anti-toxins in agriculture, and the clinical 
confinement of human safe bacteria. That is, environmental connections between 
individuals and dynamic farming to increase the frequency of illnesses in certain 
years may be corresponding to develop the usage of anti-toxins that may potentially 
choose safe microscopic organisms. It was proven in 1976, that someone may follow 
E. coli who was protected from poultry in the experimental horticulture plot to 
human ranchers nearby [29]. Recently, it was possible to track links between two 
ranchers in Denmark, both of whom had MRSA infection. Furthermore, animals 
were on their 28-mile-distance farmstead. More specifically, a rancher who main-
tained two horses and two cows was found to have MRSA blood infection. Others 
have a portion of 10 sheep and ranchers had MRSA-infected wounds [39, 42]; when 
their case was discovered, they were identified as another MRSA strain that had 
been accounted for in steers and Danish analysts went out to examine animals on 
the two homesteads. One cow on one ranch and three sheep on other farms spread 
new strains. All bacterial samples from the house and the two persons are identical 
in a few tests and have a similar resistance design; that is, they are defenseless to 
anti-infection drugs that are not beta lactams (penicillin and cephalosporin). Then, 
all genomes were sequenced (which was unthinkable in 1976) and compared to how 
near all instances were. Detaches from ranchers and steers tests are nearly identical 
(five SNPs), as are disengages from various ranchers and most sheep. There is a 
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difference of 154 SNPs in all instances (single-nucleotide polymorphism—single 
letter update on 2004 back paper, BP 6.1 antimicrobial opposition 6.1–9 “duplicating 
mistake” in hereditary code). Because of their relationship, the example created 
bunches based on two domesticated animals: first, ranchers and cows, and sec-
ond, ranchers and sheep [43]. Following that, phylogenetic analysis uncovers two 
distinct gatherings explicitly for horticulture comprising of human cases and their 
own domesticated animals, while human confines and creatures from a similar 
farming are distinct with only a few SNP, implying the possibility of zoonotic trans-
mission. Another study recognizes numerous characteristics and changes that are 
associated with host and harmfulness communications, and that this detach MECC-
Mrasa CC130 is occasionally seen in humans. They are said to have been dispatched 
among animals and mankind [38, 44]. Nonetheless, the examination of this type of 
proof still has components. This has not been detected before, and the example size 
is small. It is possible that all hereditary varieties of secludes on specific farming can 
address the presentation of the two MRSA in the group, rather than a presentation 
followed by organization. If this happens, the transfer of monster beings can be 
like zoonosis. “Different hosts” of CCC CC130 MRSA include cows and sheep, as 
well as ponies, rabbits, felines, canines, deer, canines, mice, and wild avian animals. 
Examination has clearly supported the notion that sophisticated civilization has 
increased the possibility of safe microorganisms propagating and thriving in all 
animals and human surroundings [39, 45]. According to this perspective, as the 
value of the dollar rises, so will the risk of AMR and, as a result, the necessity to 
develop new antimicrobial products.

10. Preventive approaches to control S. aureus

There is currently no vaccination available to fight carrier diseases. There may 
also be reasons to investigate illness prevention strategies, particularly in hospital-
ized patients. Human volunteer hyperimmune whey donors or modest monoclonal 
antibodies directed at surface-components, such as rules for capsular adherence of 
proteins or proteins from the surface, can also impede bacterial compliance in Dan, 
increasing cell phagocytosis. In fact, a vaccine prototype based on S. aureus capsular 
polysaccharide has been developed.

Clinical infections caused by S. aureus are expected to remain frequent and 
severe. Not only have there been waves of growing antibiotic resistance, but the 
clinical illness spectrum is also changing. We have seen two distinct shifts in the 
epidemiology of S. aureus infections over the last two decades: first, an increase 
in the number of health care-associated infections, particularly IE and prosthetic 
device infections, and second, an epidemic of community-associated SSTIs caused 
by strains with specific virulence factors. There is little question that the landscape 
of host-pathogen interactions will continue to alter in the next decades [40].

11. Conclusion

S. aureus and many more are very dangerous for human as animals. They caused 
several diseases in them especially, respiratory problem and others which are 
described the chapter in brief. Now, some drugs and vaccine should be made to 
control it as most of the species is untreated and cannot be eradicated. Sulfonamide, 
penicillin, and streptomycin are used to test antimicrobial time. The assurances of 
these specialists in terms of feasible control of a broad range of bacterial illnesses 
are typically filled up with a plethora of antibacterial specialists presently available. 
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Abstract

Staphylococcus aureus has vital importance in veterinary medicine. Within the 
ruminants, it is one of the major causes of mastitis, the problem that was and 
is, with no definite solution to date. Along with that, it also affects the health of 
animals, pets, and poultry in several ways as the tissue tropism for this organism 
in poultry is the bones and the joints. This review is focused on habitat, species 
differentiation, differential biochemical tests, pathogenesis, clinical infections, 
economic importance, public health significance, immune response, the regulation 
of virulence in the staphylococci, and cytokines response against S. aureus.

Keywords: cytokines, superantigens, tissue tropism, virulence, zinc

1. Introduction

Staphylococci are Gram-positive cocci bacteria of 1 pico-meter diameter. They 
are observed with gram staining under the microscope as a bunch of grapes. The 
word staphylococcus is originated from the Greek words staphyle and kokkos. 
Staphyle means the “bunch of grapes”, while the word kokkos means “the berry”. 
The normal habitat of staphylococci is skin and mucus membranes. There are 
approximately 30 species of staphylococcus. They act as commensals but some of 
them are opportunistic pathogens too. They a famous for their pyogenic infection-
causing property. Most staphylococci are facultative anaerobes, non-motile, 
oxidase-negative, non-spore-forming, and catalase-positive. S. aureus subsp. aureus 
is the coagulase-positive that has very much importance concerning the disease sta-
tus of animals. Production of coagulase is directly correlated with the pathogenicity 
of the staphylococcus i.e. coagulase-negative bacteria are usually non0-pathogenic 
to animals and humans [1]. They can be grown on non-enriched media. They are 
facultative anaerobes and non-motile. They are found as commensals on mucous 
membranes and skin. They are stable in the environment Figure 1 [99].
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Figure 2. 
Growth curve of Staphylococcus aureus within bovine aortic endothelial cells. Modified from [1].

2. Habitat

Staphylococcal species occur on humans and animals on the skin, mucosa of 
the upper respiratory system, lower urinary, and genital tract, and as transients in 
the digestive tract. They are stable in the environment, have a selective affinity for 
particular species. They have limited zoonotic importance [1, 2].

3. Specie differentiation

While confirming a bacterial colony to be a staphylococcus or not, it is necessary 
to differential differentiate it from closest resembling bacteria named micrococcus 

Figure 1. 
‘Bunches of grapes’ appearance of Staphylococci. Modified from [1].
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and streptococcus species. The point that differentiates the Staphylococci from 
staphylococci is that staphylococci are mostly catalase-positive while the strep-
tococci are mostly catalase-negative. Other tests of vital importance within the 
differentiation of the Staphylococcus species are hemolytic pattern, biochemical 
profiles, colonial appearance, and rRNA gene restriction patterns [2]. S. aureus 
and S. intermedius are often confused clinical cases of dogs and cats. Coagulase-
negative staphylococci are ordinarily reserved for isolates from pure cultures. Their 
colonies are white, opaque and up to 4 mm in diameter, some are golden yellow and 
some have pigmented colonies. Sheep or ox blood agar presents alpha, beta, gamma, 
and delta hemolysis. Strains of the staphylococcus species are differentiated based 
on their capability of haemolysin production [1, 2].

The growth curve of Staphylococcus aureus within bovine aortic endothelial cells 
under optimal conditions is presented in Figure 2.

4.  Biochemical tests for differentiating Staphylococcus aureus and 
Staphylococcus intermedius

A rapid test for the detection of acetoin has been developed [3]. Purple agar, 
containing bromocresol purple as a pH indicator and 1% maltose, is used to differ-
entiate S. aureus from S. intermedius [4]. Purple is the color of most of the colonies 
of that bacteria. The energy source used by the Staphylococcus aureus in the culture 
medium is maltose which is utilized by that microbe and the resultant metabolic by-
product is acid production. The by-product acid changes the color of the medium 
and colonies to yellow. Staphylococcus intermedius is a maltose fermenter so it 
means that it will not affect the color of the medium. There is also the commercial 
availability of the Biochemical tests which can be used for the confirmation of the 
staphylococcal species which can further be confirmed by molecular techniques like 
a polymerase chain reaction and multiplex PCR [5]. There are also studies on the 
molecular typing of the isolates of different regions of the world. The techniques 
that are and can be used in near future for the molecular epidemiology of the 
different isolates of Staphylococcus species can be but not limited to the Multilocus 
Sequence Typing (MLST) [6–9] and Multilocus variable number of Tandem 
Repeats (MLV) [10–12].

5. Pathogenesis and pathogenicity

Staphylococci are pyogenic and cause suppurative lesions. Virulent factors for 
this gram-positive bacterium are capsule, plasmid or phage-mediated, cell wall 
proteins, teichoic acids, and protein A Figure 3 [2].

Figure 3. 
Sheep or ox blood agar with Double haemolysis of S. aureus. Modified from [1].
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6. Clinical infections

Staphylococci infections can be endogenous or exogenous in origin. Many 
infections are opportunistic and associated with other infections or the immune-
compromised state of the host. Coagulase-positive staphylococci are mostly 
pathogenic. There are no effective vaccines against this malaise to date. Antibiotic 
sensitivity testing should have to be applied to check the efficacy of the drug 
against this bacterium. This is because many strains of this bacteria have developed 
resistance against many antibiotics. Common diseases of veterinary importance 
the Staphylococci are tick pyaemia, mastitis, botryomycosis, exudative epidermi-
tis, and pyoderma [1].

6.1 Bovine mastitis

Staphylococcal mastitis is a common form of mastitis worldwide. Most 
infections are subclinical, but they can be acute or chronic, per acute and gan-
grenous. In gangrenous mastitis, the quarter is cold and blue-black and sloughing 
by the alpha-toxin causing necrosis of blood vessels and releases lysosomal 
enzymes [2–4].

6.2 Tick pyaemia

Tick pyaemia of lambs is a disease of hill-grazing regions having the tick Ixodes 
ricinus. Clinical signs include septicemia and rapid death, localized abscess forma-
tion, arthritis, posterior paresis, and ill-thrift. 30% of lambs between half a month 
old to up to three months of age can be affected. More infections are reported in 
spring and early summer [4–7].

6.2.1 Diagnosis, treatment and control

In young grazing lambs, clinical signs, microscopy of pus, and isolation  
and identification are required. Treatment is usually ineffective so control 
measures should have to be applied as tetracyclines injectables to the  
susceptible ones. Dipping to avoid tick-control measures should have to be 
practiced [2–5].

6.3 Exudative epidermitis (greasy-pig disease)

This is the disease pigs that are of up to 3 months old. It is contagious, with 
excessive sebaceous secretion, and exfoliation of the skin. Clinical signs include 
anorexia, depression, fever, dermatitis with an exudate. Death may be within 
2–4 days with morbidity rate to be 20 to 100%, and mortality rates can be up to 
90%. Isolation and identification of this bacteria can be from the vaginal mucosa 
and skin. Agalactia, weaning, and intercurrent infections are the predisposing 
factors for this disease [1].

6.3.1 Diagnosis, treatment and control

A high mortality rate in exudative, non-pruritic skin lesions. Along with the 
isolation and identification of the bacteria is required for confirmatory purposes. 
Antibiotic therapy with antiseptics is proven to be effective in many cases. Isolation 
of affected pigs, cleaning, and disinfection of surroundings. Antiseptic application 
before farrowing is also an effective way of prevention [1–3].
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6.4 Botryomycosis

Botryomycosis is chronic, a suppurative granulomatous malaise of horses that is 
after castration infecting the stump of the scirrhous cord and mammary glands of 
sows [3–6].

6.5 Staphylococcal infections in dogs and cats

Otitis externa and Pyoderma, endometritis, mastitis, osteomyelitis, and cystitis 
are reported to be due to the S. aureus in many cases [2–6].

7. Staphylococcosis and poultry

Along with humans and animals, poultry is also susceptible to infections by 
staphylococcus [13–17]. There are no definitive signs of that bacteria in the poultry 
and it varies from case to case and the lesions are usually dependent upon the point 
of entry of the bacteria within the host. Unlike the animals where the staphylococ-
cus mainly targets the skin and mucosa, the skin is less likely to be infected in the 
poultry and the organs that are more susceptible to the infection of staphylococcus 
species in poultry are bones, tendons, and joints [14, 16, 18–21]. The infections are 
characterized by the increased heterophil count and their accumulation into the 
affected regions [22]. It is also responsible for the acute deaths in layers [23] within 
the hot climates and is required to be differentially diagnosed with the fowl cholera. 
Staphylococcal infections in poultry are required to have in-depth studies by future 
researchers as there is less knowledge about the route of entry, immunity interac-
tion, pathogenesis, and the possible prognosis of that organism. It impedes chronic 
infections mostly in poultry having poor antibiotic response. Immunization against 
that pathogen also requires more in-depth studies as the currently available vaccines 
are not as potent as the poultry business farmers and expecting [23–25].

7.1 Economic importance

Along with the studies that they present acute infection in hot climates, they can 
infect almost all types of climates and target both poultry and turkey. They have 
very much economic importance as they decrease the feed conversion ratio, weight 
gain, egg production, and septicemia. They target the bones resulting in lameness 
and osteomalacia. Their pathological lesion may lead to the condemnation of the 
carcass [24, 25]. There is a study correlating the green discoloration of the liver 
with the staphylococcal infections and it is concluded it these studies that there is a 
high correlation between the green discoloration of the liver and the staphylococcal 
infections, and they termed that condition as the “green-liver osteomyelitis com-
plex” [26, 27] of the turkeys. It should have to be remembered that this pathogen is 
not the only etiological agent for that correlation, other isolates within these studies 
were Escherichia coli and many others [26–28].

7.2 Public health significance on poultry

Approximately 50% of the Staphylococcus aureus strains are responsible for 
human food poisoning through their enterotoxins [28–32] that are subjected to the 
condemnation of carcass upon their identification on food processing. Sources of 
the Staphylococcal infections may be the un-hygienic conditions of the processing 
plant and the poultry meat handling personals of the processing plant [33–36]. 
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There is also a close associate of the Methicillin-resistant Staphylococcus aureus 
(MRSA) with the poultry meat [37–47]. MRSA has different strains each is resistant 
to a class of antibiotics as the commonly reported antibiotics against which the 
MRSA has evolved the disease tolerance includes the semi-synthetic penicillins  
[48, 49], Methicillin [50], fluoroquinolones [51], Vancomycin [52, 53], 
Sulphonamides and trimethoprim [54], tetracyclines [55–57], aminoglycosides 
[58–60], chloramphenicol [61], and clindamycin [62]. MecA gene is reported to 
be responsible for the methicillin resistance in the Staphylococcus aureus. This gene 
is also attributed to be transmitted from poultry to humans. The most common 
isolates of MRSA are CC398, ST9 [28–30].

7.3 History and transmission

Firstly reported cases of the isolates have reported the susceptibility of bones 
with this pathogen and the prominent clinical signs as synovitis and arthritis 
[63–66]. Navel of the day-old chicks, surgery as trimming, and vaccination in 
un-hygienic conditions can be the trigger for the infection. Diseases that involve 
the predilection site to be the immune organs as being directly involved can also 
the root cause of this infection as the infectious bursal disease [67] and chicken 
infectious anemia. This is usually fatal as it leads to septicemia. Aged turkeys can 
have this infection with exposure to the hemorrhagic enteritis virus (HEV) [68]. 
Genetics of the poultry as the major MHC is also the predisposing factor for the 
skeletal-related problems of the poultry [69]. The incubation period of 2–3 days is 
a thumb rule but it is dependent upon several factors as the immune status of the 
host, the potency, and route of infection of the bacteria as the aerosol and tracheal 
routes are reported not to be the potent routes of infection [70, 71]. Infections with 
less than 105 organisms/kg body weight are reported to be defeated by the immune 
system of a healthy bird [25, 72].

7.4 Clinical signs, morbidity, incubation period, and pathology

Clinical signs of this disease include lameness, depression, pyrexia, and gait 
abnormalities, and death. Survived animals have arthritis, osteomyelitis [73, 74] 
unable to stand and sit on the hock and keel [25, 75]. This makes the fragility of  
the bones, mostly the femur and the tibiotarsus. It also leads to the congestion of 
the spleen, liver, lungs, and kidneys [23], gangrenous dermatitis, and ultimately the 
“blue wing disease” that presents the infection to the tip of wings of the birds that 
are infected with the chicken infectious anemia virus. Other clinical signs include 
enlarged yolk sac, planter abscess, discolored liver [27, 76]. Usually, the bacteria 
are not subjected to enough titer that may be the cause of higher mortality rates as 
compared to another fatal disease as the New Castle disease, etc., under optimal 
environmental conditions with most of the birds. But this bacterium has also been 
reported to have very high mortality rates that were primarily due to the immune-
compromised state of the birds and the poor management conditions, and this 
bacteria in these conditions too is not the primary cause of the losses. The common 
site for the isolation and identification of that agent is the joints [18, 76–78].

7.5 Immune response

There are no convincing reports of the facts the active immunity or passive 
immunity other than that of the anti-Staphylococcus aureus antibodies may have any 
effect on this bacterium [79, 80]. Immunized hens can have antibodies within their 
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egg yolk that can be used to prevent the bacteria in vitro. Toxoids are ineffective in 
other species [81, 82], and vaccines have not proven to be a very effective way of 
controlling the disease [83–86].

7.6 Diagnosis

Isolation and identification of the samples of yolk, joints, and internal organs 
from the infected bird should have to be practiced. Bacteria are harvested on the 
blood agar from the sheep or bovine and results are visible within a day of incuba-
tion. Selective media for this organism can be used as mannitol salt agar [87–89]. 
Serology testing includes microtiter plate agglutination assay and indirect immuno-
fluorescent antibody titer assay. It can be differentially diagnosed from the diseases 
of the joints of the poultry [79, 83].

7.7 Management and control

Sharp objects should not have contact with the birds of the poultry farm, 
Sanitation and optimal environmental conditions are key to good farming  
practices that will minimize the chances of infection [22, 67, 90–91]. 
Nutritionists are also considering the point of adding herbs and plants as 
Moringa oliefera [92] to boost the immune system, they also claim to have the 
composition of these herbs that helps the birds to cope up with the pathogens.  
In ovo inoculation is also advocated to boost the immune system to cope-up 
with the infectious agents [93]. Passive immunity against this bacterium to 
the susceptible population is also a rational option to cope up with the disease 
outbreaks [99].

7.8 Vaccination

Staphylococcal bacterins [81, 94], strain 115 [95], aerosol vaccine S. epidermidis 
115 [71, 95–98] and PNSG are available with an aim to prevent the Staphylococcal 
infections. The capsule of live or dead cells of the Smith diffuse strain of S. aureus is 
most antigenic and was proved and used as the earliest potent vaccinal candidate, as 
the antibodies produced against the capsule can deal with the strategy of this bac-
teria of dodging the phagocytosis [13–19]. The single intraperitoneal injection can 
protect from the challenge of a lethal dose of 108 CFU [26–27]. Anti-microcapsule 
vaccines are not proved to be as effective as capsular candidates. Bivalent vaccines 
are also been approved to be the effective ones. The capsule requires a monophos-
phoryl lipid A as adjuvant and a booster dose to show an optimal antibody response 
[98–102].

7.9 Treatment

It is recommended to have antibiotic sensitivity testing before deciding 
the application of the antibiotic. The commonly used antibiotics against this 
bacterium are penicillin, tetracycline, streptomycin, novobiocin, sulfonamides, 
lincomycin, and spectinomycin. Most bacteria to date, are resistant to penicil-
lin and many are resistant to other antibiotics as methicillin too. Vancomycin is 
considered now to be the most effective antibiotic against this bacterium. It is 
good to know that the cure rate of Staphylococcal infection with antibiotics does 
not exceed far beyond thirty percent, so vaccines should be the priority in dairy 
herd management [99–102].
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8. The regulation of virulence in the Staphylococci

Virulence factors are the substances that aid in the pathogenesis of an organ-
ism. Pathogenesis of Staphylococcus aureus does not depend on a single factor and 
there are a set of substances that collectively leads to the successful colonization 
of that bacteria into its host [98–99]. These virulence factors also diversify in 
their composition of proteins as exoproteins and surface proteins. To date, there 
are many reports of mutants, which behave differentially concerning the expres-
sion of different exoproteins in different environmental conditions [100–102]. 
Most of the exoproteins are secreted at the post exponential phase. The polysac-
charide of the capsule of Staphylococcus aureus also acts as the virulent factor. 
This bacterium can also be classified based on the structure of the capsule into 11 
different serotypes [99]. Serotypes 1 and 2 and mucoid, while the serotypes 3 to 
11 are microcapsules as which are non-mucoid and have thin capsules [96–101]. 
Among these 11 serotypes, 5 and 8 are the most prevalent. The capsule is vital to 
this bacterium as it is responsible for evading the phagocytosis by masking the 
C3b that is placed on the surface of these bacteria by the host immune cells. The 
significance of microcapsules in pathogenesis is not well established as there are 
many controversial studies in this regard. The genes responsible for the formation 
of microcapsules are cap5H, cap8J, and cap5P. The cap8B and cap5B genes are 
homologous to each other in several proteins, and cap8B acts as the chain length 
regulator of the capsule [98–100]. The chemical composition of serotypes 1, 2, 5, 
and 8 are presented in Figure 4.

The agr and sar 16 loci have been extensively studied and believed to have vital 
importance in the virulence of this bacteria. Alpha toxin is also a virulence factor of 
Staphyloccocus aureus, which forms the pores to the cells resulting in cytolysis of 
the surrounding cells of invasion [97–100]. Not all the virulence factors are active 
throughout the life of the bacteria, but on the as-required basis, to overcome the 
metabolic burden [96–100]. Currently, the exact mechanism behind these virulence 
factors is not well elucidated. Staphylococcus is blessed with these virulence factors 
for its survival in diversified environmental conditions, and the primary purpose 
of these is not to cause the disease. Passaging the bacteria to nutritive media in vitro 
leads to the bacteria of less virulency and the passage of bacteria to the live animal 
or host leads to the bacteria with more virulency [99, 100].

Microbial surface components recognizing adhesive matrix molecules 
(MSCRAMMS), Sialoprotein, laminin, elastin, etc. are the proteins that are respon-
sible for the adhesion of staphylococcus to its surrounding [98–100].

Figure 4. 
The chemical compositions of serotypes 1, 2, 5, and 8. Modified from [99].
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To dodge the host immune system is a requirement of the successful colonization 
of each pathogen. Staphylococcus is also blessed with these factors as protein A for 
binding the IgG antibodies [99–101].

This bacterium has a system of coordination with environmental conditions as 
temperature, pH, etc. This system of coordination is named the “two-component 
systems” having two proteins and a single operon and upon detection of the signal 
these proteins active certain genes for transcription. A small colony-sized SVC 
subpopulation is also a potent strategy of this bacteria against the immune system 
of the host and antibiotic therapy [97, 98].

The bacterial secretions having mitogen properties are also called superantigens. 
These superantigens are pathogenic and may cause an autoimmune response. They 
are also responsible to activate macrophages, zinc having a vital role in that, by ini-
tiating the IFN-gamma secretion from T cells. Superantigens can initiate an immune 
response without the increased concentration of IFN-gamma, whereas in mice it is 
necessary to have the increased concentration of IFN-gamma to initiate the immune 
response. It is not clear whether the response of MHC I and MHC II are synergistic 
or not, in the immunologic response against the pathogenesis of Staphylococcus 
Figures 5 and 6 [97–101].

Figure 5. 
(A) Response of IL-6 against anti-MHC-I 50 μg and MHC-II 100 μg antibodies incubated with C2D 
macrophages. (B) Response of TNF against anti-MHC-I 50 μg and MHC-II 100 μg antibodies incubated with 
C2D macrophages. Modified from [99–102].

Figure 6. 
Response of TNF against various stimuli. (TNF: Tumor Necrosis Factor, SEA: Staphylococcal enterotoxin A, 
SEA-B: Staphylococcal enterotoxin A). Modified from [99].
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9.  Endogenous IFN-gamma, TNF, and IL-6 in Staphylococcus aureus 
infection

Endogenous IFN-g plays a detrimental role in S. aureus infection. IFN-g, TNF, 
and IL-6 levels are elevated within 24 hours of infection even though whether the 
infection is lethal or non-lethal. In nonlethal cases, Bacteria is not present in the 
blood but in the kidneys and remains there for up to three weeks of infections. 
IFN-g peaks again in the spleens and kidneys. Among these three cytokines, the 
only cytokine that is detected in the serum is IL-6. In lethal infection, IFN-g and 
IL-6 in the sera and TNF in the kidneys peaked before death [98–102].

10. Conclusion

Staphylococcus aureus has vital importance in the ruminants, as it is one of the 
major causes of Mastitis. Along with that, it also affects the health of animals, Pets, 
and Poultry in several ways as the diseases of bones in poultry. The Regulation of 
Virulence in the Staphylococci mainly are the exoproteins and surface proteins, 
and capsule, agr, sar 16 loci, and Alpha toxin. Bacteria potentiates cytokines for 
host resistance [97–101]. IFN-g and TNF play a protective role against Listeria 
monocytogenes, Mycobacterium species, Salmonella typhimurium, and Francisella 
tularensis. IFN-g and TNF also mediate gram-negative septic shock and endotoxin 
shock. Staphylococci induce TNF, interleukin-1, IFN-g, IL-2, and IL-6 in humans 
and animals [101, 102].
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