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Preface

Staphylococci is a bacterial genus with high pathogenic potential for both humans
and animals, especially dairy animals. In this broad group of bacteria, 85 species and
30 subspecies have currently been reported, generally divided into two large groups:
coagulase positive (CPS) and coagulase negative (CNS) staphylococci.

Within the coagulase positive group is Staphylococcus aureus, which is the main pathogen
for humans and livestock and companion animals; the main coagulase negative strain
is S. epidermidis. However, other species have caused infections and should not be
ignored. A high percentage of people carry this microorganism in different parts of
the body, mainly in the nose; data increasingly points to a high percentage of carriers
also in the pharynx.

S. aureus can colonize and behave as a commensal; the colonization processis a
fundamental part of the life cycle of the bacteria. Under certain circumstances,
including environmental, bacterial and host factors, they can produce a wide variety
of infections ranging from mild to fatal. The severity of S. aureus infections is mainly
due to the existence of antibiotic-resistant strains, especially methicillin-resistant

S. aureus (MRSA) strains, which appeared within a few years of the introduction

of methicillin replacing penicillin, to which there was already a high percentage of
resistant strains, for the treatment of this bacterium.

At first these strains were only found in hospital environments, mainly causing
nosocomial infections, and were called hospital-acquired MRSA (HA-MRSA)
strains. However, since the 1990s they have moved into the community, causing
infections in people who had not been in a hospital environment. The WHO issued a
global alert for the prevention and combat of the new strains, which became known
as community-acquired MRSA (CA-MRSA). These strains, however, have managed
to return to hospitals, now causing new infections in hospitals as well.

Years after the appearance of CA-MRSA strains, MRSA strains were found in livestock
workers, giving rise to the group of MRSA strains acquired from livestock (LA-MRSA).
This indicates that S. aureus strains present in animals can be passed to humans and
vice versa.

All of this speaks to the ongoing evolutionary dynamics of staphylococci, especially
S. auveus.

What is it that makes this microorganism so pathogenic and able to adapt to changes in
the host and the environment? How can we determine the presence of staphylococci and
their virulence factors? What new treatments are there to combat this microorganism?
These are some of the questions that this book seeks to answer.



The first section brings together several chapters referring to colonization by
Staphylococcus aureus and the factors involved in the process. The second section
concerns the epidemiology and pathogenesis of S. aureus. The third section is related
to the diagnosis of the bacteria and its virulence factors. The last section explores
new compounds with antibacterial activity against staphylococci.

In the first section, “Staphylococcus aureus and Methicillin Resistant Staphylococcus aureus
(MRSA) Carriage and Infections”, reviews S. aureus and MRSA strains in relation to
their carriage in humans, their pathogenesis, their resistance to antibiotics, the diseases
they cause and their treatment. “Multidrug-Resistant Staphylococcus aureus as Coloniser
in Healthy Individuals” analyzes the relationship between colonization by S. aureus and
the possibility of causing disease in carriers through carrying a bacterium that can be
dangerous due to its pathogenic properties and their resistance to antibiotics.

The second section contains two chapters on the epidemiology and pathogenesis

of S. aureus. The colonization of S. aureus, the initial process through which this
microorganism can produce a disease or persist for a long time in the host is described
in “Main Factors of Staphylococcus aureus Associated with the Interaction to the Cells for
Their Colonization and Persistence”. This chapter also discusses the molecules involved
in the adhesion of the bacteria to the host cells and their regulation mechanism, as well
as biofilm formation, an important part of the colonization process. The evolution

of the S. aureus strains produces variations in the colonization of the population,
leading to changes at the epidemiological level. An example case is described in “The
Molecular Epidemiological Study of MRSA in Mexico”. Such epidemiological studies
contribute to the understanding and development of possible control measures for

this microorganism.

Section three consists of two chapters related to diagnosis, an important part of the
fight against staphylococci and an essential process in the detection and control

of infections they cause. “Recent Progress in the Diagnosis of Staphylococcus in
Clinical Settings” reviews different methods to detect these microorganisms, from
conventional microbiological methods, through molecular methods to the advanced
technique of surface-enhanced Raman spectroscopy (SERS). The significance of
staphylococcal infections for the livestock sector, especially dairy animals, is covered
in “Occurrence of Mastitis in Dairy Herds and the Detection of Virulence Factors

in Staphylococci”, which describes coagulase negative and methicillin-resistant
staphylococcal mastitis infections.

The ability of staphylococci to resist multiple antibiotics enhances their pathogenic
capacity, which is why new substances that can eliminate these bacteria are needed.
The search for new compounds with antibacterial activity against staphylococci is
presented in Section four. The use of silver and copper nanoparticles as an alternative
to combat staphylococci is discussed in “The Ability of Some Inorganic Nanoparticles
to Inhibit Some Staphylococcus spp.”. The second chapter of this section, “Potential Use
of African Botanicals and Other Compounds in the Treatment of Methicillin-Resistant
Staphylococcus aureus Infections”, analyzes the use of various active substances from
medicinal plants that have shown antibacterial action against staphylococci and
especially against MRSA strains.

XVI



We hope readers will enjoy this book and find information and recent advances
relevant to the study of colonization, diagnosis, and treatment of staphylococci, and
especially of S. aureus and MRSA strains.
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Chapter1

Staphylococcus aureus and
Methicillin Resistant Staphylococcus
aureus (MRSA) Carriage and

Infections
Songul Cetik Yildiz

Abstract

Staphylococcus aureus is among the most common opportunistic infections
worldwide, as it is found as part of the flora in many parts of the body. S. aureus is
the leading cause of nosocomial infections with its ability to rapidly colonize the
infected area, high virulence, rapid adaptation to environmental conditions, and the
ability to develop very fast and effective resistance even to new generation antibiot-
ics. Methicillin-resistant Staphylococcus aureus (MRSA), first identified in the 1960s,
is one of the most successful modern pathogens, becoming an important factor in
hospitals in the 1980s. MRSA is an important factor, especially in hospitalized patients
and healthcare-associated infections. Patients colonized with S. aureus and MRSA
are at risk for community-acquired infections. It is critical that multidrug resistance
reduces treatment options in MRSA infections and MRSA strains. These microorgan-
isms have been the subject of research for years as they spread and become resistant
in both social and medical settings and cause great morbidity and mortality. With
the rapid spread of resistance among bacteria, antibiotic resistance has increased the
cost of health care, and this has become the factor limiting the production of new
antibiotics.

Keywords: Staphylococcus aureus, MRSA, infections, antibiotic resistance

1. Introduction

Staphylococcus aureus is the most virulent member of the staphylococcal species.
The development of infection depends on the balance between the virulence of the
microorganism and the host defence system. S. aureus is a versatile, highly adaptive
pathogen and is ubiquitous, capable of colonizing the skin and mucous membranes
of the anterior nostrils, gastrointestinal tract, perineum, genitourinary tract, and
pharynx. S. aureus can cause community-acquired and healthcare-associated infec-
tions with high morbidity and mortality. It is most commonly isolated from wound
infections, urinary tract infections, pneumonia, septic arthritis, osteomyelitis,
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endocarditis and sepsis, skin and soft tissue infections, bloodstream infections, and
hospital-acquired postoperative wound infections.

S. aureus, which is an opportunistic pathogen, has been one of the most fre-
quently isolated pathogens, both from the hospital and from the community, which
can lead to more serious infections in the presence of suitable conditions. For the
first time in the 1940s, when an S. aureus strain developed resistance to penicillin,
the development of antibiotic resistance in S. aureus was recognized. Methicillin-
resistant S. aureus (MRSA), which is also virulent, also shows multidrug resistance
and has all the pathogenic properties of S. aureus strains. The feature that provides
methicillin resistance in S. aureus is associated with PBP2a, which is encoded by
the mecA gene complex. Detection of mecA gene by molecular methods is the gold
standard in the detection of methicillin resistance. Accurate detection of methicillin
resistance as soon as possible is of great importance in the control, treatment and
selection of the right antibiotic for MRSA infections. Attempts to develop a vaccine
for MRSA have so far been unsuccessful. Finally, in 2018, the Pfizer multi-antigen
vaccine phase IIb trial (2018) was also stopped on the grounds that it was useless.

Treatment of bacterial infections is a major problem due to the development of
resistance. The discovery and development of new drugs are of great importance in
order to overcome this problem, which significantly weakens the clinical effectiveness
of traditional antibiotics. In this review, we aimed to summarize the extensive litera-
ture on the epidemiology, transmission, genetic diversity, evolution, surveillance, and
treatment of MRSA by providing an overview of basic and clinical MRSA research.

2. Staphylococcus aureus

Gram-positive, non-motile, cocci-shaped, coagulase-positive S. aureus is the most
clinically important species among 52 species and 28 subspecies in the Staphylococcus
[1]. The stability and worldwide spread of this pathogen are due to its ability to
rapidly acquire and lose determinants of resistance and virulence from other mem-
bers of the Staphylococcus [2]. S. aureus is a really hardy bacterium. It is resistant to
drying out and it can survive on dry surfaces for a long time. It can survive even at
high salt concentrations, providing a basis for selection of the growth medium from
other bacteria. They may contain genes responsible for their virulence and resistance
to various antibiotics in their chromosomes.

2.1 Pathogenesis of S. aureus

Staphylococci were first described by Robert Koch in 1878 and were reported to
cause disease in mice by Alexander Ogston in 1881 [3]. S. aureus, the most pathogenic
member of staphylococci, is the cause of many life-threatening diseases such as
superficial skin abscess, food poisoning, bacteremia, necrotic pneumonia in children
and endocarditis [4]. The ability of S. aureus to infect is realized by the colonization
of the bacteria into the host cells. After birth, the umbilical region, perineal region,
nose, and gastrointestinal tract of the newborn are colonized with S. aureus, although
not frequently [5]. S. aureus can be seen mostly in the contact of colonized healthcare
personnel with patients or in previously colonized patients. Mechanisms involved in
the pathogenesis of these infections; adhesion of bacteria to the host, passage through
anatomical barriers, inactivation of phagocytic cells, suppression of the humoral
immune system of the relevant host and secretion of toxins. Factors affecting the
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formation of infection include the state of the host immune system, the number and
virulence of microorganisms, and deterioration of skin and mucosal integrity [6]. In
particular, patients using invasive medical devices and those with weakened immune
systems are vulnerable to S. aureus infections [1]. Bonnal et al. reported that S. aureus
is the causative agent in 18% of nosocomial bloodstream infections. Catheter-related
bloodstream infection was detected in 38.2% of these cases [7]. It has been reported
that healthcare-associated bloodstream infections caused by S. aureus can be used as
a marker for general hand hygiene practices and compliance with infection control
measures in hospitals [8].

2.2S. aureus carriage

Nasal S. aureus carrier is an important source of infection for S. aureus, which can
be transmitted by contact and airway. Conditions in which skin integrity is impaired
such as burns and trauma may be predisposing factors, as well as foreign bodies such
as prostheses and catheters are important risk factors. Contagion is also seen with the
use of common items such as towels. Contamination is especially high in indoor areas.
The reason for the higher rates of carriage in children and young people is stated to be
more contact with respiratory secretions in these age groups. There is a strong rela-
tionship between nose and hand carriage in S. aureus infections.

In a study, when cultures were taken from the nose, perineum, groin, and armpit
were compared, S. aureus growth was most common in the nose [9]. Although it
increases during menstruation, it has been reported that 10% of women of childbear-
ing age have S. aureus carriage in the vagina. It has been stated that while there may
be different S. aureus strains in the same person, 69% of MRSA-positive patients
may have colonization in more than one region [10]. S. aureus carriers are divided
into four persistent, intermittent, transient carriers and non-carriers. While 10-35%
of healthy individuals are persistent carriers and 20—75% are intermittent carriers,
persistent carriers have a higher risk of developing infection due to the higher bacte-
rial load. Intermittent carriers usually consist of healthcare workers, such as intensive
care workers, who become decolonized between two shifts [11]. Persistent carriage is
higher in children, and it turns into intermittent carriage between the ages of 10—20
[12]. Carriage is significantly higher in the presence of diabetes mellitus, hemodialysis
or peritoneal dialysis patients, intravenous drug users, healthcare workers, inpatients,
patients with eczematous skin disease, liver failure, and HIV infection [13].

Nosocomial infections are a global problem of patient loss. While nosocomial
infections can occur in 5-10% of hospitalized patients in developed countries, this
rate is around 25% in underdeveloped countries [14]. While the cases with S. aureus
growth in blood culture were 5.5% of all cases, it was determined that 69% of the
cases with only S. aureus growth consisted of samples obtained from intensive care
units [15].

2.3 S. aureus resistance

While epidemics can be treated easily, some invasive infections such as bacte-
remia, septic arthritis, toxic shock syndrome, osteomyelitis and endocarditis may
trigger, and these conditions may require inpatient treatment due to difficult compli-
cations. Antibiotic treatment is recommended against infections caused by pathogen
in the body [16]. Clinically, treatment options are limited as S. aureus has acquired
significant resistance to multiple classes of antibiotics [17]. It has shown significant
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potential in rapidly responding to the challenge posed by new antibiotics through

the evolution of novel antimicrobial resistance mechanisms. The development of
resistance in these pathogens occurs with enzymatic inactivation of the antimicrobial
agent, change in the target site of the drug, efflux pump and sequestration of the
antimicrobial agent [18].

S. aureus has developed resistance to almost all antibiotics that have been in
clinical use for centuries as an important health problem for humanity. Antibiotic
resistance of S. aureus, which started with sulfonamides, extended to glycopeptides.
Resistance to penicillins, which came into use in the early 1940s, increased to 50%
within five years with the selective selection of penicillinase-producing bacteria, and
today it is 95% [19].

Methicillin resistance started to be seen in 1961, two years after it started to
be used clinically. Later, resistance development was observed against clindamy-
cin, chloramphenicol, tetracyclines, macrolides, rifampin, aminoglycosides and
trimethoprim-sulfomethoxazole antibiotics, which were widely used in the 1970s.
Quinolone resistance was detected in the 1980s [6]. Some studies have stated that
horizontal gene transfer has a role in the rapid acquisition and spread of antibiotic
resistance markers in S. aureus [2, 20]. Most of the clinical isolates of S. aureus have
a plasmid ranging from 1 to 60 kb. These plasmids carry a variable number of resis-
tance genes. Resistance to erythromycin, tetracycline and chloramphenicol is carried
by small plasmids, while the larger ones carry multidrug resistance genes against
a-lactam, macrolides and aminoglycosides [20]. The development of resistance to
p-lactams (penicillin, oxacillin, methicillin and cephalosporin) in S. aureus occurs by
the acquisition of a genomic island called the staphylococcal cassette chromosome
(SCCmec) carrying mecA [21]. It has been determined that S. aureus penicillin resis-
tance develops with the use of penicillin in treatment.

Penicillin resistance is mediated by the blaZ gene encoding p-lactamase enzymes
[22]. Although penicillinase-resistant antibiotics such as methicillin have been used
to overcome penicillin resistance, resistance to methicillin has emerged in S. aureus
strains. It has been reported that f-lactam antibiotics cannot be used in the treatment
of Staphylococcus infections due to methicillin resistance. Vancomycin, which is in
the glycopeptide group, has been used in MRSA infections. In 2002, vancomycin
resistance was also observed in S. aureus strains. This has made the treatment of
Staphylococcus infections difficult [23].

2.4 Diseases caused by S. aureus

Bacteremias caused by staphylococci are examined in two groups hospital and
community origin. While bacteremias that start 48—72 hours after hospitalization
or within the first 10 days after hospital discharge are hospital-acquired, bactere-
mias that exist during hospitalization or develop within the first 24—72 hours are
community-acquired. S. aureus bacteremia is seen at increasing rates in patients with
staphylococcal diseases such as osteomyelitis and endocarditis, and in those using
established medical devices. Prolonged hospital stays increase bacteremia due to
S. aureus [6]. S. aureus causes common infections such as endocarditis, meningitis,
impetigo, folliculitis, carbuncle, furuncle, cellulitis, bacteremia, pericarditis, pneu-
monia, osteomyelitis and septic arthritis. It also causes toxigenic syndromes such as
toxic shock syndrome, septic shock, scalded skin syndrome, food poisoning [24].

It causes furuncle disease in areas where hair follicles are common, such as the face,
neck, hips, and armpits [25]. S. aureus is one of the major causes of surgical wound
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infections. It occurs with the development of edema, erythema and pain around the
wound after surgical intervention. In cases where there is no spread to deep tissues,
removal of sutures, repetitive dressing and antibiotic treatment are sufficient [6, 10].
Scalded skin syndrome caused by exfoliative toxins produced by S. aureus strains and
necrotizing pneumonia caused by Panton-Valentine leucocidin toxins can be life-
threatening [26].

3. Methicillin-resistant Staphylococcus aureus (MRSA)

Resistance to antibiotics that are not hydrolyzed by p-lactamase is called methicil-
lin resistance. S. aureus pathogens have gained methicillin resistance by horizontal
transfer of mecA, which has low affinity for f-lactam antibiotics and encodes a modi-
fied penicillin-binding protein [27]. In MRSA, the acquisition of resistance occurs
by mutation of the target gene in the chromosomes, efflux pump system, horizontal
transfer of mobile genetic elements (MGEs), or enzymatic action of drugs, as in
the case of penicillin [28]. PCR-based methods generally show the best sensitivity,
although they have a higher cost and some risk of false-positive results.

3.1 Epidemiology

With the first use of penicillin in the treatment of staphylococcal infections in
1940, the morbidity and mortality of staphylococcal infections were significantly
reduced. However, penicillin-resistant staphylococcal strains were reported for the
first time in England in 1944, and many antibiotic resistances were described in
staphylococci in the following years.

Staphylococci gain resistance by inhibiting p-lactam antibiotics by hydrolyzing
the amide bond of the f-lactam ring with the enzyme p-lactamase (penicillinase)
they produce. Methicillin, which is a penicillin derivative and resistant to f-lactamase
enzyme, was removed from clinical use due to its serious side effects of causing
interstitial nephritis, although it was the first antibiotic produced in 1959 and used in
the clinic among B-lactamase antibiotics (methicillin, oxacillin, nafcillin, cloxacillin,
dicloxacillin) [29]. MRSA spread rapidly in the 1960s and increased in many parts of
the world.

The molecular epidemiology of S. aureus is largely determined by the succession
of regionally dominant strains. Penicillin-resistant phage type 80 or 81 of S. aureus
increased from 1953 to 1963 [30]. MRSA was identified in 1961, shortly after the
introduction of methicillin, and MRSA outbreaks were reported at the same time
[31]. Later, towards the end of the 1970s, MRSA infections began to be seen as
endemic in Europe and America.

The prevalence of MRSA in the community is increasing due to the epidemic of
community-associated MRSA strains. MRSA strains are divided into two groups
community-acquired and hospital-acquired. Community-acquired MRSA cases can
be seen in people who have not been treated in hospitals, young people, people in
crowded communities, athletes and gyms. Community-acquired infections of MRSA
usually occur in the form of skin and soft tissue infections.

There are 5 penicillin-binding proteins (PBPs) in methicillin-sensitive S. aureus
(MSSA) bacteria. There are 7 MRSAs. PBP2a with a weight of 78 kDa is formed by the
change of penicillin-binding protein. A gene known as mecA codes for this change
[32]. The staphylococcal Cassette Chromosome (SCC) consists of the mec and ccr
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gene complexes located near the replication site. Methicillin resistance is caused by
the mec gene complex [33]. MRSA is formed by the acquisition of a genomic island
carrying the methicillin resistance determinant mecA. Since its discovery in the UK
in the early 1960s, MRSA has been recognized worldwide as the most common cause
of human, community and animal-associated infections. Significantly, too many
antibiotics with MRSA resulted in a reduction of their therapeutic value, prolonging
hospital stays [34].

3.2 MRSA carriage

The spread of MRSA infection usually occurs in the hospital setting. MRSA infec-
tion is carried into the hospital setting by patients or healthcare professionals. When
MRSA infection is detected, risk factors such as hospitalization, close contact with a
hospitalized person, and a history of chronic disease should be present [23]. MRSA
colonization has been detected in nostrils, axillary, rectal, perirectal, oropharyngeal
and intestinal samples [35]. Major identified risk factors for MRSA infections include
surgery, dialysis, hospitalization, indwelling percutaneous devices such as central
venous catheters or feeding tubes, or the patient’s previous culture-proven MRSA
infection. Healthcare-associated MRSA infection was defined as MRSA infection that
developed 48 hours after hospitalization. MRSA is an important factor in healthcare-
associated infections, especially in hospitalized patients.

Nasal carriage is important in the epidemiology of MRSA. Studies have indicated
that the most suitable area where S. aureus bacteria is isolated is the nose. It has been
stated that the bacteria are eradicated from other parts of the body in nasal treatment
[36]. Almost any material that comes into contact with the skin, such as pens, mobile
phones, white coats, and ties, can act as fomite in MRSA transmission. Colonization
can continue for a long time. MRSA can also persist in the home setting and compli-
cate eradication attempts [37]. Colonization is not stable as strains have been found to
evolve and even migrate within the same host [38]. Nearly 80% of MRSA infections
accumulate in the skin and soft tissues and spread rapidly. It has been shown that it
causes diseases such as bursitis, osteomyelitis, arthritis, sinusitis, and urinary tract
infection due to MRSA infection [39].

Individuals with MRSA colonization or carriers are at risk of developing an infec-
tion, and carriers are a source of person-to-person transmission. There are people
prone to infection in healthcare facilities. Especially hospitals are areas where the use
of antibiotics is high and places where there is frequent contact between people. These
conditions facilitate the epidemic spread of MRSA in hospitals.

MRSA is still endemic in many healthcare facilities around the world and has
become the focus of global infection control committees. When S. aureus strains
isolated from hospitalized patients and wound samples were examined in the study,
75% of wound-borne strains, 51% of skin-borne strains and 74% of strains obtained
from hospital beds were identified as MRSA. Yiiksekkaya et al. stated that 48% of the
cases with MRSA in blood culture were isolated from intensive care units, 47% from
internal clinics, and 5% from surgical clinics [40]. In the study conducted by Zencir
etal. on hospitalized patients, it was reported that 84.6% of the patients with MRSA
growth in their blood culture were obtained from the intensive care units and 14.4%
from the samples from other clinics [39].

Situations in which MRSA carriage increases include previously acquired MRSA
carrier, being an intensive care unit worker, contact with a person carrying MRSA,
taking care of a relative in need of home care, acne, chronic inflammatory bowel
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disease, contact with pets and raw meat [11]. Because MRSA is both commensal and
pathogenic, attempting to eliminate the carrier following detection of MRSA coloni-
zation is predictive of the risk of subsequent infection [41].

3.3 Antibiotic resistance of MRSA

Methicillin resistance is due to the mecA gene. mecA is a gene encoding a novel
penicillin-binding protein that confers resistance to all -lactam antibiotics, including
anti-staphylococcal penicillins, cephalosporins and carbapenems [42]. The emergence
of multiple antibiotic resistance in MRSA infections prolongs the treatment period.
MRSA infection usually spreads from the hospital [18]. Nosocomial infection is one of
the most important factors in the multi-antibiotic resistance of MRSA. Detection of
this agent will be an important step in infection control.

Glycopeptide antibiotics are generally preferred in the treatment of MRSA. The
commonly preferred vancomycin. Daptomycin, quinopristin-dalfobristin, line-
zolid, tigecycline are other antibiotics used in the treatment. In a study by Kao et al.
it was stated that 98.8% of 470 MRSA bacteria obtained from blood cultures were
susceptible to daptomycin [43]. In a study conducted in the USA, it was reported
that S. aureus bacteria were sensitive to daptomycin at a rate of 99.94% and 53.3%
of these were MRSA [44]. In another study, the MRSA strains used were found to
be sensitive to linezolid [45]. In a study on 67 MRSA strains, the antibiotics dapto-
mycin, linezolid, teicoplanin, and vancomycin were used. It has been reported that
daptomycin has 8 times more effective than vancomycin, 16 times more effect than
teicoplanin and 4 times more effect than linezolid [46].

Patients with MRSA infection have higher mortality, longer hospital stays and
higher healthcare costs, severe acute renal failure, hemodynamic instability, and long-
term ventilator dependence than patients with methicillin-susceptible Staphylococcus
aureus (MSSA) infection. While there are five penicillin-binding proteins in MSSA
strains, a different PBP with a weight of 78 kDa, called PBP2a or PBP2), is additionally
synthesized in resistant strains. This protein of different nature exhibits a low affinity
for B-lactam antibiotics.

3.3.1 Chromosomal (intvinsic) methicillin vesistance

Chromosomal mutations or deletions in the mecA gene system due to frequent or
incorrect use of antibiotics may cause the suppressive function to be abolished in
S. aureus strains and cause continuous production of PBP2a [47].

Chromosomal methicillin resistance occurs in three ways. These;

1. Homogeneous resistance is when each bacterium in the colony has the mecA
gene, can synthesize PBP2a, and shows a high degree of methicillin resistance.

2. Heterogeneous resistance is the condition in which high methicillin resistance is
found in only one of 106 to 108 bacteria, although all bacteria in the colony carry the
mecA gene. It is common in the clinic. The fact that PBP2a expression is not strongly
induced in strains carrying normal regulatory genes (mecA, mecR1 and mecl) and its
induction is much slower causes some strains to be methicillin-sensitive despite car-
rying the mecA gene. The high methicillin resistance seen in this type of resistance is
in a region outside the mec gene; It is the result of an additional chromosomal muta-
tion defined as chr, which is thought to be located at the zmyr locus.
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3. Eagle-tip resistance, strains susceptible to methicillin at low methicillin concen-
trations become resistant to methicillin at high concentrations. This is presumed
to be the result of intact mecA regulator genes inducing PBP2a synthesis at high
methicillin concentrations [29].

The high prevalence of MRSA is attributed to its toxin production, rapid spread,
and capacity to have multiple antibiotic resistance markers. This causes an increasing
burden on limited health service. The rapid spread of natural resistance genes among
pathogenic strains reduces the clinical importance of many drugs in a short time.

3.4 Treatment

MRSA causes a challenging, versatile and unpredictable infection. Genetic adapta-
tion capacity and the rapid emergence of strong epidemic strains pose a great threat
to health. Studies evaluating genomics, epigenetics, transcription, proteomics, and
metabolomics in animal models and patients with a variety of MRSA are crucial to
the understanding and treatment of MRSA infection [41]. The hands of hospital staff
are important in the spread of MRSA. Recently, methicillin resistance has increased
worldwide. The fight against MRSA in the hospital setting is a crucial step in starting
the treatment process right away. Immediate initiation of MRSA treatment with early
detection will reduce the incidence. In addition to appropriate antimicrobial therapy,
infectious disease consultation will reduce mortality from MRSA bacteremia.

An important pathogen in nosocomial infections, MRSA has also gained impor-
tance as a community source. The risk of colonization and infection is higher in
patients using antibiotics. MRSA is methicillin-resistant and resistant to all p-lactam
antibiotics. It is mentioned that there is resistance to clindamycin, macrolides, tetra-
cycline, chloramphenicol and aminoglycosides. Mortality rate in MRSA infections is
much higher than in MSSA. Patients infected with MRSA are hospitalized for more
time in intensive care treatment. Multiple antibiotics effective against MRSA have
been approved by the FDA since 2014. However, the sustained and high mortality rate
from invasive MRSA infection suggests the need for high-quality studies to determine
the optimal management for these patients. In order to carry out such studies, it is
necessary to establish a clinical research network. By expanding the research area, the
clinical impact of this pathogen can be reduced.

4, Conclusion

Hospital infections not only affect the patient but also negatively affect the
companions and healthcare workers. Many problems such as an increase in mor-
bidity and mortality, decrease in quality of life, loss in cost and productivity, and
prolongation of hospital stay are caused by nosocomial infections. The major chal-
lenge in the treatment of S. aureus infection is the lack of suitable therapeutic agents,
as pathogens develop resistance to almost all antibiotics. The increasing problem of
antibiotic resistance in hospital infections caused by MRSA has become an important
health problem that increases its severity worldwide. As a result, there is an increase
in the rates of healthcare-associated infections caused by S. aureus and MRSA. This
increase can be prevented by providing adequate training on hygiene, increasing
compliance with standard infection control measures, and improving the rational
use of antibiotics.
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Abstract

Staphylococcus aureus is a common human pathogen that can cause mild superficial
infections to deep-seated abscesses and sepsis. One of the characteristics of S. aureus
is the ability to colonise healthy individuals while leaving them asymptomatic. These
carriers’ risk harbouring an antibiotic-resistant strain that may be harmful to the
individual and the community. S. aureus carriage in healthcare personnel is being
studied extensively in many parts of the world. However, the relationship between col-
onisation and disease among those with no previous exposure to healthcare remains
untouched. Colonisation of the nasal cavity and its surrounding by pathogenic
organisms such as S. aureus leads to the increased risk of infection. Hospital-acquired
infections associated with S. aureus infections are common and studies related to these
types of infections among various study groups are largely documented. However,
over the last decade, an increase in community-associated methicillin-resistant
S. aureus has been noted, increasing the need to identify the prevalence of the organ-
ism among healthy individuals and assessing the antibiotic resistance patterns.
Systemic surveillance of the community for colonisation of S. aureus and identifying
the antibiotic-resistant pattern is critical to determine the appropriate empiric antibi-
otic treatment.

Keywords: Staphylococcus aureus, multidrug resistance S. aureus, community
acquired-MRSA, healthy individuals, antibiotic resistance

1. Introduction

S. aureus is the most significant pathogen within the genus Staphylococcus and
a major human pathogen capable of causing a wide variety of infections [1]. This
pathogen was first discovered by a Scottish surgeon from a surgical abscess [2]. S.
aureus is a Gram-positive, catalase and coagulase producing, oxidase negative, non-
spore-forming cocci [3]. S. aureus can interact with its host as a commensal member
of the microbiota [4] or act as an opportunistic pathogen leading to a wide range of
community and hospital-associated infections [5-7]. The nose (anterior nares) is
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the most frequent ecological niche of S. aureus carriage, but this bacterium can also
colonise multiple body sites including pharynx [8-10], skin, rectum, vagina, axilla,
and gastrointestinal tract [11]. It was found that approximately 20-30% of the
human population harboured this bacterium persistently and asymptomatically in
the anterior nares [4].

Nasal colonisation of S. aureus has shown to be an increased risk factor for the
development of community-acquired or nosocomial infections by two to tenfold
[12]. Most community-acquired S. aureus infections happen due to autoinfection
from anterior nares, skin or both [13]. Transmission of S. aureus may happen
through contaminated objects and surfaces although the main route of transmis-
sion is mainly from a colonised or individual having an infection with S. aureus
[14]. S. aureus is also known to cause mild superficial infections to deep-seated
abscesses and life-threatening sepsis [11]. Additionally, it has been documented
that persistent nasal colonisation by S. aureus increased the risk for subsequent
infections and this situation became even more complicated in immunocompro-
mised and hospitalised individuals which can lead to invasive infections with high
morbidity and mortality rates [15, 16].

Antimicrobial resistance has caused a significant challenge to modern medicine as
well as to the possibility of effective treatment of infectious diseases. The emergence
of antibiotic resistance among S. aureus has been a problem since the identification
of penicillinase-producing S. aureus just two years post-discovery of Penicillin [17].
Like other bacteria, S. aureus also develops resistance on exposure to antibiotics,
leading to resistant strains [18]. The antibiotic resistance crisis has been accelerated
by the misuse and overuse of antibiotics leading to a ‘silent pandemics’ [19]. It has
been reported that infections caused by antibiotic-resistant strains of S. aureus have
reached epidemic proportions worldwide. Several studies have found that the overall
burden of staphylococcal disease in both hospital and community settings, especially
that caused by methicillin-resistant S. aureus strains (MRSA), has increased in vari-
ous countries including China, Brazil, India and Turkey as well as Malaysia [20-25].
Some previous studies have shown that the emergence of community-associated
MRSA (CA-MRSA) strains was one of the major causes of skin and soft-tissue infec-
tions [26]. The rapid spread of CA-MRSA strains has been reported in some other
countries with a historically low prevalence of MRSA such as Norway, Denmark,
Asia, Canada, Australia, Sweden and Finland [27-29]. CA-MRSA strains have
demonstrated a remarkable diversity in the number of different clones that have been
characterised [14].

In Asia, the multidrug-resistant strains of S. aureus particularly MRSA have
become endemic in most hospitals and poses a major threat to public health and treat-
ment challenge to physicians due to its limited therapeutic options [30]. Multidrug-
resistant S. aureus such as MRSA is no longer confined to patients with known risk
factors or exposure to healthcare settings. Several reports about MRSA infection have
increased the public concerns about the implications of the transmission of S. aureus
among healthy individuals. It has been found that MRSA carriage in healthy individu-
als is a major asymptomatic reservoir that led to the wide spread of MRSA within
the community [31-33]. In Malaysia, a recent study conducted by Suhaili, Azis [34]
showed that a total of 49 of S. aureus strains isolated from 200 healthy undergradu-
ate students in the year 2012 and 2013 yielded eight erythromycin-resistant isolates.
Among these eight isolates, six were found to harbour the msrA gene and one isolate
carried the ermC gene [34].
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2. Colonisation

The colonisation of the human body with S. aureus is closely linked with seri-
ous blood infections to minor skin infections [35]. The anterior nares happen to be
the most common site of S. aureus colonisation with the nasal cavity and vestibule
harbouring S. aureus equally [36, 37]. The likelihood of S. aureus being transferred
from the nasal site to other body parts via hand transfer is high [38]. Nasal carriage of
S. aureus varying from 20% to >50% was detected in studies conducted in different
parts of the world [39-43].

Various other sites colonisation the S. aureus has been documented including the
oropharynx, skin, vagina, rectum, gastrointestinal tract and axilla [12]. In a study
conducted among healthy individuals in the Iowa United States, nasal swabs and
oropharyngeal swabs were collected, revealing a higher prevalence of S. aureus [44].
The authors of this study suggest that the addition of sites other than the anterior
nares increases the chances of identifying prevalence rates and genotypic differences
among S. aureus in different parts of the body [44]. A study conducted by Azmi,
Adnan [45] to identify the prevalence of S. aureus in the oral cavity of healthy adults
in Malaysia explained an increase in the occurrence of S. aureus with a significant
association with the presence of dental prostheses. With every rise in colonisation,
the risk of infection increases, indicating the importance of identifying the differ-
ent areas and colonisation rates [45]. The colonisation of multiple anatomical sites
can lead to horizontal gene transfer and antibiotic resistance between co-colonising
strains [46].

S. aureus colonisation rates can vary among individuals with different clinical
conditions and having an underlying condition can be a significant factor associated
with nasal colonisation [12, 47]. Patients with diabetes mellitus (DM) show a high
prevalence of MRSA nasal colonisation [12]. Supportive to this finding are studies
conducted by Bhoi, Otta [48] and Lin, Lin [49], where DM patients had a higher rate
of MRSA colonisation compared to healthy individuals. This type of colonisation can
lead to more severe conditions such as foot ulcers in DM patients [49]. Lin and the team
researched diabetic patients in Taiwan to assess the concordance between colonisa-
tion and MRSA colonisation, revealing nasal carriage of MRSA to be a significant risk
factor for foot ulcers in DM patients [49]. A similar study in New York with patients
undergoing total hip arthroplasty and knee arthroplasty showed a high carrier rate of
S. aureus [50]. Hidron, Kempker [51] described that an individual’s chance of colonisa-
tion with S. aureus is increased by 17% in HIV positive patients and 1.3% - 5.3% in
patients admitted in hospital settings [51]. A higher prevalence of S. aureus colonisation
(44.0%) was observed among HIV infected individuals in a case-control study done
in India [52]. Apart from HIV patients affected with comorbidities such as obesity and
diabetes can also have a higher S. aureus carrier rate [12]. A study conducted among
the Norwegian population showed a vast increase in S. aureus colonisation with the
increase in body mass index (BMI) (for each 2.5 kg/ m? a 7% increase) [53]. However,
the prevalence rate of S. aureus is not similar to all chronic diseases. S. aureus nasal
colonisation rate had no significant difference among rheumatoid arthritis patients and
the general population [54].

The prevalence rates of S. aureus in healthy individuals vary from population to
population with certain risk factors making them more prone to colonisation [35].
Studies including healthy individuals from the general community or university/
college campus in Iran, China, Saudi Arabia and Taiwan showed prevalence rates
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of 30.16%, 24.7%, 37.0% and 22.0% respectively [40, 41, 43, 55]. Findings from the
refugee community indicated a higher prevalence rate of 44.0% in Nepal and 51.2%
in Portugal, indicating the variance in prevalence among different populations and
geographical distributions [42, 56]. Curry and his team observed that the prevalence
of S. aureus colonisation can be increased with living in confined spaces with limited
exposure to external environments. This study was conducted among Navy crew
members in an assault ship during a 3-week training session. Among the 400 partici-
pants, 59.7% was colonised with S. aureus [57]. Prior exposure to antibiotics also poses
arisk factor for S. aureus colonisation [58]. A case-control study conducted from 2005
to 2010 revealed that 37% of patients with MRSA infection were exposed to antibiot-
ics three months before [59].

Research conducted among healthy individuals in Malaysia revealed a low preva-
lence rate of S. aureus from nasal swabs of medical students (9.24%) and dental
students (18.0%) [60, 61]. A higher prevalence of S. aureus was observed from oral
cavity samples (40.0%) and hand swab samples of food handlers (95.0%) from
Ampang Jaya and Klang Valley respectively [45, 62].

3. A pathogen of concern

S. aureus is a fast-evolving Gram-positive coccus and one of the most typical
opportunistic pathogens identified [63]. S. aureus has been a leading cause of nosoco-
mial infection till the identification of epidemiologically distinct colonies in com-
munity settings [64]. S. aureus is responsible for hospital-acquired infections (HAI)
such as surgical site infections, nosocomial pneumonia and central line-associated
bloodstream infections (CLABSI) which can lead to life-threatening situations [65].
Several studies and texts describe S. aureus among most common isolates responsible
for hospital-acquired infections [66-69]. With stringent measures, a reduction in HAI
with S. aureus is seen but community-acquired infections are still on the rise [70, 71].

S. aureus is frequently isolated from skin and soft tissue infections (SSTIs). A
study conducted in Greece from 2014 to 2018 identified the presence of S. aureus in
46.4% of patients with SSTIs [72]. S. aureus was isolated from 62% of all wound or
abscess cultures received at a medical treatment facility in the U.S from 2005 to 2010
[73]. Kumar and their team also reported a high percentage of S. aureus (75.0%)
isolated from wound abscess of adults and children aged 6 months to 84 years [74].
Apart from SSTIs S. aureus has also been isolated from patients with mastitis. Cultures
performed on breast milk from patients with mastitis revealed the presence of S.
aureus in 19.8% and 38.2% of the sample from studies conducted in China and Italy
respectively [75, 76].

S. aureus infections become more serious when it enters the bloodstream, and this
type of infection tends to be more fatal and is regarded as a significant cause of mor-
bidity and mortality in infected patients [77]. Marra, Camargo [78] reported S. aureus
as the primary organism responsible for nosocomial bloodstream infections (15.4%)
in Brazil with a crude mortality rate of 31.0% [78]. Similar results were also seen in
a study conducted with blood samples received from laboratories of 25 European
countries where S. aureus was the pathogen in over 3000 samples [79]. Conditions
associated with S. aureus bacteraemia such as infective endocarditis and osteomyelitis
also remains as important metastatic infections as these can add to the morbidity
and mortality rates. An observational study conducted at a Danish hospital included
patients admitted with S. aureus bacteraemia (SAB) to determine the prevalence of
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infective endocarditis among them. The study revealed that 16% of patients with SAB
had confirmed infective endocarditis [80]. Also, S. aureus has been reported as the
most frequent causative organism (29.4%) in hospitalised patients diagnosed with
infective endocarditis in a Canadian study [81].

Numerous studies have demonstrated a significant incidence of S. aureus in health-
care settings that are resistant to antibiotics. There is, however, a significant differ-
ence between these studies and those that were carried out in community settings.
This is due to the fact that little effort is made at the local level to address the global
antibiotic resistance crisis, despite the fact that studies comparing the prevalence
of antibiotic resistance in both communities and hospitals all showed consistently
high values without a discernible difference. Influenced by many factors including
crowded housing, poor cleanliness, inadequate access to healthcare, educational
background and contact with asymptomatic MDRSA carriers are all typical causes
of community-acquired diseases. Therefore, the evidence of the high incidence of S.
aureus antibiotic resistance among healthy individuals from 2016 to 2020 has been
prescribed in Table 1.

4. Antimicrobial resistance patterns

Antibiotic resistance is a huge global threat rising dangerously to a high level.
According to the WHO global priority list of antibiotic-resistant bacteria, S. aureus is cat-
egorised as a priority 2 or level ‘high’ organism [82]. The emergence of antibiotic resistance
among S. aureus dates back to the 1940s during which penicillin-resistant S. aureus was
identified [14]. The penicillin-resistant S. aureus expressed a p-lactamase that hydrolysed
the p-lactam ring found in antibiotics that target the cell wall [18].

The development of methicillin resistance among S. aureus isolates dates to the
1960s, increasing MRSA in hospital infections and later in community-acquired
infections [5, 83]. Resistant to methicillin in S. aureus occurs by the expression of the
methicillin-hydrolysing f-lactamase and a foreign penicillin-binding protein (PBP)
[84]. The methicillin-resistant S. aureus differs from the methicillin-sensitive S. aureus
by the presence of the mecA gene which encodes the PBP2a [85]. Hence, molecular
characterisation of S. aureus is vital in identifying virulence genes such as Panton-
valentine leucocidin (PVL) and the mecA gene responsible for antibiotic resistance of
the organism [86].

The prevalence of MRSA among clinical isolates and community samples still
exists [39, 40, 87], but recent studies reveal a decrease in MRSA prevalence specifi-
cally in the community [88-91]. To identify whether an MRSA isolate is community-
associated or not molecular testing can be done to identify the presence of the gene
SCCmec types IV and V as these two types are the most prevalent among CA-MRSA
strains [89]. Similarly, spa typing to identify the spa gene of S. aureus helps in
understanding the genetic diversity and clonal relatedness of the isolated organisms
[92]. While the spa gene informs us of the presence of S. aureus in the specimen,
its occurrence, together with the mecA gene, indicates the presence of MRSA [93].
Likewise, identifying the scn gene can suggest that the organism originated from
livestock [94, 95].

With the decrease in the prevalence of MRSA seen in different populations,
an increase in resistance to lincosamides and macrolides among S. aureus was
identified [34, 96, 97]. Lincosamides are a class of antibiotics containing natural,
lincomycin, and semi-synthetic chlorinated derivative clindamycin [98]. These
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antibiotics act by inhibiting protein synthesis and have good antibacterial activity
against Staphylococcus and Streptococcus species and can suppress the expression

of virulence factors in S. aureus, therefore, clindamycin is recommended for the
treatment of toxin-mediated infections [99]. Macrolides, including erythromycin,
are similar to lincosamides as their mechanism of action is by inhibiting protein
synthesis and is effective in the treatment of Gram-positive organisms including
Staphylococcus species [100]. However, recent studies raise the concern of increased
clindamycin and erythromycin resistance seen among S. aureus isolates. S. aureus
isolated from various clinical specimens from a hospital in Italy were subjected to
antimicrobial susceptibility testing to identify the resistance rates and revealed the
increase in resistance to clindamycin in sputum isolates (58.3%) and erythromycin
in urine isolates (51.55%) [101]. Resistance to clindamycin is the result of enzy-
matic methylation of the antibiotic binding site of the ribosomal subunit [99]. The
methylase is coded by a variety of erm genes of which ermA and ermC are found in
Staphylococcus resulting in the production of rRNA methylase always (cMLSg) or
producing methylase only in the presence of an inducer (iMLSg) such as erythro-
mycin [102].

A study conducted among school children in Kathmandu, Nepal revealed 23.4%
isolates to show inducible resistance to clindamycin [103]. Similarly 15.2% of isolates
from clinical specimens from an Iran hospital showed inducible clindamycin resis-
tance [104]. As both antimicrobial groups, namely lincosamides and macrolides,
have been used to treat S. aureus infections in Malaysia since 2015 [22], identifying
the resistance pattern for these antibiotics is deemed necessary. A study conducted
among health care workers of a tertiary hospital in Terengganu, Malaysia, high-
lighted the increase in the prevalence of inducible clindamycin resistance and
tigecycline resistance among MRSA and MSSA isolates from nasal samples of health
care workers [105].

5. Multidrug-Resistant S. aureus

Replace S. aureus is known to have the ability to quickly develop resistance to each
new antibiotic that is used [106]. Various mechanisms adapted by S. aureus include
inactivating the antibiotic, altering the target of antibiotic, use of efflux pumps to
reduce the intake of antibiotics and trapping the antibiotic [106]. A bacterium is
regarded as a multidrug-resistant organism when it becomes resistant to more than
one antibiotic either by having several different resistant genes or a single resistance
mechanism providing resistance to more than one antibiotic [107]. Multidrug-
resistant S. aureus is a huge problem in hospital settings as well as in the community.
For S. aureus when the organism is identified as an MRSA it is regarded as a multi-
drug-resistant (MDR) to oxacillin or cefoxitin renders the organism non-susceptible
to all types of B-lactams, including cephalosporins, penicillin’s, p-lactamase inhibitors
and carbapenems [108]. Increased resistance to antibiotics was identified among
MRSA strains in a study conducted in Taiwan and China [109]. Three hundred and
thirty-two strains of MRSA were included from the two countries which showed
increased resistance to chloramphenicol (43%) and trimethoprim-sulfamethoxazole
(89.0%). A study conducted in India with 783 strains of S. aureus from different
clinical specimens revealed 301 (38.4%) MRSA out of which 72.1% were multidrug-
resistant. Among these MDR strains, 136 were resistant to more than three antimicro-
bial groups.
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Apart from methicillin resistance in S. aureus, resistance to agents such as line-
zolid’s, vancomycin and teicoplanin and daptomycin has also been reported [110].
Vancomycin-resistant S. aureus (VRSA) strains have now been documented globally
since the first clinical isolate was discovered in 1997 [111-113]. The VRSA prevalence
increased by 3.5 times between the years before to 2006 and 2020, from 2% in the
pre-2006 period to 5% in the 20062014 period to 7% in the post-2015 period [114].

6. Conclusion

This chapter offers more proof of the significant incidence of multidrug-resistant
S. aureus in community settings, coming from healthy human sources. These findings
should motivate those involved in health research, medicine, advocacy organisa-
tions, and health policymakers to collaborate in order to create effective solutions to
address this growing global health problem. In order to stop the spread of resistance,
itis urgently advised that community-level methods similar to those used in clinical
settings, such as monitoring, awareness-raising, improved sanitation and hygiene,
prompt disease diagnosis, and strict prescription regulations, be put into place.
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Abstract

The rapid spread of infections by methicillin-resistant Staphylococcus aureus
(MRSA) emerged in the early 1960s, and this pathogen is one of the most common
agents of nosocomial infections. As a reaction to the appearance and spread of
multi-drug-resistant MRSA in Mexico, some hospitals have established molecular
epidemiological surveillance, where pandemic clones of MRSA have been detected
in different states in the north, the center, and the south of Mexico. The pandemic
clones detected in Mexico are the Iberian, the New York/Japan, the pediatric, the
EMRSA-16, and the USA-300. The surveillance or evolutionary studies carried out in
Mexico, using different molecular methodologies, have shown a predominance of the
New York/Japan clone, which has even displaced other MRSA clones. Therefore, it is
necessary to continue establishing molecular surveillance and diagnostic programs as
a special management for the confirmed MRSA infections, if these measures are not
carried out to understand and control the changing lineages of MRSA, in the future,
it may become an important public health problem, since the New York/Japan clone,
which is the most predominant in our country, clearly demonstrates its great capacity
for geographical expansion, multi-resistance, and virulence.

Keywords: Staphylococcus aureus, MRSA, clones, CA-MRSA, HA-MRSA, Mexico

1. Introduction

In Mexico, la Red Hospitalaria de Vigilancia Epidemiologica (RHVE) reported
that mortality rates among patients infected with S. aureus show a variability
between 5 and 70%, in addition to high attributable mortality rates, approximately
50% [1]. S. aureus produces a wide variety of exoproteins that contribute to its ability
to colonize and cause disease in humans [2]. MRSA strains are characterized by the
presence of a mobile genetic element called the staphylococcal cassette cromosoma
mec (SCCmec), which includes the mecA gene [3]. The structural mecA gene codes for
penicillin-binding protein (PBP) 2a, which determines resistance to methicillin [4].
Modifications in PBP2a prevent PBP-penicillin binding, causing cell wall synthesis to
proceed normally [5].

Nosocomial infections (NI) are considered a public health problem worldwide.
For example, in the Latin American region, the SENTRY Surveillance Antimicrobial
Program reported an increase in the proportion of MRSA in medical centers from
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33.8% in 1997 to 40.2% in 2006. In Mexico, some studies show an increase in the
prevalence of MRSA in recent years, and the incidence of NI ranges between 3.8 and
26.1 cases per 100 discharges; mortality associated with nosocomial infections is an
average of 5%, and in 2001, it was the seventh leading cause of death for the general
population in 2001 [6]. Reports from the Pan American Health Organization (PAHO)
for Mexico informed that there was a prevalence of 52% of MRSA in 2004, while the
Pan American Association of Infectious Diseases reported 32% in 2006, and data
from the study of the TEST program (Tigecycline Evaluation and Surveillance Trial)
showed a prevalence of 48% of MRSA in 2008 [7].

2. The molecular epidemiology of MRSA

Monitoring and stopping the intra- and inter-hospital distribution of MRSA
clones require the use of efficient and accurate epidemiological typing systems that
allow discrimination between unrelated isolates and recognition of isolates that
descend from a common ancestor (i.e., that belong to the same clone). Currently,
multiple phenotypic and genotypic typing methods have been developed to type
MRSA. The choice of a typing method depends on the needs, the level of skills, the
resources of the laboratory, and the type of question to be answered (short-term or
long-term analysis) [8].

On the other hand, the molecular epidemiological study of MRSA aims to determine
the clonal relationship that exists between several isolates of the same species. This
information is very useful, especially when epidemic outbreaks caused by multi-resis-
tant strains occur because it makes it possible to determine the number of circulating
clones, evaluate the effectiveness of control measures aimed at preventing their spread,
and differentiate between infection and reinfection [9]. Identification of MRSA clones
is based on a combination of different typing methods, such as DNA hybridization with
mecA and Tn554 probes, PFGE, RAPD, SCCmec typing, spa typing, and MLST [10].

3. International MRSA clones

At the present time, it has been shown that multiple clonal lineages of MRSA
exist because of the successful horizontal transfer of mecA [11]. Six types of
HA-MRSA hospital-acquired pandemic clones have been reported (Iberian, Brazilian,
Hungarian, New York/Japan, Pediatric, and EMRSA-16), and they are scattered in
different regions of the world [12]. The Iberian clone was the first one to be identi-
fied in 1989, in a massive outbreak of MRSA in a hospital in Barcelona, Spain [13];
but it seems to have already been present in Belgium and France at least since 1984
[14]. The Brazilian clone is widely distributed in Brazilian hospitals and has spread
to neighboring countries in South America: Argentina, Uruguay and Chile and in
Europe: Portugal, the Czech Republic, and Greece, where it displaced the main local
clones [15]. The Hungarian clone has been widely disseminated in Hungarian hos-
pitals since 1993 [16]. The New York/Japan clone was identified as the main clone in
different regions in the United States of America [17], and in a hospital in Tokyo [18].
EMRSA-16 clone was found in the United Kingdom hospitals [19]. This clone has been
widely spread in Greece, Mexico, and Canada [20]. The Pediatric clone was reported
in Portugal in 1991 and since then, it has been found in Poland, France, the United
Kingdom, the United States (EU), Argentina, and Colombia [21].
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Reports of community-acquired methicillin-resistant S. aureus (CA-MRSA)
infections in healthy people began to appear in the 1990s. In 2000, it was described
that these types of strains were genetically different from bacteria isolated in hospital
settings. Currently, CA-MRSA strain types possess more bacterial resistance genes,
and more virulence factors, leading to more severe infections [22]. There are multiple
clones of CA-MRSA worldwide, as well as a segregation of these clones based on
the MLST technique. For example, USA300 (ST8), which predominates in the USA,
USA400 (STI), USA1100 (ST30), and USA1000 (ST59), is clone notable for causing
CA-MRSA infections. STI and ST30 are the cause of the main CA-MRSA infections in
Australia and Oceania, while clone ST80 predominates in Europe [23].

The MRSA clones were once confined to hospitals for the last 20 years. MRSA
infections have emerged in the community in people with no previous exposure to
hospitals. Genotypically, CA-MRSA is a newer and more virulent strain, emerging in
the late 1990s as leading the cause of skin and soft tissue infections in young healthy

i )

MRSA clones
in México

& \ 4 \
HA - MARSA:
1.~ Tberica (it appeared in 2009, in the south of the
country).
2.~ Pediatrica (it appeared in 2004, in the center of the CA- MARSA:
country). 1.- USA300 (it appeared in 2008, in the north of the
3= New Yurk{.f;lp{m (it appeared in 2001, in the center country)
of the country).
4.~ EMRSA-16 (it appeared in 1097, in the center of the
\ country ). \

e w a \
) X . L 1-They are generally resistant only to B-lactam
1.- They are resistant to multiple antibiotics, antibiotics and occasionally to erythromyein.
2.« They contain 5CCmec I, ILy 11T types. 2,- They contain SCCmee TV and V types.
3.~ They contain a large number of toxins. 3.-They only present a few toxins, especially Panton-
4.~ They produice a large number of infectious Valentine Leukocidin.
Processes, 4.-They mainly cause skin and soft tissue infections,
5.~ Isolated strains in patients with in-hospital risk necrotizing pneumonia, and septicemia.
5.-Isolated strains in the community in }latients who do
\ \, not have risk factors for a nosocomial infection.
Figure 1.

Main differences between HA-MRSA and CA-MRSA strains detected in Mexico. (Modified by Bustos et al. [25]).
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people. CA-MRSA strains typically carry SCCmec types IV or V and are generally
susceptible to p-lactam antimicrobials. In addition, CA-MRSA carries Panton-
Valentine Leukocidin (PVL), which is associated with increased pathogenicity. In
relationship to HA-MRSA clones, they carry SCCmec types I, 11, or III and do not have
PVLs. HA-MRSA clones are associated with nosocomial infections, for example,
endocarditis, urinary tract infections, and surgical infections, and are resistant to
p-lactam antibiotics, especially aminoglycosides, macrolides, lincosamides, and
fluoroquinolones. Although CA-MRSA has been predicted to replace HA-MRSA in
hospitals, mathematical models predict the coexistence between the two strains given
hospital-community interactions [24].

The molecular epidemiological study of MRSA clones has been insufficient in
Mexico since there is not a systematized surveillance system, where the appearance or
distribution of these clones is reported, monitored, and controlled. There have been
few studies in Mexico over the years and they have randomly detected HA-MRSA and
CA-MRSA clones in different states of the country, which have described their main
phenotypic and genotypic characteristics, which are observed in Figure 1.

4, MRSA clones in Mexico

In Mexico, The Instituto Nacional de Salud Publica in México has been confirmed as
a network of tertiary hospitals, which have carried out studies aimed at understanding
the molecular epidemiology of MRSA [26] and it is coordinated by Dra. Veldzquez-
Meza and et al. Studies carried out between 1997 and 2003 at the Hospital de Pediatria
del Centro Médico Nacional (CMN), Siglo XXI-IMSS (Mexican Institute of Social
Security) in Mexico City, 659 strains of S. aureus were analyzed, with a variation in the
prevalence of MRSA from 17 to 23% until 2001. It subsequently decreased drastically
to a prevalence of 4% in 2002, which was due to nosocomial infection control mea-
sures. During this investigation, the presence of the clone EMRSA-16 (SCCmec type IV)
was detected, and the clone New York/Japan (SCCmec type II) was introduced into the
hospital in 2001, which completely displaced clone EMRSA-16 in 2002 [27].

At the Hospital Civil de Guadalajara, “Fray Antonio Alcalde” between 1999 and
2003, 839 strains of MRSA were isolated from adult and pediatric patients. A total of
216 MRSA strains showed antimicrobial resistance to f3-lactams, macrolides, chloram-
phenicol, and imipenem, and sensitivity to gentamicin, rifampicin, trimethoprim-
sulfamethoxazole, and vancomycin. The New York/Japan clone was also detected
in the 216 MRSA strains studied, like the one found in the Hospital de Pediatria del
CMN-Sigloi XXI [28]. The New York/Japan clone may have been transferred from the
United States to Mexico.

At the Instituto de Cardiologia “Dr. Ignacio Chavez” (ICh), located in Mexico
City, which is a 246-bed tertiary teaching hospital between 2002 and 2009, 90 MRSA
strains were collected from bronchial secretions, wound secretions, blood, catheter,
pleural fluid, peritoneal fluid, and others, from pediatric and adult populations.
MRSA isolates were resistant to amoxicillin, cefotaxime, cephalothin, cefazolin,
chloramphenicol, imipenem, clindamycin, erythromycin, clarithromycin, penicillin,
and oxacillin, while only 94.4% of isolates were also resistant to ciprofloxacin. The
New York/Japan clone, which was isolated from a variety of sites of infection, was
identified in 50% of MRSA isolates. The studies showed that the New York/Japan
clone had SCCmec type II. EMRSA-16 was found in 2002 and it presented SCCrmec IV,
and this chromosomal cassette is related to CA-MRSA clones [29].
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In the north of Mexico, an investigation was carried out to identify MRSA respon-
sible for nosocomial infection in five medical centers in Monterrey, Nuevo Leén
(NL) Mexico, between 2005 and 2009, and 190 strains of MRSA were isolated from
five hospitals affiliated to the Mexican Institute of Social Security. This study clearly
documented the high dissemination capacity and persistence of the New York/Japan
clone in these centers [30].

At the Hospital San José Tec de Monterrey, Nuevo Leén, Mexico, the first five cases
of a clone of community MRSA were described in 2008, and three of the patients were
children. The first patient with a history of retinoblastoma in the left eye was diag-
nosed in November 2007, when he just started chemotherapy. In 2008, he returned
to the hospital with a fever for 2 weeks of evolution. Blood cultures showed MRSA
and vancomycin was started for 1 week. Two other children who were considered
as healthy ones previously arrived at the hospital with abscesses and with a severe
local reaction from where MRSA was isolated. After drainage, both were treated with
clindamycin. Two other patients who were considered healthy adults previously had
abscesses and because of it, they required hospitalization. The drainage of the lesions
showed MRSA in the culture and the patients were treated with linezolid. All patients
recovered. This study revealed that the pattern was similar to that observed for the
CA-MRSA clone USA300 genotype [31].

On the other hand, at the Hospital Universitario Dr. José Eleuterio Gonzalez,
in Monterrey, between 2012 and 2013, a prophylactic protocol was carried out that
consisted of applying a solution with chlorhexidine gluconate (CXG), throughout his
body, with the aim of reducing nosocomial infections, where 158 strains of MRSA
were collected. During these CXG washouts, antibiotic resistance significantly
decreased for clindamycin, levofloxacin, and norfloxacin. During the pre-interven-
tion period, 65.7% of the isolates were resistant to oxacillin, and in the post-interven-
tion period, this percentage was reduced to 32.6%. This result indicates a significant
reduction in the frequency of MRSA isolates as a result of the lavage with CXG. The
presence of two clones descending from clone ST5-MRSA-II (New York/Japan) and
clone ST8-MRSA-IV (USA300) was evidenced. The New York/Japan clone decreased
significantly in the intervention period but recovered in the post-intervention period,
while the USA300 clone was established under pressure from CXG [32].

Although in Monterrey, Mexico, the first clone of community origin of MRSA with
a history in previously hospitalized patients was identified. In another study carried
out in 2013 at the Universidad Auténoma Metropolitana-Xochimilco, in which healthy
volunteers from schools and factories in Mexico City were recruited, to whom nasal
or throat sampling was applied, a total of 131 strains of MRSA are obtained from 1039
strains of S. aureus. Considerable diversity in PFGE patterns in CA-MRSA isolates was
observed in clonal analysis, allowing only a small number of clones to be detected:
USA300 and USA100. This study provides the first description of CA-MRSA in
healthy people in Mexico City, suggesting that community MRSA clones could replace
hospital MRSA clones in the future [33].

At the Hospital de Oncologia (INCAN), a tertiary care hospital in Mexico City
in 2006 and later in 2010, the New York/Japan clone was isolated as the cause of an
outbreak of nosocomial infections that arose from an index case [34, 35].

In relationship to MRSA clones in Veracruz, Veracruz, Mexico, at the Hospital
Regional de Alta Especialidad in Veracruz (HRV) in 2010, the presence of two
pandemic clones was identified, the New York/Japan clone (ST5-SCCmec type IT) and
the Iberian clone (ST247-SCCmec type IA). The IB1 clonal subtype was isolated from
the emergency department in a patient with an ear infection, who stated that he had
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traveled to the USA, and on his return, he presented the infection, making it prob-
able that the Iberian clone arrived from the USA to the HRV. The strains with IB2 and
IB3 patterns were later isolated in two other patients from the same hospital medical
service, which reveals the introduction of this clone from an external service to a
critical area of the HRV [36]. Although the New York/Japan clone has been previously
identified in other hospitals in Mexico [12, 13, 31], this clearly demonstrates its great
capacity for geographical expansion, multi-resistance, and virulence. The importance
of this finding lies in the fact that the first strain of MRSA resistant to vancomycin
with a minimum inhibitory concentration (MIC) of 1024 pg/ml belongs to the New
York/Japan lineage [37, 38].
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Figure 2.
Distribution of MRSA clones in Mexico.
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At the Hospital General “Dr. Manuel Gea Gonzélez,” located in the southern zone
of Mexico City, from 2011 to 2012, 109 strains of MRSA were isolated from wound
secretions, soft tissues, blood cultures, cerebrospinal fluid, pleural fluid, bone, etc.,
of hospitalized patients. The most prevalent infection was ventilator-associated pneu-
monia. The isolated strains were characterized by resistance to §-lactams. A single
predominant clone named New York/Japan (NY) was identified [39].

A prospective observational cohort study was carried out and 24 hospitals in Latin
America participated from 2011 to 2014 and collected 1346 strains of S. aureus. The
Hospital Civil de Guadalajara, Fray Antonio Alcalde de Guadalajara, Mexico, partici-
pated, and 18% of the MRSA isolates in this hospital showed the typical pattern of
USA300, suggesting that this strain is likely circulating in Mexico [40].

In a cross-sectional study carried out at the Hospital Central Dr. Ignacio Morones
Prieto, in San Luis Potosi, Mexico, from 2017 to 2018, a total of 191 isolates of S. aureus
were obtained from different patients in all wards of the hospital, in the pediatric
and adult population, coming from the emergency services, surgery, intensive care
unit, internal medicine, gynecology, burn unit, and outpatient service. Clinical
samples were obtained from skin and soft tissue infections, respiratory tract, blood,
bones and joints, and the cerebrospinal fluid. A total of 77% of the strains were
considered as coming to the hospital and 23% were classified as community ones. The
most frequent S. aureus infections were those that affected the skin, soft tissues, and
bacteremia. Instead, the type of infection more frequent cause by isolates of MRSA
was the infection of the surgical site. The presence of clones ST5-MRSA-II-t895 (clone
New York/Japan) and ST1011-MRSA-II-t9364 (clone New York/Japan) was evidenced
by the PFGE technique. In addition to the clone mentioned above, the presence of
endemic clones of MRSA was evidenced, such as USA300, Irish and Pediatric, these
being the ones with the highest prevalence [41].

As seen in previous studies in Mexico, the predominant clone is the New York/
Japan [42], which has the ability to spread, cause outbreaks and replace existing
clones [43], and this is due, among other things, to its great virulence, since it presents
staphylococcal enterotoxins and it also possesses the toxic shock syndrome toxin
1, which enables it to cause a wide variety of clinical syndromes, including toxic
shock syndrome and suppurative infections [44]. In addition to this, it is resistant to
p-lactams and a wide range of antibiotics [15].

The epidemiological study of MRSA clones acquired in hospitals is an area of little
study, which does not allow knowing exactly the behavior or evolution of MRSA
pandemic clones, as shown in the following Figure 2, which compiles the reported
clones in Mexico.

5. Conclusions

It is necessary to promote and encourage the molecular epidemiological surveil-
lance of HA-MRSA and CA-MRSA clones, to prevent and control this pathogen,
which causes outbreaks and high mortality rates in Mexico, due to hospital or com-
munity infections. Attention shoulder be paid to the detection, surveillance, and
control of CA-MRSA due to the increase in the non-hospitalized population, which
could displace HA-MRSA and become a health problem.

The molecular epidemiological surveillance of MRSA clones is essential knowl-
edge for its prevention, control, and possible eradication. This type of research allows
the nosocomial infection control committees of each institution to be informed. This
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in sum would help to strengthen measures, such as the restriction of prescription

of broad-spectrum antibiotics, daily supervision of cultures and results, monthly
reports of infections, training aimed at health workers in general, and strengthening
of medical practices.

In Mexico, the predominant clone is New York/Japan, which has the ability to
spread, cause outbreaks and replace existing clones, this is due, among other things,
to its great virulence and antimicrobial multi-resistance. The importance of this clone
lies in the fact that the first strain of MRSA resistant to vancomycin belongs to the
New York/Japan lineage. Vancomycin is considered one of the latest therapeutic alter-
natives against infections caused by MRSA and other gram-positive microorganisms.
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Abstract

Staphylococcus aureus is a microorganism that can colonize the nose, pharynx,
and other regions of the body. It has also been observed that it can cause persistence.
Successful colonization of S. aureus depends in the factors that favor the interaction
of the bacteria with host cells. The bacterial determinants of S. aureus that have the
capacity to adhere to human tissues involve adhesion factors such as teichoic acids
and cell-wall-anchored proteins (CWA) such as CIfA, IcaA, SdrC, FnBPA, among
others. The colonization and persistence process first involve adhesion to the tissue,
followed by its reproduction and the possible formation of a biofilm. This review will
describe the main virulence factors that allow bacterial adhesion and biofilm forma-
tion, including the accessory gene regulator genes (agr), related to colonization and
persistence of S. aureus.

Keywords: S. aureus, colonization, persistence, adhesins, biofilm, virulence factors,
regulation, agr

1. Introduction

Staphylococcus aureus is a versatile pathogen that can cause infections in several
mammal species including human. This is possible because several genetic variants
have been associated with the host and the type of infection [1]. S. aureus can form a
normal part of the human microbiota or act as an opportunistic pathogenic bacterium
that produces a wide range of diseases that can be acquired in the hospital or in the
community [2].

Several studies of colonization of S. aureus in the nose show that it can persist,
following three patterns of carriers in the population. Around 20% of people are
persistent carriers, around 30% are intermittent carriers, and non-carriers are on
average 50% [3]. It has been reported that persistent carriers usually present a single
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strain over time, shed the bacteria in the environment, and they can be infected more
than intermittent carriers and non-carriers. Intermittent carriers may have different
strains over time and less colonization [4].

In the adults S. aureus can be found apart from the nose at other sites in the body:
pharynx (4-64%), abdomen (15%), armpits (8%), intestines (17-31%), perineum
(22%), and vagina (5%) [5-7].

Bacterial adhesion to the skin or mucous membranes is usually the initial and
fundamental step in colonization and persistence, with the subsequent possibility of
producing infections and pathological processes in the host. By attaching, bacteria
can also bypass the innate response, allowing access to nutrients, colonization, and
possibly subsequent persistence, which is favored by biofilm formation, toxin produc-
tion, cell invasion, and evasion mechanisms of the immune response [8].

2. Colonization factors of S. aureus

Colonization with S. aureus requires direct human contact or contact with con-
taminated fomites. But this does not guarantee colonization, and some people remain
as non-carriers [9]. Once colonizing, permanence is an important trail in persistent
infections. Therefore, it is required to study the factors involved in colonization and
persistence.

2.11Initial S. aureus interaction

Colonization begins by the interaction of the bacteria with the cells of the host.
S. aureus has many adhesins that allow it to first adhere to the human cell, multiply,
and even persist in the tissue. Next, several components of the bacterium that
intervene in the interaction with the host are reviewed.

2.1.1 Wall teichoic acids (WTA)

Reversible binding of S. aureus to host cells is through wall teichoic acids (WTAs)
and/or receptor-mediated protein interactions [10]. The surface of S. aureus is com-
posed of polysaccharides, such as capsular polysaccharides (PC) and also by WTA.
Two types of acids have been described: lipoteichoic acids (LTA), which are found in
the cytoplasmic membrane, and teichoic acids (WTAs), which are bound to peptido-
glycan in the cell wall [11, 12]. WTAs are found on the surface of the cell wall, which
are polyanionic cell wall glycopolymers (CWGs). They are made up of approximately
40 repeat units of ribitolphosphate linked with D-alanine and N-acetylglucosamine,
which are covalently linked to peptidoglycan [13, 14].

WTASs have been shown to participate in the adhesion and colonization of staphy-
lococci [14, 15], also participate in cell division, as well as in the formation of bio-
films, an elevated expression increases the virulence of S. aureus [16]. It has also been
seen that the D-alanine residues of the WTA participate in resistance against antimi-
crobial peptides (defensins or cathelicidins), in addition to participating in the resis-
tance of some antibiotics such as teicoplanin or vancomycin [11, 17]. The biosynthesis
of these biopolymers in S. aureus is mediated by N-acetylglucosaminyltransferase
(Tar) enzymes [18].

Weidenmaier et al. [19], using a S. aureus model for nasal colonization in cotton
rats, found that the proteinaceous adhesins of the bacterium act mainly during the
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later stages of colonization, while the non-proteinaceous WTA-type adhesin acts in the
early stages. This is due to the high expression of the WTA t4gO and tarK genes during
the first and last stages of colonization, while the expression of adhesin proteins such
as clumping factor B (CIfB) increases in the early stages and decreases in the later
stages of colonization [14, 20-22]. Therefore, WTA is not required for the iz vitro
growth of S. aureus; however, it is required for establishing infection in animals [18].

The action of WTA in the initial interaction of S. aureus to a surface is through
non-covalent surface charge interactions (WTA is a polyanionic molecule), with
various associated polymeric proteins in the cell membrane (recently its interaction
with the Scavenger receptor SREC-1) having been demonstrated, which allows its
adhesion to the structural molecules of the cell matrix such as fibronectin, fibrino-
gen, collagen, etc. [23, 24].

2.1.2 S. auveus cell wall-anchored (CWA) proteins

S. aureus has been shown to produce some 25 different cell-wall-anchored
(CWA) proteins, linked to peptidoglycan via transpeptidases. These CWA may
function in adhesion, biofilm formation, invasion, and evasion of host immune
responses [25].

Five groups have been proposed to classify S. aureus CWA proteins (Table1).
Where there are many microbial surface components recognizing adhesive matrix
molecules (MSCRAMM), including fibronectin-binding proteins (FnBPA and
FnBPB), proteins of the Serine-Aspartate repeat family (SdrC, SdrD, and SdrE),
clumping factors (CIfA and CIfB), Protein A (Spa), iron-regulated surface deter-
minants (IsdA, IsdB, IsdC, and IsdH), plasmin-responsive protein (Pls), S. aureus
surface protein G (SasG), and bone sialoprotein-binding protein (Bbp). All of these
proteins participate in the initial interaction with the host cell through cell adhesion
and/or biofilm formation [26].

2.1.2.1 Microbial surface components recognizging adhesive matrix molecules
(MSCRAMM) used to attach to cells

S. aureus reversibly or irreversibly binds to the cell surface via MSCRAMM
proteins [25, 27]. During infection, these proteins allow bacteria to bind to host
receptors. These proteins are made up of three parts: a binding domain, a domain
that spans the entire cell wall, and a third part on the bacterial surface that serves for
non-covalent binding of MSCRAMM proteins to the host cell [25, 26].

The main binding factors of S. aureus (Table 1) are reviewed below.

2.1.2.1.1 Clumping factor B (CIfB)

S. aureus binds to nostrils during colonization via clumping factor B (CIfB) by
highly affine binding to the cornified cell envelope, mainly due to the fibrinogen
binding mechanism, which is an important step in colonization by S. aureus [28, 29],
as well as in vitro biofilm formation [30]. Therefore, the union of CIfB with fibrinogen
promotes nasal colonization. CIfB expression occurs mainly in the early phase of bac-
terial exponential growth and is de-expressed in the late growth phase and stationary
phase [31]. Most strains of S. aureus have the clfB gene [21, 32, 33]. The CIfB protein
exhibits sequence variations depending on S. aureus clonal complexes, but protein
variants have about 94% amino acid identity with each other [34].
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Protein group Ligand Function
1. MSCRAMM
Clumping factor A (CIfA) Fibrinogen Fibrinogen binding, evades immune

Complement factor I

response by binding to soluble
fibrinogen
Evasion of the immune response;

C3b degradation

Clumping factor B (CIfB)

Fibrinogen, loricrin, keratin 10;

DLL

Adherence to desquamated
epithelial cells. Participates in nasal
colonization

Protein C with Serine-
aspartate repeats (SdrC)

B-neurexin; DLL
Desquamated epithelial cells

Unknown
Possible nasal colonization

Protein D with Serine-
aspartate repeats (SdrD)

Desquamated epithelial cells

Possible nasal colonization

Serine-aspartate repeat-
containing Protein E (SdrE)

Complement factor H

Evasion of the immune response;
C3b degradation

Bone sialoprotein-binding
protein (SdrE isoform)

Fibrinogen; DLL

Adhesion to the extracellular matrix
(ECM)

Fibronectin binding proteins
A (FnBPA) and B (FnBPB)

Fibrinogen and elastin, DLL.
FnBPA domain A also binds
fibronectin, but not by DLL
Fibronectin

Adhesion to ECM
Adhesion to ECM; invasion

Collagen adhesin (Cna)

Collagen

Adhesion to collagen-rich tissues

2. NEAT (near iron transporter) motif family

Iron-regulated surface
protein A (IsdA)

Heme, fibronectin, fibrinogen,
loricrin, cytokeratin 10,
Unknown ligand (NEAT motif
region of C-terminal domain)

Heme absorption and iron
acquisition; adhesion to
desquamated epithelial cells;
lactoferrin resistance

Resistance to antimicrobial peptides
and bactericidal lipids; neutrophil
infection

Iron-regulated surface
protein B (IsdB)

Hemoglobin, Heme
3 integrins

Heme absorption and iron
acquisition
Invasion of non-phagocytic cells

Iron-regulated surface
protein H (IsdH)

Heme, hemoglobin
Unknown ligand (NEAT motif
region of the N-terminal domain

Heme absorption and iron
acquisition
Accelerated degradation of C3b

3. Three helix packaging

Protein A

IgG Fc, IgM Fab subclass VH3,
TNFR1

von Willebrand factor
Unknown ligand (Xr region)

Inhibition of phagocytosis; B cell
superantigen; inflammation
Endovascular infection; endocarditis
Inflammation

4. G5-E repeat family

S. aureus surface protein G
(SasG) and plasmin-sensitive
surface protein (Pls) (a
homolog of SasG in MRSA)

Unknown ligand (A domain)
Unknown ligand (G5-E repeats)

Adhesion of desquamated epithelial
cells
Biofilm formation

5. Structurally uncharacterized proteins
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Protein group Ligand Function

Adenosine synthase A Non-link-mediated function Survival in neutrophils by inhibiting
(AdsA) oxidative processes

S. aureus surface protein X Unknown ligand Biofilm formation, cell aggregation,
(SasX) and squamous cell adhesion
Serine-rich adhesin for Salivary agglutinin gp340 and an Endocarditis; and endovascular
platelets (SraP) unidentified ligand on platelets infection

S. aureus surface protein C Unknown ligand Induces the primary attachment of
(SasC) cells and their accumulation in the

formation of biofilms

SasB, SasF, SasF, Sas], SasK Unknown ligands Possible LPXTG proteins. Unknown
and SasL structure or function
Biofilm-associated protein gp96 It stimulates the formation of

(Bap) biofilms and aggregation on the

surfaces of epithelial cells, prevents
the invasion of epithelial cells of the
mammary glands. It is only found in
bovine strains.

ECM: extracellular matrix; DLL: dock, lock and latch. The shaded rows belong to the main ligands of S. auveus to the
host (modified from Foster et al. [25] ).

Table 1.
Main cell-wall-anchored (CWA) proteins of Staphylococcus aureus.

CIfB also binds to cytokeratin 10, in addition to binding fibrinogen, cytokera-
tin 10 is one of the main components of the interior of squamous cells. CIfB also
binds loricrin, one of the most abundant protein in the cornified envelope of squa-
mous cells, and is key in the colonization of S. aureus in the nose and human skin
[28, 29, 31, 34, 35]. Initially, it was found that the CIfB protein binds to fibrinogen,
it can undergo the proteolytic action of the S. aureus metalloprotease aureolysin
[36]. CIfB protein in digested form cannot bind fibrinogen, but can bind cytokera-
tin 10 with good affinity. At the ligand level, CIfB interacts with the amino acid
sequence Y[GS]nY found in the carboxyl-terminal of cytokeratin 10 [37].

The CIfB binding is carried out using the so-called dock, lock, and latch (DLL)
mechanism, where a short peptide of cytokeratin 10 or loricrin binds the N2 and N3
domains of the CIfB protein [38, 39].

2.1.2.1.2 Serine-aspartate vepeats (SdrC and SdrD) proteins

Within the MSCRAMM is the subfamily of serine-aspartate repeat (Sdr) proteins,
which have an R region that presents repeats of the serine-aspartate dipeptide and is
located in the sdr locus [38, 40]. In S. aureus, three members of Sdr are known, and
they are SdrC, SdrD, and SdrE, which share a conserved structure [38].

Askarian et al. [41] reported that SdrD is required for survival of S. aureus within
the host, giving it the ability to evade some processes of the innate immune response,
particularly by inactivating the complement system through the lectin pathway. On
the other hand, SdrE functions in the recognition of complement binding protein
C4b.(C4BP) [42, 43]. On the other hand, SdrC is important for the formation of
bacterial biofilms [44]. SdrC can also bind specifically and with high affinity to
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p-neurexin [45]. S. aureus has at least two of the sdr genes, with the sdrC gene always
being found, the other two may or may not be in the S. aureus genome [40]. Strains
that possess only the sdrC gene are less likely to cause bone infections, because it is
related to one of the SdrE variants that has been identified as a bone sialoprotein-
binding protein [46]. SdrD is crucial for abscess formation and can interact with
desmoglein (desmosomal protein that maintains the structure of the epidermis
through its adhesive function) [41, 47, 48].

2.1.2.2 Iron-regulated surface proteins (Isd)

Iron-regulated surface proteins (Isd) are responsible for transporting the heme
group, the system is made up of nine proteins (IsdA-IsdI) and are activated if the
bacterium has iron-limited conditions [21, 49, 50]. The heme group binds to a mem-
brane, and from there it passes to the cytoplasm, once at this site, the heme oxygen-
ases release the iron atoms [25]. S. aureus requires these hemoproteins for growth and
virulence [51, 52].

Isd proteins present domains of the nearby iron transporter (NEAr iron
Transporter, NEAT), which participate in the capture of the heme group of hemoglo-
bin, favoring the development of bacteria in the host in places where there is low iron
concentration. Isd proteins have NEAT domains, which vary according to the type of
Isd, since IsdA only has one, IsdB has two, and IsdH has three, with which it can bind
to the heme group, IsdA also has a hydrophilic end C-terminal, which is responsible
for decreasing the hydrophobicity of the cell surface, making the bacteria resistant to
lipid bactericides and other antimicrobial peptides [25].

Isd proteins are important during bacterial pathogenesis. IsdA can bind to various
host proteins in addition to the heme group (fibrinogen, fibronectin, cytokeratin 10,
etc.), promoting adherence to cell lines and tissues, and acts together with IsdB to
provide resistance to neutrophil killing [53].

2.1.2.3 S. aureus surface proteins (SasG and SasX)

There is a broad association between S. aureus surface protein G (SasG) and
accumulation-associated protein (Aap), the latter being required by Staphylococcus
epidermidis for biofilm formation and promoting intercellular adhesion [54, 55].

SasG binds covalently to the cell wall via homophilic protein-protein interactions
through Zn**-dependent cleaved SasG B domains, resulting in cell-cell adhesion.
However, the host cell binding ligand is still unknown [56-59].

S. aureus colonizes the nasal epithelium mainly due to CIfB and IsdA proteins,
which allow adhesion to desquamated epithelial cells [25]. However, adhesion to
epithelial cells is also promoted by SasG and may contribute to colonization [60]. In
addition, overexpression of the sasG gene can inhibit clumping proteins (CIfA and
CIfB) to increase biofilm formation [61, 62].

SasX protein, another CWA protein, seems to have been important in the epi-
demics caused by MRSA in hospitals on the Asian continent [63]. The sasX gene is
known to be encoded by a bacteriophage that is in lysogenic form [34], SasX protein
increases the formation of biofilms, by increasing cell aggregation it leads to a
decrease in phagocytosis of neutrophils [63, 64] and adhesion to desquamated cells
[25]. Therefore, the sasX gene not only encodes a colonization factor but also helps
virulence of S. aureus by evading immune response [65]. SasX has also been associ-
ated with disease severity in skin and lung infections [63].

58



Main Factors of Staphylococcus aureus Associated with the Interaction to the Cells...
DOI: http://dx.doi.org/10.5772/intechopen.107974

2.1.3 Adhesins regulation

The regulation of the virulence factors of S. aureus is carried out by a system
that integrates signals derived from the host and the environment in a coordinated
manner. Two-Component Systems (TCSs) are processes that identify environmental
changes and produce regulation. Generally, membrane-associated histidine kinase is
activated by an external signal, this induces its autophosphorylation and then phos-
phorylates a regulatory protein. This phosphorylated protein can bind to a specific
DNA sequence, causing altered expression of the target gene. The majority of S.
aureus strains have 16 different TCSs [66], the WalR/WalS system involved in regulat-
ing cell wall metabolism is essential, and some of the other 15 may be inactivated in
various strains [67, 68]. Other TCSs such as arlRS, agrAC, and saeRS are implicated in
S. aureus virulence by regulating many secreted proteins that affect the host [69].

2.1.3.1 Accessory gene regulator (Agr) system

Among the most studied regulatory systems is the accessory gene regulator (Agr),
which is responsible for encoding a quorum sensing system that serves as the master
regulator of virulence [69].

The Agr system detects a signal given by an autoinducer peptide (AIP), com-
posed of 7-9 amino acids. There are four different alleles for the agr locus, each
strain presenting only one of them. All four known S. aureus AIPs contain a cysteine
residue that forms a cyclic thiolactone ring with the carboxylate at the C-terminal
end of the peptide, which seems to be essential for its function [70]. Once the
peptide AIP reaches the critical concentration or depletion of glucose in the extra-
cellular medium, the system is activated in the quorum cells of the population [71].
This mechanism can induce the production of virulence factors and mechanisms of
resistance to antibiotics [72]. Interestingly, AIP with a structure different from that
produced by the same strain may excerpt an inhibitory effect on the Agr system,
instead of the cognate autoinducing function [70]. S. aureus requires the Agr system
to be able to adapt to changes in the environment during growth to regulate the
bacteria’s virulence factors [70]. The Agr system has two adjacent transcriptional
regions, named RNAII and RNAIII, its expression is regulated by P2 and P3 pro-
moters. Regarding the RNAII region, it is known that it is an operon of four genes
(agrBDCA), which is responsible for encoding the mechanism of the quorum sensing
system [73]. The RNAIII transcript is the main effector molecule, and its function is
to regulate the expression of most of the target genes that depend on the Agr system
(Figure1) [69].

AgrB is a membrane endopeptidase whose function is to cleave the mature AIP
from the AIP precursor (AgrD), to form the macrocyclic thiolactone structure and
release it into the cytoplasm [70]. AIP interacts with AgrC, a membrane-bound
histidine receptor kinase, which subsequently phosphorylates AgrA in the cyto-
plasm [74]; once phosphorylated, AgrA joins P2 and P3, regulating RNAII and III
transcription [73].

AgrA also acts by inducing the expression of phenol-soluble modulins (PSMs).
The RNAIII gene encodes a small RNA molecule that is the main effector molecule
of the quorum sensing system that is responsible for increasing the expression of cell
surface proteins. Four groups of Agr are known in S. aureus called agr I-IV each pro-
ducing a distinctive AIP structure [73]. The Agr system produces increased expression
of enzymes and toxins such as serine proteases, DNase, toxic shock toxin-1 (TSST-1),
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Figure 1.

Thge Agr system can regulate the virulence of S. aureus. The activation of the system is carried out by an
autoinducing peptide (AIP), which accumulates extvacellularly when reaching a critical concentration or
depletion of glucose. Agr system has two adjacent transcriptional regions (RNAII and RNAIII), and its expression
is mediated by the promoters P2 and P3. The RNAII transcript is encoded by the agrBDCA operon, which is

the main part of the system, while the RNAIII transcript is the main effector molecule and is responsible for
regulating the expression of most Agr-dependent target genes. RNAIII contains the hld (hemolysin &) genes and
leads to the expression and secretion of virulence factors (hemolysins, proteases, enterotoxins, etc.), it is also
responsible for inhibiting the expression of cell surface proteins. (modified from Salam and Quave [73].

fibrinolysin, and enterotoxin B and also regulates the expression of colonization and
biofilm formation factors [75].

During infectious processes, S. aureus produces a large number of enzymes,
including lipases, proteases, and elastases, which serve to invade and damage host
tissues. This bacterium can produce septic shock, and some strains produce supe-
rantigens, causing various intoxications, such as toxic shock syndrome and food
poisoning. Some strains produce exfoliative toxins and epidermolysins that can cause
bullous impetigo or scalded skin syndrome [76].

During the pathogenesis of S. aureus, it is essential to carry out the regulation of
the expression of virulence factors. This regulation occurs in a coordinated manner
during the bacterial infection. MSCRAMM expression generally occurs during the
logarithmic phase of growth, whereas toxins are synthesized during the stationary
phase. For the infectious process, the early expression of the MSCRAMM proteins
is required, which promotes the initial colonization of the tissues, while later the
synthesis of toxins that are secreted by the bacteria and that can cause direct damage
to the host, this facilitates the spread and persistence of bacteria in the host [76, 77].

Although Agr system is one of the most important studied virulence factor
regulation mechanisms, there are several other global regulators of virulence gene
transcription that function in a complex network to regulate virulence. Some of
these regulatory systems are sar, sae, srv, sigB, rot, and mgr loci, among others, and
form a complex regulatory network controlling virulence [78]. With the advent of
whole genome sequencing techniques in addition to the accumulating knowledge of
virulence gene regulation and functions, attempts have been proposed to construct
system biology tools to predict virulence of S. aureus strains from genomic sequence
[79]. Although there is the great amount of information on S. aureus pathotypes and
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genomic sequence, this goal is still far to be reached due to the complexity of the
virulence regulatory network in S. aureus.

2.2 Biofilms
2.2.1 Polysaccharide intercellular adhesion (PIA)

Polysaccharide of intercellular adhesion (PIA) or poly-N-acetylglucosamine
(PNAG) is a fundamental biofilm exopolysaccharide and constitutes most of the
extracellular matrix of staphylococcal biofilms [71].

The PIA is constituted by the linear polysaccharide of poly-p(1-6)-N-
acetylglucosamine and allows the mediation of bacterial intercellular adhesion; in
addition, it forms the structure of the biofilm and bacterial adhesion on surfaces, in
addition to protection against host defenses [75]. This is because PIA generates posi-
tive charges around the surface of bacteria (which are negatively charged by WTA),
triggering electrostatic interactions that allow them to adhere to cells and tissues [71].
PIA is synthesized by the icaADBC locus, which is part of the accessory genes on
plasmids, and therefore not all S. aureus strains have it [75]. However, PIA is so far the
only important element involved in biofilm generation in vivo [80], but it does not
appear in all isolates from biofilm-associated S. aureus infections, so other proteins are
involved in its formation (SasG, SpA, Fnbp, among others) [26].

Figure 2 shows that the structure of the ica ADBC locus, icaA (N-acetylglucosaminyl-
transferase) encodes a very important transmembrane protein in the synthesis of the
poly-N-acetylglucosamine polymer, being more efficient with polymer residues of
more than twenty, and is only synthesized together with the icaD gene protein. Both
proteins (icaA and icaD) are essential in the synthesis of exopolysaccharides. The third
gene, icaC, translocates the poly-N-acetylglucosamine polymer to the cell surface, and
the product of the icaB gene produces its deacetylation; this is very important for the
structural maturation of the exopolysaccharide biofilm and allows the adhesion of the
polymer with the surface of the bacteria [75, 82]. icaR is the fifth gene of the ica ADBC
locus, and it is transcribed in the opposite direction to the aforementioned genes, the
start codon between icaR and icaA is separated by 163 bp (Figure 2). The role of icaR
is to be a negative regulator of the icaADBC locus of S. aureus, and it encodes a 22 kDa
protein of the TetR family. Otherwise, icaZ has only been found in strains of S. epider-
midis, and its expression depends on the conditions of the medium and the incubation
temperature [82, 83].

The icaR gene is responsible for the expression of theica locus and in turn is regu-
lated by the SarA and oB stress sigma systems (Figure 3). SarA belongs to the family
of staphylococcal regular accessory proteins (Sar) and functions as an activator or
repressor of the transcription of various S. aureus genes involved in its pathogenicity,
so SarA is a virulence factor of great importance. The agr locus is regulated by SarA
[78]. The Agr system regulates the change in expression of cell surface proteins in the
early phases of bacterial growth (latency and exponential phase), to the synthesis of
degrading proteins and toxins (post-exponential and stationary phase). The ability of
S. aureus to form biofilms can be reduced by expression of the agr locus [75, 80, 82].

The formation of biofilms is generated from a complex production of extracellular
polymeric molecules, such as amyloid fibrils, extracellular DNA, and phenol-soluble
modulins (PSM), and this is due to the synthesis of nucleases, proteases, and PSM
peptides [84]. The presence of PSM is highly regulated by Agr, this could indicate that
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Figure 2.

Strg;cture of the ica ADBC locus. Organization of the locus in S. epidermidis RP62A. Coloved arrows indicate

the coding regions. icaA encodes the enzyme N-acetylglucosaminyl-transferase (membrane protein), icaC is
responsible for the translocation of the poly-N-acetylglucosamine polymer to the surface of the bacteria, in the
case of icaB, it deacetylates the polymer. icaR is transcribed in the opposite divection with respect to the mentioned
genes, and its function is to regulate the operon and thevefore the biofilm. icaZ has only been reported in S.
epidermidis under some environmental and temperature conditions (modified from Lerch et al. [81]).

i
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Figure 3.

Diagram of the interactions that favor the formation and degradation of biofilms. The anabolic phase of biofilm
formation is shown on the left side of the figure, where several critical extracellular polymeric substances (EPS):
PIA, amyloid fibrils, and eDNA, are present. Also shown is the lytSR operon with its lrg/cid target genes.
Membrane protein components involved in biofilm formation are shown in the center of the figure, including
FnBP adhesins, biofilm-associated protein (Bap), Spa, and SasG. On the vight side, the molecules of the catabolic
processes of the biofilm are shown, including extracellular proteins and PSM. The Agr system, the oB factor,

and SarA ave the main regulators, modifying bacterial behavior in vesponse to various environmental stimuli
(modified from Arciola et al. [75]).

the biofilm formation processes that depend on the Agr system are due to the expres-
sion of PSM [77]. The mechanisms of sessile and planktonic phenotypes require
sensitive coordinated and efficient control during the invasive phase of bacteria [75].
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There is evidence that S. epidermidis icaA (+) overexpresses the biofilm forma-
tion phenotype under iz vitro conditions. However, S. aureus makes it different
since the positive strains of the ica locus are not always expressed i vitro and do not
need anaerobiosis or medium supplementation with other nutrients to express it. In
contrast, S. aureus strains have higher biofilm production under iz vivo conditions.
Some stress-induced conditions i vitro, such as starvation, iron limitation, non-
inhibitory concentrations of ethanol, heat stress, NaCl, and various antibiotics, have
been reported to increase biofilm production [75].

2.2.2 Amyloid proteins

The stability of the biofilm is due to the presence of amyloid proteins [85]. The
amyloid structure is composed of three packed p-fibers that are resistant to denatur-
ing conditions and are not degraded by proteases [86].

Amyloid proteins can bind to eDNA and function as inters fibrils in the biofilm,
functioning as a solid bond, which allows the bacteria to wait for the environmental
conditions to improve to favor their dissociation and allow the dispersion of the
biofilm [85]. PSMs are necessary to increase the volume, roughness, thickness,
and channel formation in the biofilm [87]. These surfactant peptides (PSM) play a
fundamental function in the three-dimensional structure of the biofilm, in addition
to favoring its detachment [87], and are determinants of biofilm maturation in vivo
[71, 82]. Figure 4 shows a diagram of the main components expressed by S. aureus in
the formation of biofilms.

2.2.3 Fibrin biofilm

S. aureus can survive in the blood due to the production of the enzyme coagulase
(CoA), which is regulated by the SaeRS two-component system. Detection of enzyme
activity (Coa or staphylocoagulase) is very common in the clinical laboratory to
identify strains of S. aureus from other staphylococci [89]. Highly relevant in the
development of biofilms is coa gene, under natural conditions and is present in 100%
of S. aureus strains. After maturation, fibrin-coated biofilms have increased defense
and resistance against antibiotics [88].

Coa function is activated by binding to prothrombin from the blood, allowing the
formation of the active staphylothrombin complex that converts soluble fibrinogen to
insoluble fibrin, which is used by S. aureus to reinforce the biofilm. Whether S. aureus
can form biofilms mediated by the coa gene depends on contact of bacterial cells with
the host cell surface, and an important protein for this binding is CIfA [90].

There are indications that the colonization of medical devices by S. aureus is due
to the production of fibrin biofilms mediated by the coa gene; however, over longer
periods of time, other adhesins that also form biofilms play a more important role in
their maturation [88]. Zapotoczna et al. [91] observe that after 24 h of fibrin biofilm
formation, they became weaker in the presence of antibiotics compared with biofilms
of another protein composition (e.g., FnBP) in the same period of development;
however, with the passage of time, the fibrin biofilms became more resistant.

2.3 Biofilm formation

Upon initial contact, a planktonic cell can reversibly associate with a surface, and
if the cell does not detach, then it will irreversibly bind to it [25, 27].
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Figure 4.

Mgin types of biofilms. A: PIA/PNAG polysaccharide biofilm by strains with the ica ADBC operon (common in
MRSA), B: surface proteins (BAPE, FnBP, and SasG), interact between cells during biofilm formation. eDNA and
cytoplasmic proteins diffused after lysis participate as elements of the biofilm matrix, C: coagulase-mediated
activation of fibrinogen (Fg) into fibrin, which is activated to strengthen the biofilm, which can be dissociated
by the plasmin produced post-staphylokinase (SAK) (plasminogen-mediated), D: PSMs have surface-active
properties that promote biofilm breakdown and, in turn, can accumulate as amyloid aggregates (modified from
Zapotoczna et al. [88]).

When S. aureus adheres to host cells and tissues or to the surface of prosthetic
materials, it can reproduce, colonize, and persist in these sites, in a variety of ways
[76]. The first of the mechanisms used by bacteria is the formation of biofilms, S.
aureus can form them on the surface of tissues, thereby colonizing and persisting in
tissues, in addition to evading some of the host’s immune mechanisms, also to block-
ing the role of antibiotics [92].

The biofilm is defined as a set of aggregated bacteria and is made up of cells
adhered to each other (sessile cells). The cells are located within a matrix with
extracellular polymeric substances (proteins, exopolysaccharides, adhesins, eDNA,
etc.), which present an altered phenotype of growth, genetic expression, and protein
production [92, 93], with respect to normal cells, normal planktonic (free life) [90].
Biofilms can form on biotic and abiotic surfaces, and those bacteria that are coated
within the biofilm are 10-1000 times less sensitive to antibiotics than planktonic
bacterial cells [71, 94, 95].

The formation of biofilms has been described through a cycle from the study of
different bacterial species and is composed of (1) reversible adhesion, (2) irreversible
union (formation of microcolonies), (3) maturation, and (4) dispersion [71, 96]. Figure 5
shows a schematic of the biofilm formation cycle. However, in 2014, Moormeier et al. [23]
proposed five stages in the formation of biofilms for S. aureus: (1) fixation, (2) multiplica-
tion, (3) exodus, (4) maturation, and (5) dispersion. The first stage of biofilm formation
was mentioned in the section on adhesins.

2.3.1 Components of the biofilm matrix
2.3.1.1 Extracellular DNA (eDNA)
When the biofilm is formed, the extracellular matrix (ECM) is produced, made

up of polysaccharides, proteins, and/or extracellular DNA, which confers the three-
dimensional structure that stabilizes and matures the biofilm [97]. The hypothetical
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Figure 5.

Thge five parts of S. aureus biofilm formation. The process of biofilm formation can be explained in five main
stages: (1) initial attachment or binding, (2) multiplication, (3) exodus or primary migration, (4) maturation,
and (5) dispersal. 1. S. aureus Binds to a surface (abiotic or biotic) via MSCRAMM or nonpolar interactions. 2.
Once cells adhere, a biofilm is formed, which is a confluent layer of cells, eDNA, and protein matrix. 3. When
confluence is reached, cell exodus occurs, releasing a small number of cells from the biofilm by degradation of
nuclease enzymes to eDNA (regulated by Sae), which allows the development of microcolonies in the biofilm
space. 4. These microcolonies are formed from cellular sources that remain attached in the exodus stage. This stage
consists of accelerated cell division that forms protein aggregates, including eDNA and PSM. 5. Quorum sensing by
the Agr system initiates regulation of the biofilm matrix and cell dispersal through activation of proteases and/or
PSM (modified from Moormier et al. [26]).

mechanism of eDNA adhesion postulates that eDNA is adsorbed on the membrane of
individual bacteria in long loop structures measuring up to 300 nm [98]. It has also
been described that DNA loops interact with rough surfaces at the nanoscale, which
increases the bacterial adhesion surface to this type of surface (Figure 5) [99].

eDNA favors the hydrophobicity of the bacterial surface, single-stranded DNA has
amphiphilic properties, the hydrophilic part for deoxyribose, and the hydrophobic
part for nitrogenous bases. Otherwise, double-stranded DNA hybridizes with each
other by hydrogen bonds (Watson-Crick bonds) and hydrophobic interactions.
Various studies have reported that eDNA increases the hydrophobicity of bacteria.
Das et al. [100] reported that the presence of eDNA increases the adhesion of bacte-
rial cells on hydrophobic surfaces (Figure 6) [99].

eDNA also favors resistance to antimicrobial drugs by inducing the expression of
resistance genes. eDNA can form complexes with divalent metal cations (Mg**, Ca**,
Mn?, and Zn*"), which neutralizes the negative charge on the outer part of the bacterial
membrane and increases its resistance to host antimicrobial peptides and cationic anti-
biotics such as aminoglycosides. However, eDNA can induce immune system activation,
although the biofilm protects bacteria from some processes such as phagocytosis [99].

How components of the biofilm matrix are externalized is still not fully under-
stood. Mutant strains defective in autolysis have been reported to have poor biofilm-
forming capacity compared with strains that do not produce PIA biofilms [94].
Phagocytosis-mediated cell death is another mechanism of eDNA release and lysis-
independent methods such as specialized secretion or vesicle formation [101, 102].

2.3.2 Biofilm multiplication stage

After bacterial attachment to a surface and under sufficient nutritional conditions,
adherent S. aureus cells can multiply and accumulate. However, newly divided cells
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Figure 6.

Fu%tctiom of extracellular DNA. (A) eDNA aids adhesion on surfaces by penetrating the electrically repulsive
double layer. Acid-base intevactions lead to bacterial adhesion. (B) eDNA generates chelating complexes with
cationic antimicrobial peptides of the host’s innate immune system. (C) eDNA generates complexes with divalent
cations, triggering a response in the bacteria that increases pathogenicity and antimicrobial resistance (modified
from Okshevsky et al. [99]).

are very susceptible to detachment, primarily from fluid flow. To maintain immature
biofilm stability, S. aureus can produce a wide range of molecules that stabilize intra-
cellular interactions. This process is called the multiplication stage [26].

Staphylococci strains can produce a wide range of extracellular proteins (CWA,
FnBP, SdrC, and CIfB), which promote biofilm formation by favoring intercellular
binding, once they are attached to the surface through a dual role in the stage’s union
and accumulation. But there is evidence that they are also involved during the multi-
plication stage of biofilm development [23]. PIA functions as a component of ECM in
the early stages of S. aureus biofilm formation [26].

Foulston et al. [103] showed that the enzymes enolase and glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) (which is not a biofilm-forming protein) can be acti-
vated as a component of the ECM in response to a decrease in pH, around the biofilm
(Figure 7). This would imply that under acidic conditions, enolase and GAPDH can
bind to eDNA [104]. Otherwise, it has been reported that other extracellular proteins
such as PSM, B-hemolysin (HIb), and IsaB (immunodominant surface antigen B) bind

to eDNA to stabilize the ECM [26].
2.3.3 Biofilm exodus stage

In time-lapse microscopic observations of biofilms, a phase was found that was
termed “Exodus,” due to a clear coordinated cell release around 6 h after the start of
the multiplication stage, which is an early dispersal event that occurs at the same time
as the formation of the microcolony and produces the restructuring of the biofilm
(Figure 7). The exodus phase is determined by the degradation of eDNA by nucleases
and does not depend on the Agr system, which is produced after the development
of the microcolony. The degradation of eDNA in the ECM by endogenous nucleases
decreases the total biomass of the biofilm [23, 24, 83, 105]. The exodus phase is highly
regulated, since only a part of the bacterial cells in the biofilm presents the expression
of the nuc gene (which encodes a thermonuclease, used as an identification criterion
for S. aureus), which favors the shedding of most of the cell population of the biofilm
formed [36]. Also, Moormeier et al. [23] noted changes important in ECM as the
biofilm structure advances, initially only consisting of membrane protein compo-
nents (binding and multiplication phase), to relying on eDNA and proteins released
to the outside (exodus stage). Therefore, a biofilm is only composed of PIA, protein,
and eDNA must be replaced by a more complex model of biofilm development and
ECM composition over time as the biofilm forms [26]. Therefore, the reduction of the
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Figure 7.

Sc%eme of intercellular interactions in the biofilm multiplication stage. Early in biofilm development, free-living
(planktonic) cells adhere to surfaces through electrostatic intevactions mediated by teichoic acids, PSM, autolysin
A, etc. As the multiplication stage progresses, some cells die or lyse (blue circles) releasing cytoplasmic proteins
(green circles) and eDNA (ved lines) into the extracellular medium, enveloping living bactevia (yellow circles) in
a mixture of DNA and proteins cytoplasmic (modified from Moormeier et al. [23]).

bacterial population at the beginning of biofilm formation (by death or exodus) is an
important requirement for its maturation. It has been observed that when there is no
exodus phase, as is the case with S. aureus strains that have mutations in the nuc gene,
the formation of microcolonies does not occur [23].

2.3.4 Biofilm maturation stage

The formation of microcolony structures is essential in the biofilm maturation
process, since they provide a larger contact surface for obtaining nutrients and
eliminating waste, in addition to favoring the dispersion of bacterial cells within the
biofilm. Research carried out on other species of bacteria has reported the develop-
ment of microcolony-like structures during the biofilm formation stages of S. aureus
[23, 87, 106], the mechanism of its formation is not known.

A previously described model [87] mentions that the formation of microcolonies
in the development of the biofilm is a subtractive process, in which channels are
formed in it due to the dispersion caused by the PSM. However, in microscopy obser-
vations at different times, it has been described that microcolonies are formed from
different cell foci of the basal layer once the exodus phase begins (Figure 5).

After the maturation stage, the release of bacteria from the interior of the biofilm
occurs through dispersion, which reactivates the free-living state of the bacterial cell
(planktonic state) [93, 107]. DNase I has been reported to be an inhibitor of PIA-
independent biofilm development in MRSA strains of clinical isolates; however, it
does not inhibit PIA-dependent MSSA strains [104]. In the same investigation, DNase
I effectively inhibited biofilm development of MRSA strains, but failed to destroy
already formed biofilms [108, 109].

2.3.5 Biofilm dispersion stage

Dispersion processes are fundamental in the composition of the biofilm, since
through these the cells are released from the biofilm individually or in large groups
of bacteria, if there are favorable environmental conditions. This is very important
in biofilm-associated infections, as they facilitate systemic spread, and it has been
shown that cells shed from biofilms from medical devices and catheters can cause
endocarditis or sepsis [71, 80].
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Mechanisms influencing the control of biofilm scattering have been studied and
reported to be mediated by Agr quorum sensing control [84]. In the dispersion stage,
the bacteria of the outermost layers of the biofilm are responsible for the expression
of the agr genes, which leads to the detachment of the cells, and at the same time the
renewal of the biofilm; however, agr genes are also expressed by bacteria in the inner
part of the biofilm, where it is used for channel formation [70, 87, 110].

Some toxins influence the development of biofilms. For example, a-hemolysin
(Hla) and leukocidin AB (LukAB) are involved in biofilm persistence [111]; Hla and
LukAB are also synergistically involved in promoting macrophage dysfunction and
death. Dastgheyb et al. [112] showed that PSMs block biofilm formation by disrupt-
ing interactions between ECM molecules with the bacterial surface. Perasamy et al.
[87] reported similar results regarding the influence of the PSMs of S. aureus with
the development of the biofilm, and that PSM degraded it, which produced its early
dispersion due to the surfactant properties of the toxin [113].

The importance of the Agr system is essential for cell communication within the
biofilm formed, to form and establish the three-dimensional structure by controlling
cell dispersion. However, Agr system does not regulate other adhesive molecules of
biofilm formation, as is the case with PIA [75].

3. Conclusions

S. aureus is a highly relevant pathogenic bacterium for humans and other mam-
mals, since it can bind very intensely to different components of the extracellular
matrix and thus infect cells. It also has mechanisms that allow it to colonize, persist,
and survive in unfavorable environmental conditions for growth, such is the case of
the formation of biofilms, which allows it to evade various human immune mecha-
nisms very efficiently. The complex and dynamic composition of S. aureus biofilms, as
well as the existence of a complex genetic regulatory network driving biofilm forma-
tion and maturation, offer a wide variety of potential pharmacological targets for the
control of S. aureus infections.
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Abstract

Staphylococci are mainly found on the skin or in the nose. These bacteria are typically
friendly, causing no harm to healthy individuals or resulting in only minor issues that can
go away on their own. However, under certain circumstances, staphylococcal bacteria
could invade the bloodstream, affect the entire body, and lead to life-threatening
problems like septic shock. In addition, antibiotic-resistant Staphylococcus is another issue
because of its difficulty in the treatment of infections, such as the notorious methicillin-
resistant Staphylococcus aureus (MRSA) which is resistant to most of the currently known
antibiotics. Therefore, rapid and accurate diagnosis of Staphylococcus and characteriza-
tion of the antibiotic resistance profiles are essential in clinical settings for efficient
prevention, control, and treatment of the bacteria. This chapter highlights recent
advances in the diagnosis of Staphylococci in clinical settings with a focus on the advanced
technique of surface-enhanced Raman spectroscopy (SERS), which will provide a
framework for the real-world applications of novel diagnostic techniques in medical
laboratories via bench-top instruments and at the bedside through point-of-care devices.

Keywords: Staphylococcus, rapid diagnosis, mass spectrometry, Raman spectrometry,
machine-learning algorithm

1. Introduction

Bacteria belonging to the genus Staphylococcus is widely distributed in nature and
is a common pathogen that causes nosocomial and community-acquired infections.
It is a facultatively anaerobic Gram-positive coccus that provides a serious threat to
human health due to a combination of toxin-mediated virulence, invasiveness, and
antibiotic resistance. Staphylococcus is commonly found in the air, water, dust, and
human and animal excretions. Every year, Staphylococcus aureus (S. aureus) causes
almost half a million hospitalizations and 50,000 deaths in the United States [1]. This
chapter reviewed the recent progress in the diagnosis of staphylococcal bacteria in
clinical settings, including the variety of commonly used techniques ranging from
traditional culture to emerging molecular methods. Conventionally, the accurate
identification of clinical isolates of Staphylococcus needs a battery of tests, which is
costly in resource-limited settings, though biochemical tests and drug susceptibility
methods have the advantages of low cost and easy operation. However, these methods
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are limited to phenotypic detection only. The nucleic acid amplification methods such
as PCR, real-time fluorescence quantification of nucleic acids and ring-mediated
isothermal amplification are sensitive and can detect genes for strain typing. In
addition, new technologies such as matrix-assisted laser desorption ionization time-
of-flight mass spectrometry, gene sequencing, and SERS are ideal for phenotypic
abnormalities, slow growth, and culture-negative infections, etc. The principles,
characteristics, and applications of which are therefore reviewed, with an emphasis
on the use of SERS as an emerging technique for the detection of bacterial pathogens
more efficiently.

2. Clinical significance of Staphylococcus infections
2.1 Staphylococcal species

The genus Staphylococcus belongs to a diverse group of Micrococcaceae bacteria
that can cause many diseases. They have the capacity to produce a wide range of
extracellular toxins and cell surface virulence factors. There are currently 85 species
and 30 subspecies in the genus [2]. Although most people have antibodies with bodies
to staphylococcal infection, these are usually ineffective, and the disease can reoc-
cur multiple times [3] . Staphylococci can cause a variety of infections: (1) S. aureus
causes localized abscesses in different places and superficial skin diseases (boils,
styes) [4]; (2) S. aureus causes deep-seated infections like osteomyelitis, endocardi-
tis, and potentially fatal skin infections [5]; (3) S. aureus, along with Staphylococcus
epidermidis, is a leading cause of hospital-acquired (nosocomial) surgical wound
infection and infections caused by indwelling medical device [6]; (4) S. aureus
releases enterotoxins into food, which causes food poisoning [7]; (5) S. aureus releases
superantigens into the bloodstream, which results in toxic shock syndrome [8]; and
(6) urinary tract infections are caused by Staphylococcus saprophyticus, particularly in
females [9]. Other Staphylococci species, e.g., Staphylococcus lugdunensis, Staphylococcus
haemolyticus, Staphylococcus warneri, Staphylococcus schleiferi, and S. intermedius,
are uncommon pathogens. Staphylococcus parasites in humans and primates mainly
include the following: S. aureus, S. epidermidis, Staphylococcus capitis, Staphylococcus
caprae, S. saccharolyticus, S. warneri, S. haemolyticus, Staphylococcus hominis, S. sap-
rophyticus, Staphylococcus pasteuri, and Staphylococcus xylosus, etc., among which S.
aureus colonizes the nasal canals, axillae, and pharynx [10-12], while S. epidermidis
is a widespread human skin commensal [13]. In addition, Staphylococcus species are
usually divided into coagulase-positive Staphylococcus (CPS) represented by S. aureus,
and coagulase-negative Staphylococcus (CNS) represented by S. epidermidis. The most
common type is S. aureus subsp. aureus, among the clonal populations followed by S.
epidermidis, S. haemolyticus, and S. saprophyticus subsp. saprophyticus, etc.

2.2 Staphylococcal biological properties

Staphylococcus is spherical or oval in shape, 0.5-1.5 pm in diameter, forming
single, paired, quadruple, short-chain, and irregular grape bunches or clusters.
Staphylococcus has no flagella and no spores except for a few strains which generally
do not form capsules [14]. S. aureus produces a wide range of extracellular proteins
and polysaccharides, a number of which are associated with virulence [15]. Except
for S. aureus subsp. anaerobius and S. saccharolyticus, most Staphylococci are facultative
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anaerobes. The nutritional requirements for cultivation are not stringent, and the
optimum pH is 7.4-7.6.

Staphylococcus can grow well on blood agar, brain heart infusion agar, tryptone
soy agar, and mannitol salt agar [16]. After 24 h of incubation in the atmospheric
environment at 34-37°C, they can form round, smooth, neat-edged, raised, moist,
opaque, creamy, porcelain white, pale yellow, or orange-yellow colonies. S. aureus
subsp. anaerobius, S. saccharolyticus, Staphylococcus auricularis, Staphylococcus vitu-
linus, S. lentus, and Staphylococcus equorum grow slowly and gradually, and their
colonies are commonly seen after 36 h of incubation. Small colony variants (SCVs)
of Staphylococcus grow extremely slowly on conventional medium and the colony
color is lighter with less pigment [17]. Staphylococci are generally salt-tolerant and
grow well on agar with 6.5% NaCl. Some Staphylococcal species like S. aureus can
produce hemolysin, and an apparent f-hemolytic ring can be seen after 24 h of
incubation on sheep blood or rabbit blood agar [18]. When routinely cultured,
many Staphylococci produce fat-soluble carotenoids visible to the naked eye, mak-
ing the colonies yellow, orange-yellow, or orange and not spread into the agar
medium. Staphylococcus does not form pigment in liquid medium, grows uniformly
and turbidly, slightly precipitates at the bottom of the tube, and is easy to disperse
when shaken. S. aureus colonies are yellow on Mannitol Salt Medium (MSM). White
precipitation rings can be formed around S. aureus colonies on Egg-Yolk Salt Agar
Medium. Moreover, S. aureus colonies are black on Baird-Parker agar, surrounded by
turbid bands and transparent rings. The surface antigens of Staphylococcus are mainly
Staphylococcus Protein A (SPA) and polysaccharide antigens. SPA is a surface protein
on the cell wall with species and genus specificity while polysaccharide antigens are
type-specific. Staphylococcus is one of the most resistant non-spore-forming bacteria,
which is resistant to dryness and high salinity and can grow in a medium containing
100-150 g/1 NaCl.

2.3 Distribution and epidemiology

Staphylococcus is widely distributed in nature, mainly parasitic on mammals and
birds’ skin, sebaceous glands and mucous membranes. Some Staphylococcus and its
subspecies are parasitic in selected parts of the host. S. capitis subsp. capitis mainly
exists in great amounts in the sebaceous glands on the top of the head and forehead
of humans, while S. capitis subsp. ureolyticus is present in abundance in the armpits of
humans. S. aureus has the dual characteristics of a colonized and pathogenic bacte-
rium, mainly distributed in the nasal vestibule. About 20% of people have persistent
nasal cavity colonization by S. aureus, and 30% have intermittent colonization. In
addition, S. aureus is also colonized in the axilla, pharynx, groin and gastrointestinal
tract, etc. [13]. It has been shown in the study that S. aureus strains isolated from
the blood of 82% of patients with bacteremia are identical to those isolated from the
nasal cavity [3, 19]. More than 50 million people are expected to be infected with
methicillin-resistant S. aureus (MRSA), which is easily transmitted through skin
contact. However, MRSA infection is difficult to cure due to its resistance to most
antibiotics, while children, elderly people, and sick patients in hospitals and nursing
homes are particularly susceptible. While the number of MRSA bloodstream infec-
tions in the US has declined in recent years, the infection still resulted in 20,000
fatalities in 2017. In addition, MRSA was responsible for more than 100,000 deaths
worldwide in 2019, highlighting the importance of improved surveillance to prevent
and manage the spread of this potentially dangerous bacterium [20]. S. epidermidis
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is the most common Staphylococcus on the human body surface, especially in moist
areas such as armpits, groin, perineum, anterior nostrils, and toes [21]. S. hae-
molyticus is easily isolated from the apocrine glands in the axilla [16]. In addition,
S. saprophyticus subsp. saprophyticus is easily isolated from the female rectum and
urinary system [22].

2.4 Staphylococcal infections

S. aureus bacteremia, which often leads to metastatic foci of infection, can occur
atany site, but it is especially common with infections associated with intravascular
catheters. S. epidermidis and other coagulase-negative Staphylococci are gradually
causing hospital-acquired bacteremia because they can form biofilms on intravascular
catheters and other foreign objects. Staphylococcal bacteremia is a substantial reason
for disease and death in debilitated people [23]. Many Staphylococci are opportunistic
pathogens of the skin and mucous membranes. S. aureus is the primary clinic patho-
genic bacteria of humans [24]. The diseases caused by the bacterium can be roughly
divided into purulent infections and toxin-causing diseases. The former includes
superficial infections (boils, carbuncles, folliculitis, paronychia, styes, wound sup-
puration, abscesses), deep tissue infections (mastitis, cellulitis, necrotizing fasciitis,
osteomyelitis, arthritis), and systemic infections like bacteremia. Toxin-related dis-
eases caused by S. aureus mainly include staphylococcal scalded skin syndrome (SSSS)
caused by an exfoliative toxin, also known as exfoliative dermatitis; toxic shock
syndrome (TSS) caused by toxic shock syndrome toxin-1 (TSST-1) and S. aureus food
poisoning (SFP) caused by staphylococcal enterotoxins (SEs). Lymphangitis is caused
by bacterial infection of the lymphatic vessels. The organisms that cause the disease
enter the body through a skin wound and are either Streptococcus or Staphylococcus.
The inflamed lymph vessels appear as red streaks under the skin that extend from the
infection site to the groin or armpit. The other symptoms may include fever, chills,
headache, and appetite loss. The most typical manifestation of staphylococcal disease
is skin infections. Superficial infections can be generalized with vesicular pustules
and crusting (impetigo) or focal with nodular abscesses (furuncles and carbuncles).
Deeper cutaneous abscesses are relatively common. There could be severe necrotizing
skin infections. Staphylococcal newborn infections, which can cause skin lesions with
or without exfoliation, bacteremia, meningitis, and pneumonia, typically appear
within 6 weeks of delivery [25].

Coagulase-negative staphylococci (CNS) represented by S. epidermidis have
become the leading pathogen of nosocomial infection in recent years. They can cause
prosthetic valve endocarditis, urinary system infection, central nervous system infec-
tion, and bacteremia. S. lugdunensis can cause endocarditis, arthritis, urinary tract
infections and bacteremia. In addition, S. saprophyticus can often cause urinary tract
infection, prostatitis, wound infections, bacteremia, and so on. Chronic infection
or intracellular parasitism of S. aureus often appears in the form of SCVs during in
vitro culture [26]. SCVs are now defined as a subgroup of microorganisms that grow
slowly on agar medium, form small colonies, have reduced or absent pigment pro-
duction, and have altered expression of virulence factors (e.g., reduced production
of a-hemolysin). This is quite different from typical S. aureus colonies, so it is easy
to miss its detection in routine microbial identification. However, SCVs are closely
related to chronic and recurrent infections [27, 28]. Typical S. aureus colonies and
SCVs often coexist on agar medium. Therefore, in-depth study of SCVs is critical to
the treatment and control of clinical infections.
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3. Traditional identification of staphylococcal bacteria
3.1 Microscopic inspection and culture

Microscopic inspection is based on performing morphological tests on colonies.
Clinical specimens were smeared, Gram-stained, and the morphology was observed
under a microscope. S. aureus is typically identified using tests for clumping factor,
coagulase, hemolysins, and thermostable deoxyribonuclease. There are currently
available latex agglutination tests. The identity of S. epidermidis is established by
using commercial bio-typing kits. Staphylococci are catalase positive and can with-
stand quite high sodium chloride concentrations (7.5-10%). This feature is often
used in the preparation of Staphylococci-specific media. A rapid and efficient method
for classifying Gram-positive bacteria species was developed using hyperspectral
microscope images. Traditional bacteria detection and identification procedures
using specific agar media remain the “gold standard” to differentiate the microorgan-
isms. Furthermore, traditional serotyping approaches based on antibodies or genetic
matching, such as plasmid fingerprinting, have been developed [29].

3.2 Staphylococcal biochemical identification

The majority of staphylococcal oxidase tests are negative. Staphylococcus sciuri, S.
vitulinus, S. lentus, Staphylococcus fleuvettii, and Staphylococcus caseolyticus are positive
for oxidase tests due to the presence of Cytochrome c oxidase. Staphylococcus catalase
tests are usually positive, while S. aureus subsp. anaerobius and S. saccharolyticus are
negative. Most Staphylococcus species can decompose a variety of carbohydrates
and deoxidize nitrates, as they are sensitive to lysostaphin and furazolidone, and
are resistant to bacitracin and vibriostatic agent 0/129 (2,4-diamino-6,7-diisopro-
pylpteridine). The plasma coagulase test and the thermostable nuclease test for S.
aureus are positive. S. aureus is sensitive to novobiocin. The biochemical identifica-
tion of Staphylococcus and other Gram-positive cocci is shown in Table 1. It can be
known from the table that Staphylococcus catalase is positive, which is different from
Enterococcus and Streptococcus. The identification of biochemical reactions within the
Staphylococcus species is shown in Table 2. Mature commercial biochemical identi-
fication systems include API Staph (bioMérieux), ID32 Staph (bioMérieux), Vitek
(bioMérieux), MicroScan Product Pos ID family (Siemens Health-care Diagnostics),
BD BBL Crystal (BD Diagnostics Systems), Sensitire GPID (TREK Diagnostic
Systems), etc. Most laboratories use commercial identification systems or automated
identification instruments. These methods are simple, convenient, and accurate.
However, uncommon strains or strains with phenotypic variants (such as SCVs)
require molecular identification due to altered biochemical response patterns.

3.3 Antibiotic resistance

The conventional approaches for antibiotic susceptibility testing of Staphylococci
include disk diffusion and broth dilution, which can be operated following the American
Clinical and Laboratory Standards Institute (CLSI) and the European Committee for
Antimicrobial Susceptibility Testing (EUCAST). The disc diffusion method, also known
as the Kirby-Bauer (K-B) method, is based on the principle of sticking a disc containing
anti-bacteial drugs onto an agar plate inoculated with the test bacteria. The medicine
in the disc absorbs the water in the agar and dissolves continuously to spread around
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the disc. The growth of bacteria is inhibited within the range of inhibitory concentra-
tion around the disc, thus forming a transparent antibacterial ring. Its size reflects the
susceptibility of the test bacteria to the drug and is negatively correlated with the test
bacteria’s minimum inhibitory concentration (MIC). The principle of the broth dilution
method is to use Mueller Hinton Broth (MHB) to dilute the antibacterial drugs to differ-
ent concentrations and then culture the bacteria. The MIC or the minimal bactericidal
concentration (MBC) is tested by observing the growth of the bacteria.

Commercial detection systems for the broth dilution method for drug susceptibil-
ity mainly include bioMérieux (http://www.biomerieuxusa.com), Siemens Health-
care Diagnostics (http://www.siemens.com), Becton Dickinson Diagnostics (http://
www.bd.com) and Thermo Scientific (http://www.thermoscientific.com). S. aureus
and S. epidermidis have no natural resistance, while S. saprophyticus, Staphylococcus
cohnii, and S. xylosus are naturally resistant to novobiocin, and S. saprophyticus and
Staphylococcus kloosii are naturally resistant to fosfomycin. The common resistant
phenotypes and screening methods of Staphylococcus are shown in Table 3. S. aureus is
a serious danger to worldwide public health security, especially methicillin-resistant
S. aureus (MRSA), which has become the leading pathogen of nosocomial infections
worldwide. Besides that, drug-resistant genes of multidrug-resistant S. aureus strains
can be spread among humans, animals, and the environment through horizontal
transfer [30], making the problem of bacterial drug resistance increasingly serious.
Turner et al. [31] reported that S. aureus had developed different degrees of resistance
to almost all antibiotics in the past 10 years. MRSA refers to S. aureus carrying the
mecA gene and (or) S. aureus with a MIC of Oxacillin >4 mg/1, which can be divided
into hospital-acquired (HA-MRSA) and community-acquired (CA-MRSA) strains.
The drug resistance mechanism of MASA is complex and mainly related to the
mecA gene encoding penicillin-binding protein PBP2a [32], the mecC gene encoding
penicillin-binding protein PBP2c [33, 34], exogenous acquisition of staphylococcal
chromosome mec gene [35], fem gene [36, 37] and other factors.

The cefoxitin disk diffusion assay of mecA-mediated oxacillin resistance for CoNS in
Table 3 does not apply to S. lugdunensis and S. pseudintermedius. The detection method
of S. lugdunensis is the same as that of S. aureus. The oxacillin resistance of S. pseud-
intermedius was detected by 1 pg oxacillin disk, while the cefoxitin disc and the MIC
methods were both unreliable. When using vancomyecin to treat S. aureus, S. aureus is
easy to develop from sensitivity to an intermediate or resistance phenotype. Attention
should be paid to the detection of vancomycin sensitivity to S. aureus. The detection of
vancomycin-intermediate S. aureus (VISA) and vancomycin-resistant S. aureus (VRSA)
by automated drug susceptibility systems or disc diffusion methods is complex and the
results are unreliable. Therefore, further confirmation is required. Biochemical identi-
fication and routine drug susceptibility testing require the acquisition of pure cultured
colonies, which is time-consuming for slow-growing staphylococci.

4. Rapid diagnosis of Staphylococcal infections
4.1 PCR and its derived technologies

4.1.1 Polymerase chain veaction (PCR)

Polymerase chain reaction (PCR) is the most extensively used nucleic acid amplifica-
tion method for bacterial serotyping and confirmation. RT-PCR (Real-time quantitative
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PCR) has high sensitivity, high specificity, low pollution, and a high degree of automa-
tion [38]. Its reaction is monitored in real-time and can quantitatively detect target genes.
The detection time of clinical samples can even be shortened to 1 h. Recent literature
reports show that RT-PCR technology is currently the most accurate, reproducible and
internationally recognized standard method for the quantitative and qualitative detec-
tion of nucleic acid molecules. For example, Okolie et al. [39] simultaneously detected
marker genes of Coagulase-negative Staphylococcus (CoNS), staphylococcal protein A
(SPA), Panton-Valentine leukocidin (PVL) and methicillin-resistant S. aureus (MRSA)
by applying real-time PCR polymorphism analysis. Yang et al. [40] also found that the
effect of real-time RT-PCR in detecting methicillin-resistant S. aureus (MRSA) was
better than drug susceptibility testing. The enterotoxin produced by S. aureus in food can
cause food poisoning, so S. aureus is also a critical detected bacteria in the food industry.
Huang et al. [41] found that the TagMan-MGB probe RT-PCR method established for the
coa (encoding coagulase) gene of S. aureus can enhance the speed and sensitivity of food
detection. Multiplex PCR is a PCR reaction that simultaneously amplifies two or more
DNA sequences from the same sample [42]. In a study by Schmitz et al. [43] a multiplex
PCR on bacteria colonies chosen directly from agar plates without prior DNA prepara-
tion is described. In parallel, specific primers were used to detect staphylococcal genes
coa and mecA. Tsai et al. [44] applied multiple PCR technology to detect Staphylococcus
and Vibrio vulnificus in blood and tissue samples of 99 patients with surgically confirmed
necrotizing fasciitis (NF) of the extremities. These techniques can be time-consuming
and require trained operators who are familiar with the procedure. Therefore, it is inter-
esting to develop a fast, simple, and consistent technology to identify and distinguish
between different bacterial species and serotypes.

4.1.2 Isothermal nucleic acid amplification technology

Classical nucleic acid amplification technology has multiple thermal cycling steps,
requires strict laboratory conditions, and relies on the use of high-precision instru-
ments that are difficult to miniaturize. The isothermal amplification technology
can perform accurate and rapid analysis on site, and is more suitable for integration
into miniaturized systems [45]. Loop-mediated isothermal amplification (LAMP)
technology was created by Notomi et al. in 2000 [46]. It is a nucleic acid amplifica-
tion technology that can perform rapid, specific and sensitive detection of target
sequences under isothermal conditions. Yin et al. [47] utilize LAMP technology
combined with lateral flow assay (LFA) to simultaneously detect S. aureus sea and seb
genes. Strand displacement amplification (SDA) is an enzymatic reaction-based DNA
in vitro amplification technology [48]. After the initial thermal denaturation of the
dsDNA target, it only needs to reach 37°C for the reaction. Cai et al. [49] reported an
SDA-based biosensor for the detection of S. aureus. The aptamer was immobilized on
streptavidin-modified magnetic beads as a biorecognition molecule, and then bound
to its complementary ssDNA. When S. aureus is present, the aptamer binds to it,
releasing complementary DNA into the solution and detecting pathogenic microor-
ganisms by SDA amplification. The limit of detection (LOD) of the sensor was 8 CFU/
ml, and the recovery rate was more than 93.9%. The time-consuming amplifica-
tion step was optimized from 2 h to 45 min. Although the reaction time was longer
compared to other amplification reactions, it had high sensitivity and easy-to-reach
reaction temperature advantages. In addition, there are room temperature amplifica-
tion technologies such as recombinase polymerase amplification (RPA), rolling circle
amplification (RCA), simultaneous amplification and testing (SAT), etc.
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4.2 Immunoassay

Immunology-based rapid detection technologies for microorganisms include
Immune Fluorescence Assay (IFA), Enzyme-linked Immunosorbent Assay
(ELISA), Chemiluminescence Immunoassay (CLIA), Radio Immunoassay (RIA),
Immunomagnetic Separation (IMS), and Immune Colloidal Gold (ICG) technique,
etc. Among them, IMS is a technology that uses the magnetic responsiveness of the
magnetic beads to enrich and separate the target substances by coating the recognition
substances such as antigens and antibodies on the superparamagnetic nanomagnetic
beads with a specific particle size range. The technical operation is simple and fast,
with high specificity and sensitivity. Currently, it has been extensively used in protein
and nucleic acid purification, cell separation and pathogen detection, such as Multiple
Polymerase Chain Reaction (MPCR), Recombinase Polymerase Amplification (RPA),
and Loop-Mediated Isothermal Amplification (LAMP). Zhou et al. [50] use avidin-
labeled magnetic beads and biotin-labeled SPA monoclonal antibodies to prepare
immunomagnetic beads to enrich S. aureus from sputum, which is then combined with
MPCR to detect the mecA gene and femA gene of MRSA strains in sputum samples.
The detection of MRSA strains has advantages in terms of detection rate, sensitivity
and specificity, especially because the detection time can be shortened from 48-72 h
to 4-6 h. The most common application of immunoassay techniques is in the detection
of Staphylococcus toxin. Based on the existing ELISA method, Chang et al. success-
fully constructed a new staphylococcal enterotoxin A (SEA) detection method for
microscale solid phase extraction MSPE-ELISA on magnetic microspheres modified
with staphylococcal enterotoxin A (SEA) as an aptamer and introduced solid magnetic
phase extraction technology. The sensitivity of magnitude is higher as compared to
ELISA Kkits, enabling the high-sensitivity detection of SEA trace amounts in actual
samples. Shan et al. [51] used a carboxyl-modified fluorescent microsphere (PSA-
R6G) to immobilize a monoclonal antibody against S. aureus as a capture probe. A
fluorescein isothiocyanate (FITC)-labeled S. aureus secondary fluorescein antibody
served as a sensitive reporter antibody. After double labeling with R6G and FITC,
multiparameter flow cytometry analysis observed the enriched S. aureus. Zhao et al.
[52] use vancomycin-immobilized gold nanoparticles (VAN-Au NPs) as the first
recognition factor to capture S. aureus, and use the second recognition agent of porcine
immunoglobulin G (IgG) to ensure its specificity. A novel sandwich-based lateral flow
assay (LFA) for highly sensitive and selective detection of S. aureus. Tarisse et al. [53]
developed an immunoassay that detects the staphylococcal enterotoxins SEA, SEG,
SEH, and SEI with high sensitivity and specificity.

4.3 Mass spectrometry

The molecular weight and structure of different biomolecules, such as proteins,
nucleic acids, and polysaccharides, can be analyzed using matrix-assisted laser
desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) technol-
ogy. The basic principle behind matrix-assisted laser desorption is as follows: after
the matrix and the sample form an eutectic, the matrix and the sample absorb laser
energy to desorb the sample, and charge transfer between the matrix and the sample
occurs to ionize the sample molecules. The mass-to-charge ratio of ions is propor-
tional, and the mass-to-charge ratio can be measured according to the flight time to
the detector, and a characteristic fingerprint can be obtained through software pro-
cessing [54]. MALDI-TOF MS technology has the characteristics of rapidity, accuracy,
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sensitivity and automation [55], and gradually occupies an important position in

the identification of microbiology laboratories [56]. Rychert et al. [57] conducted a
multicenter study on Gram-positive aerobic bacteria, and the results showed that in
1146 Gram-positive bacteria samples, the accuracy rate at the species level was 92.8%,
and the accuracy at the genus level could reach 95.5%. The time required for MALDI-
TOF MS to obtain identification results has been shortened from 5 to 48 h or even
longer via traditional biochemical methods to less than 6 min per sample, and the cost
of reagents for single-sample detection has been reduced to less than 1/4 of traditional
methods. The overall identification accuracy of MALDI-TOF MS is >90%, which is
higher than that of conventional methods (80-85%); in addition, MALDI-TOF MS is
easy to operate, which significantly shortens the time for professional and technical
training of personnel [58, 59]. MALDI-TOF MS can also be used to analyze the anti-
biotic resistance of bacteria. The advantages of MALDI-TOF MS are good specificity
and short experimental time as compared with conventional antibiotic susceptibility
testing (AST) [60, 61]. MOLDI-TOF MS can also quickly differentiate between MRSA
and MSSA [62, 63]. The most essential characteristic peaks for distinguishing MRSA
and methicillin-sensitive S. aureus (MSSA) are at the mass spectrum peaks of 3279,
6485, 6555, and 3299 m/z [64].

4.4 Genome sequencing

In 1977, Sanger et al. [65] invented the dideoxyribonucleotide end termination
method, and Maxam and Gilbert [66] developed the chemical degradation method,
which marked the birth of the next generation of sequencing technology. Sanger
sequencing is the standard technology and its length can be up to 1000 bp and the
accuracy is almost 100%, but it has the disadvantages of low throughput, high cost,
and long time. Next-generation sequencing (NGS) came into being. Next-generation
sequencing platforms mainly include the Roche 454 sequencing platform based
on microemulsion PCR and pyrosequencing technology, the Illumina sequencing
platform based on bridge PCR and fluorescent reversible terminator sequencing-by-
synthesis, the SOLID sequencing platform based on microemulsion PCR and oligo-
nucleotide ligation sequencing, and the Ion Torrent PGM and Proton semiconductor
sequencing platforms [67].

In 2014, Wilson et al. [68] reported the world’s first case of an infectious disease
diagnosed by next-generation sequencing technology. Since then, NGS technology
has been gradually recognized and promoted, providing ideas for the diagnosis of
unknown pathogens in clinical practice [69] NGS is the most widely used method
for high-throughput, massively parallel sequencing of thousands to billions of
DNA fragments simultaneously [70]. The third-generation sequencing technol-
ogy is divided into single-molecule real-time (SMRT) sequencing and nanopore
single-molecule sequencing according to different sequencing principles. Gene
sequencing can obtain the genomic information of pure colonies and the genomic
information of mixed specimens so that highly related lineages can be distinguished
with the resolution and precision that other methods lack. Gene sequencing can
obtain nearly complete bacterial DNA information, including species, drug-
resistance genes, virulence factors, mobile elements, etc. The molecular epidemi-
ology and transmission mechanisms of strains are critical to understanding the
occurrence and development of various diseases [71]. The widespread availability
of genetic sequencing technology has enabled more detailed studies of MRSA
transmission patterns, including analysis of past undocumented transmission and
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comprehensive, complicated strain evolution [72-74]. In addition, gene sequencing
plays a significant role in the study of MRSA colonization and infection [75].

Moore et al. [76] demonstrated that Whole Genome Sequencing (WGS) hasa
high resolution for strains that other methods cannot distinguish in MRSA coloniza-
tion and infection studies. WGS is a comprehensive method that analyzes the entire
genomic DNA of a cell at once by using sequencing technology. At present, NGS
technology still lacks unified laboratory testing operation specifications, and exog-
enous nucleic acid contamination will likely lead to false positive results, which will
seriously affect clinical diagnosis. NGS can detect two or more non-pathogenic bac-
teria in the same specimen. The analysis may be because NGS has high sensitivity and
the nucleic acid residues of non-specimen pathogens with low sequence numbers or
dead pathogens are detected together, which is very likely to lead to misjudgment by
clinicians, though NGS results lack recognized interpretation. However, the relation-
ship between sequencing results and treatment is unclear, and drug-resistance genes
are difficult to detect, so it still needs to be supplemented with drug susceptibility
testing. In summary, NGS technology plays an essential role in identifying pathogens
and guiding clinical treatment. With the continuous improvement of NGS detection
platforms and the proposal of relevant interpretation, NGS technology will be widely
used on standards to guide clinical diagnosis and treatment.

5. Raman spectroscopy in Staphylococcus identifications
5.1 Principles of Raman scattering effects

Raman scattering is an inelastic scattering phenomenon caused by light striking
the surface of a material, revealed by Indian scientist Chandrasekhara Venkata Raman
in 1928 [77]. When the molecules of the detected object interact with the incident
light photons of the monochromatic beam, elastic and inelastic collisions can occur
simultaneously. The scattering mode in which the optical frequency does not change
is called Rayleigh scattering. The photon transfers energy to the molecule during an
inelastic collision; after it changes direction, some of this energy is transferred to the
molecule (Stokes scattering), or the vibration and rotational energy of the molecule
is transferred to the photon (Anti-Stokes scattering), changing the frequency of the
photon (Raman scattering) [78]. Because Raman scattering can reflect the molecular
vibration and vibration-rotation energy level of substances, it is used in molecular
structure analysis. However, due to the extremely low scattering efficiency of inelastic
scattering, the scattered light intensity is one millionth to one billionth of the incident
light intensity, which greatly limits the application of Raman spectroscopy in material
analysis and detection, and surface-enhanced Raman spectroscopy was then discov-

ered and developed.
5.2 Surface-enhanced Raman spectroscopy

In 1974, Fleischmann et al. [79] found that the pyridine molecules adsorbed on the
rough silver electrode surface had a significant Raman scattering effect. In 1977, after
extensive experimental research and theoretical calculation, Jeanmarie et al. [80]
named this enhancement effect related to rough metal surfaces such as silver (Ag),
gold (Au), and copper (Cu) as the surface-enhanced Raman scattering effect, and the
corresponding technology was called surface-enhanced Raman spectroscopy (SERS).
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The Raman scattering signal of pyridine molecules adsorbed on the rough metal silver
surface is enhanced by about 6 orders of magnitude compared to the Raman scatter-
ing signal of pyridine molecules in solution, which provides the possibility for the
detection of biological macromolecules. The principle of SERS is explained mainly
through two mechanisms: chemical enhancement and electromagnetic enhancement.
The chemical mechanism (CM) describes the electronic interaction between sub-
strates and adsorbed molecules and offers a small enhancement magnitude 10>-10°.
The electromagnetic enhancement (EM) mechanism contributes by increasing the
electromagnetic field near plasmonic structures caused by incident light excitation

of alocalized surface plasmon resonance (LSPR). Plasmonic nanomaterials are those
in which incident electromagnetic radiation from light can coherently excite conduc-
tion electrons to oscillate collectively at metal/dielectric interfaces. The large SERS
enhancement factor (EF) generated from EM contribution to plasmonic nanomateri-
als is in the magnitude of 10'°~10™ [81] which is significant for the detection of single
molecules [82]. Among them, electromagnetic enhancement receives more attention
and acknowledges extensive research work. Label-free SERS detection technology has
developed into a research hotspot in the field of microbiology due to its advantages

of no need for too much preliminary preparation, non-invasive and short detection
time, and excellent application prospects in bacterial detection.

5.3 SERS spectra of staphylococcal bacteria

The complex biological meaning and structural information contained in Raman
spectra result from the vibrational and rotational frequencies of molecules in the
sample. The vibration frequencies of biomolecules such as nucleic acids, proteins,
lipids, and carbohydrates in bacteria are different, and they appear as unique peaks
in Raman spectra. “Full biometric fingerprints” can be used as a basis for distin-
guishing different bacteria. Efrima et al. [83] used SERS for bacterial detection,
distinguishing Gram-positive and Gram-negative bacteria through the difference in
SERS profiles on the cell membrane surface. Since then, the application of SERS in
bacterial detection, identification, and classification has received rapid attention.
Rebrosova et al. [84] detected 54 S. epidermidis and 51 Candida parapsilosis strains
from Mueller-Hinton agar plates using Raman spectroscopy with an accuracy of
96.1% and 98.9%, respectively. Tang et al. [85] applied two deep learning methods,
Convolutional Neural Networks (CNN) and Long Short-Term Memory (LSTM), for
SERS detection of 117 staphylococcal strains belonging to 9 species of Staphylococcus,
with an accuracy of 98.21% and 94.33%, and Area Under Curve (AUC) values of
99.93% and 99.83%, respectively [85]. In addition, Staphylococcus wornerii, S. homi-
nis, and Staphylococcus korea have unique peaks at 1003 cm ™. Staphylococcus xylinum
and Staphylococcus squirrels have special peaks at 1089 and 1093 cm™ [85]. Rebrosova
et al. [86] reported that Raman spectroscopy analysis of 277 staphylococcus strains
of 16 species, including S. aureus and S. epidermidis, revealed that the total accuracy
of inputting a spectrum was over 99%, and even reached 100% for a few strains,
indicating that SERS is a reliable tool for the identification of Staphylococci. The most
common S. aureus Raman peaks are primarily at 731 cm ™" [87], which is produced by
glycosidic linkages and originates from the abundant peptidoglycan in the cell wall.
The other two main Raman peaks at 958 and 1050 cm ™ are protein C-O groups. The
typical peak of saturated lipids at 1458 cm ™' comes from the lipids on the cell wall,
while the characteristic peaks of the C-N group are from proteins, peptides, and
amino acids on the cell wall [88].
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In addition to achieving bacterial classification, SERS technology offers the poten-
tial to discriminate various bacterial species that belong to the same family. You et al.
[89] used 30 cases of S. aureus ATCC25923 and MRSA as the sample training set and
6 cases of ATCC25923 and MRSA as the test set, based on the Principal Component
Analysis (PCA) combined linear discriminant analysis (LDA) model for SERS detec-
tion. The classification accuracies of ATCC25923 and MRSA on the training and
test sets are 76.67% and 75%, respectively according to the PCA-LDA model [89]. In
another work, the Ayala team [90] used the SERS technique to differentiate wild-type
S. aureus and mutant strains lacking carotenoid production. These results confirm the
great potential of SERS in identifying S. aureus. The feasibility of Raman microscopy
has been demonstrated to be able to discriminate various genetically distinct forms of
a single bacterial species in situ. The rapid differentiation of resistant and susceptible
bacteria can be achieved by collecting the Raman spectral signals of the two and
combining them with chemometric methods. In the work of Potluri et al. [91] the
PCR and SERS technologies were combined to detect the MRSA-specific genes mecA
and femA, and had good identification of MRSA and MSSA. In identifying MRSA and
MSSA, Ciloglu et al. [92] used SERS combined with machine learning techniques for
analysis, and the classification accuracy was achieved at 97.8%. In their other work
[93], a Sparse Autoencoder (SAE)-based Deep Neural Network (DNN) algorithm was
used to analyze and extract features from raw spectral data and classify MRSA and
MSSA bacteria with 97.66% accuracy. SERS can be used to analyze the target of drug
action and explore the mechanism of antibiotic-resistant, bacteriostatic and bacteri-
cidal actions. After the bacteria are treated with drugs, the bacteria are freeze-dried,
and the Raman spectrum information of single cells is collected by Raman microscopy.
Microscopic imaging can detect the number of drugs entering cells and drug targets, as
well as measure the kinetics of drug uptake in cells and point out interactions [94].

5.4 Raman spectroscopy preprocessing

Raman spectral signals inevitably receive external interference during the acquisi-
tion process, such as the mechanical vibration of the instrument itself, cosmic noise,
and autofluorescence to a certain extent, which prevents the rapid and accurate analy-
sis of spectral data [95]. Therefore, before formal data analysis, the original Raman
signal needs to be preprocessed to eliminate unfavorable factors in the analysis process.
Preprocessing can be regarded as a key step in spectral data analysis and is mainly
divided into spike removal, smoothing denoising, baseline correction, and vector nor-
malization. For peak removal, when collecting Raman spectra, random, narrow and
strong spectral signals appear in the spectral fingerprint due to the random appearance
of electronic signals from cosmic particles on CCD or complementary metal-oxide-
semiconductor detectors. The existence of spikes will mask other useful information to
a great extent; therefore, spike removal is necessary. In general, spikes rarely appear at
the same shift in the Raman spectrum of the same sample [96]. In this regard, we can
judge whether there is a spike by visually inspecting and comparing the difference in
abnormal intensity between different spectral curves [97]. In addition, setting the sig-
nal intensity threshold and deriving the spectral data can also achieve the purpose of
removing spikes [98]. For the electronic noise composed of cosmic noise, flicker noise,
and thermal noise, it will randomly appear in multiple positions of the spectral curve
in an unpredictable form, which has a large impact on the quality of Raman spectros-
copy data. Savitzky—Golay (S-G) filtering is one of the most commonly used prepro-
cessing methods in the process of smoothing and denoising Raman spectra [99, 100].
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This method can keep the shape and width of the signal unchanged while filtering the
noise, so as to meet the processing requirements of Raman spectral data in different
situations [101]. As one of the recognized best processing steps in Raman spectrum
analysis preprocessing [96], baseline correction is used to deal with the continuous
distortion caused by uncontrollable factors during Raman spectrum acquisition, such
as removing substrate-related Raman signals [99] and fluorescence signals generated
by the sample itself [102]. Commonly used methods are asymmetric weighted penal-
ized least squares (arPLS) algorithm [103], adaptive iterative weighted penalized

least squares (airPLS) algorithm and polynomial fitting [104]. Normalization is the
last step of preprocessing [105]. It is used to deal with the situation of large signal
strength caused by uneven sample distribution, laser power difference, experimental
environment interference and other factors [104]. Vector normalization is one of the
most commonly used normalization methods in Raman spectral analysis [97, 106], It is
used to control the difference in Raman signal intensity levels by mapping the data to
arange of 0 to 1 for processing [107]. It is worth noting that the order of preprocessing
is not fixed and each step does not necessarily need to be performed. When applying
to our own experimental data, we need to observe the interaction between each step
of preprocessing, and choose the best combination of preprocessing according to the
feedback between different preprocessing methods.

5.5 Machine learning analysis of SERS spectra

Data learning aims to convert Raman spectral signals into computer-recognizable
abstract feature information. For previously preprocessed spectral data, we need
to use more advanced methods based on machine learning algorithms. Machine
Learning (ML) is a method of observing existing data, extracting the rules, and then
applying them to unknown samples [98]. Traditional Raman spectrum classifica-
tion and recognition usually use machine-learning algorithms to model and analyze,
but the analysis process of this method is relatively complicated, and it needs to go
through operations such as preprocessing and feature extraction. In recent years,
deep learning has become a hot research topic. Deep learning is to learn features
from large-scale raw datasets and to build predictive models directly. There are
many deep learning algorithms, including convolutional neural networks (CNN),
fully connected networks, and residual neural networks (ResNet), etc. It has decent
performance in mining local features of data and extracting international train-
ing highlights [108], and its ability to classify and identify data far exceeds that of
traditional multivariate statistical analysis algorithms. Wang et al. [109] prepared
positively charged nano-silver-based SERS samples combined with the CNN algo-
rithm for rapid identification of drug resistance in S. aureus. Several classifications
have achieved good results for the high-intensity SERS fingerprints collected in
107 cells/ml bacterial solution, among which shallow CNN, ResNet25, SVM and
Logistic regression all achieved 100% classification accuracy [109]. When the tradi-
tional machine learning algorithms SVM, Logistic regression, RF and KNN were used
to analyze low-intensity SERS fingerprints collected from low-concentration bacterial
solutions of 105 cells/ml and 102 cells/ml, the average recognition accuracy dropped
below 80% [109] whereas the shallow layer created by the study CNN achieves 94.5%
recognition accuracy, which is more than 25% higher than other ordinary methods
[109]. In addition, the SERS combined CNN detection method also achieved good
results in identifying MRSA and MSSA. Ho et al. [110] apply deep learning methods
to identify 30 common bacterial pathogens. The average separation level was more
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than 82% accurate at low SNR spectra, and an antibiotic treatment identification
accuracy of 97.0 + 0.3% was achieved [110]. The deep learning method distinguishes
between MRSA and MSSA isolates with an accuracy of 89 + 0.1% [110]. Additionally,
Tang et al. studied 9 different Staphylococci, and constructed 8 different machine
learning algorithms and 2 deep learning algorithms for the classification and predic-
tion of all the staphylococcal strains [94]. By calculating and comparing the evalua-
tion indicators of different models, it is found that the deep learning algorithm CNN
has the best performance (ACC = 98.21%), and the AUC is also the largest (99.93%)
[94]. The results show that the deep learning algorithm has strong classification

and prediction capabilities in the detection of bacterial pathogens through surface
enhanced Raman spectroscopy.

6. Conclusion and perspectives

With the continuous development of science and technology, the detection
methods of Staphylococcus have become more and more diverse, but they all have
their advantages and disadvantages. Although the traditional cultivation method
is the gold standard, the cultivation time is long, the steps are cumbersome and the
technical requirements of the testing personnel are high. Molecular-level identifica-
tion methods such as PCR, mass spectrometry, and whole-genome sequencing have
high sensitivity and specificity with short turn-around time, and can directly detect
clinical samples but these techniques have steep learning curves and are expensive. In
order to better make up for the shortcomings of various methods, this paper intro-
duces surface-enhanced Raman technology, which has the advantages of low cost,
simple operation, label-free, non-invasiveness, high sensitivity, and high specificity
in bacterial identification and drug resistance detection, which has great application
potential in the near future.

Glossary Abbreviations

MRSA methicillin-resistant Staphylococcus aureus
SERS surface enhanced Raman spectroscopy
CPS coagulase-positive Staphylococcus

CNS coagulase-negative Staphylococcus

SCVs Small colony variants

MSM mannitol salt medium

SPA Staphylococcus Protein A

SSSS staphylococcal scalded skin syndrome

TSS toxic shock syndrome

SFP S. aureus food poisoning

SEs staphylococcal enterotoxins

CLSI Clinical and Laboratory Standards Institute
EUCAST European Committee for Antimicrobial Susceptibility Testing
K-B Kirby-Bauer

MIC minimum inhibitory concentration
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Glossary Abbreviations

MHB Mueller Hinton Broth

MBC minimal bactericidal concentration
VISA vancomycin-intermediate S. aureus
VRSA vancomycin-resistant S. aureus

PCR Polymerase chain reaction

NF necrotizing fasciitis

LAMP Loop-mediated isothermal amplification
LFA lateral flow assay

SDA Strand displacement amplification
RPA recombinase polymerase amplification
RCA rolling circle amplification

SAT simultaneous amplification and testing
IFA immune fluorescence assay

ELISA enzyme-linked immunosorbent assay
CLIA chemiluminescence immunoassay

RIA radioimmunoassay

IMS immunomagnetic separation

ICG immune colloidal gold

SEA staphylococcal enterotoxin A

MSPE microscale solid phase extraction

FITC fluorescein isothiocyanate
MALDI-TOF MS matrix-assisted laser desorption ionization-time of flight mass spectrometry
AST antibiotic susceptibility testing

MSSA methicillin-sensitive Staphylococcus aureus
NGS next-generation sequencing

SMRT single-molecule real-time

CM chemical mechanism

EM electromagnetic enhancement

LSPR localized surface plasmon resonance
EF enhancement factor

CNN convolutional neural networks

LSTM long short-term memory

AUC area under curve

PCA principal component analysis

LDA linear discriminant analysis

SAE sparse autoencoder

DNN deep neural network




Recent Progress in the Diagnosis of Staphylococcus in Clinical Settings
DOI: http://dx.doi.org/10.5772/intechopen.108524

Author details

Xue-Di Zhang" t, Bin Gu® 1, Muhammad Usman® 1, Jia-Wei Tang’, Zheng-Kang Li*,
Xin-Qiang Zhang®, Jia-Wei Yan** and Liang Wang**

1 Laboratory Medicine, Medical Technology School of Xuzhou Medical University,
Xuzhou, Jiangsu Province, China

2 Laboratory Medicine, Xuzhou Infectious Diseases Hospital,
Xuzhou, Jiangsu Province, China

3 Department of Intelligent Medical Engineering, School of Medical Informatics
and Engineering, Xuzhou Medical University, Xuzhou, Jiangsu Province, China

4 Laboratory Medicine, Guangdong Provincial People’s Hospital, Guangdong
Academy of Medical Sciences, Guangzhou, Guangdong Province, China

*Address all correspondence to: jlaweiyanh@foxmail.com
and healthscienc@foxmail.com

t These authors contributed equally to the study.

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

105



Staphylococcal Infections - Recent Advances and Perspectives

References

[1] Schlecht LM, Peters BM, Krom BP,
Freiberg JA, Hansch GM, Filler SG, et al.
Systemic Staphylococcus aureus infection
mediated by Candida albicans hyphal
invasion of mucosal tissue. Microbiology
(Reading). 2015;161(Pt 1):168-181

[2] Parte AC, Sarda Carbasse J,
Meier-Kolthoff JP, Reimer LC, Goker M.
List of prokaryotic names with standing
in nomenclature (LPSN) moves to

the DSMZ. International Journal

of Systematic and Evolutionary
Microbiology. 2020;70(11):5607-5612

[3] Schmidt TM. Encyclopedia of
Microbiology. USA, Cambridge,
Massachusetts: Academic Press; 2009

[4] Del Giudice P. Skin infections caused
by Staphylococcus aureus. Acta Dermato-
Venereologica. 2020;100(9):adv00110

[5] Lina G, Piémont Y, Godail-Gamot F,
Bes M, Peter MO, GauduchonV, et al.
Involvement of Panton-valentine
leukocidin-producing Staphylococcus
aureus in primary skin infections and
pneumonia. Clinical Infectious Diseases.
1999;29(5):1128-1132

[6] Otto M. Staphylococcus
epidermidis—The 'accidental' pathogen.
Nature Reviews. Microbiology.
2009,7(8):555-567

[7] Argudin M, Mendoza MC,

Rodicio MR. Food poisoning and
Staphylococcus aureus enterotoxins. Toxins
(Basel). 2010;2(7):1751-1773

[8] Tuffs SW, Goncheva MI, Xu SX,
Craig HC, Kasper K]J, Choi ], et al.
Superantigens promote Staphylococcus
aureus bloodstream infection by
eliciting pathogenic interferon-gamma

106

production. Proceedings of the National
Academy of Sciences of the United States
of America. 2022;119(8):2115987119

[9] Hovelius B, Mardh PA. Staphylococcus
saprophyticus as a common cause of
urinary tract infections. Reviews of
Infectious Diseases. 1984;6(3):328-337

[10] Hamdan-Partida A, Sainz-Espuiies T,
Bustos-Martinez J. Characterization

and persistence of Staphylococcus aureus
strains isolated from the anterior nares
and throats of healthy carriersina
Mexican community. Journal of Clinical
Microbiology. 2010;48(5):1701-1705

[11] Hamdan-Partida A, Gonzdlez-
Garcia S, de la Rosa GE, Bustos-
Martinez J. Community-acquired
methicillin-resistant Staphylococcus
aureus can persist in the throat.
International Journal of Medical
Microbiology. 2018;308(4):469-475

[12] Gonzalez-Garcia S, Hamdan-
Partida A, Bustos-Hamdan A,
Bustos-Martinez J. Factors of
nasopharynx that favor the colonization
and persistence of staphylococcus aureus.
In: Zhou X, Zhang Z, editors. Pharynx-
Diagnosis and Treatment. London:
IntechOpen; 2021. pp. 75-81

[13] Boucher HW, Corey GR.
Epidemiology of methicillin-resistant
Staphylococcus aureus. Clinical Infectious
Diseases. 2008;46 (Suppl 5):S344-S349

[14] F G. The genera Staphylococcus
and Macrococcus. The Prokaryotes.
2006;2006:5-75

[15] Visansirikul S, Kolodziej SA,
Demchenko AV. Staphylococcus aureus
capsular polysaccharides: A structural



Recent Progress in the Diagnosis of Staphylococcus in Clinical Settings

DOI: http://dx.doi.org/10.5772/intechopen.108524

and synthetic perspective. Organic &
Biomolecular Chemistry. 2020;18(5):
783-798

[16] Bautista-Trujillo GU, Solorio-
Rivera JL, Renteria-Solérzano I,
Carranza-GermanSI, Bustos-MartinezJA,
Arteaga-Garibay RI, et al. Performance
of culture media for the isolation

and identification of Staphylococcus
aureus from bovine mastitis. Journal

of Medical Microbiology. 2013;62 (Pt
3):369-376

[17] Melter O, Radojevic B. Small colony
variants of Staphylococcus aureus—
Review. Folia Microbiologia (Praha).
2010;55(6):548-558

[18] Moraveji Z, Tabatabaei M, Shirzad
Aski H, Khoshbakht R. Characterization
of hemolysins of Staphylococcus strains
isolated from human and bovine,
southern Iran. Iranian Journal of
Veterinary Research. 2014;15(4):326-330

[19] Chen HZ, Lin GW. Shiyong
Neikexue. Beijing: Beijing People's
Medical Publishing House; 2009

[20] Kourtis AP, Hatfield K, Baggs]J,
Mu, Seel, Epson E, et al. Vital signs:
Epidemiology and recent trends in
methicillin-resistant and in methicillin-
susceptible Staphylococcus aureus
bloodstream infections—United States.
Morbidity and Mortality Weekly Report.
2019;68(9):214-219

[21] Kloos WE, Musselwhite MS.
Distribution and persistence of
Staphylococcus and Micrococcus
species and other aerobic bacteria on
human skin. Applied Microbiology.
1975;30(3):381-385

[22] Rupp ME, Soper DE, Archer GL.

Colonization of the female genital
tract with Staphylococcus saprophyticus.

107

Journal of Clinical Microbiology.
1992;30(11):2975-2979

[23] Bush LM. Best alternative to
vancomycin for serious methicillin-
resistant Staphylococcus aureus infections:
let's just say it. Clinical Infectious
Diseases. 2011;53(9):965-966

[24] Leonard FC, Markey BK. Meticillin-
resistant Staphylococcus aureus in
animals: A review. Veterinary Journal.
2008;175(1):27-36

[25] Ghahramani G. Superficial
Staphylococcal and Streptococcal
Infections. InInpatient Dermatology.
Cham: Springer; 2018

[26] Morelli P, De Alessandri A, Manno G,
Marchese A, Bassi M, Lobello R, et al.
Characterization of Staphylococcus aureus
small colony variant strains isolated

from Italian patients attending a regional
cystic fibrosis care Centre. The New
Microbiologica. 2015;38(2):235-243

[27] Proctor RA, Kriegeskorte A,
Kahl BC, Becker K, Loffler B,

Peters G. Staphylococcus aureus small
Colony variants (SCVs): A road map
for the metabolic pathways involved
in persistent infections. Frontiers in
Cellular and Infection Microbiology.
2014;4:99

[28] Bui LMG, Turnidge JD, Kidd SP. The
induction of Staphylococcus aureus biofilm
formation or small Colony variants

is a strain-specific response to host-

generated chemical stresses. Microbes
and Infection. 2015;17(1):77-82

[29] Levy ], Van Laethem Y, Verhaegen G,
Perpéte C, Butzler JP, Wenzel RP.
Contaminated enteral nutrition solutions
as a cause of nosocomial bloodstream
infection: A study using plasmid
fingerprinting. Journal of Parenteral and
Enteral Nutrition. 1989;13(3):228-234



Staphylococcal Infections - Recent Advances and Perspectives

[30] FanY, Wang X, Li L, Yao Z, Chen S,
Ye X. Potential relationship between
phenotypic and molecular characteristics
in revealing livestock-associated
Staphylococcus aureus in Chinese humans
without occupational livestock contact.
Frontiers in Microbiology. 2016;7:1517

[31] Turner NA, Sharma-Kuinkel BK,
Maskarinec SA, Eichenberger EM,
Shah PP, Carugati M, et al. Methicillin-
resistant Staphylococcus aureus: An
overview of basic and clinical research.

Nature Reviews. Microbiology.
2019;17(4):203-218

[32] Hiramatsu K, Ito T, Tsubakishita S,
Sasaki T, Takeuchi F, Morimoto Y, et al.
Genomic basis for methicillin resistance
in Staphylococcus aureus. Infection &
Chemotherapy. 2013;45(2):117-136

[33] Ballhausen B, Kriegeskorte A,
Schleimer N, Peters G, Becker K. The
mecA homolog mecC confers resistance
against B-lactams in Staphylococcus
aureus irrespective of the genetic strain
background. Antimicrobial Agents and
Chemotherapy. 2014;58(7):3791-3798

[34] Kim C, Milheirigo C, Gardete S,
Holmes MA, Holden MT, de
Lencastre H, et al. Properties of

a novel PBP2A protein homolog
from Staphylococcus aureus strain
LGA251 and its contribution to the
B-lactam-resistant phenotype. The
Journal of Biological Chemistry.
2012;287(44):36854-36863

[35] Peacock SJ, Paterson GK.
Mechanisms of methicillin resistance in
Staphylococcus aureus. Annual Review of
Biochemistry. 2015;84:577-601

[36] Li X, Xiong Y, Fan X, Feng P, Tang H,
Zhou T. The role of femA regulating
gene on methicillin-resistant
Staphylococcus aureus clinical isolates.
Médecine et Maladies Infectieuses.
2012;42(5):218-225

108

[37] Berger-Bachi B, Rohrer S. Factors
influencing methicillin resistance in
staphylococci. Archives of Microbiology.
2002;178(3):165-171

[38] Wayne PA. Performance Standards
for Antimicrobial Susceptibility Testing,
32nd Informational Supplement.
M100-S32. Malvern, PA: Clinical and
Laboratory Standards Institute; 2022

[39] Okolie CE. Real-time PCR to identify
staphylococci and assay for virulence
from blood. Methods in Molecular
Biology. 2017;1616:183-207

[40] Yang XY, Liu R, Mu XY,

Yang XY, Liu R, Mu XY. Shishi yingguang
dingliang PCR fa jianding jianding nai
jiayang xilin jinhuang se putao qiujun
xiaoguo guancha. Shandong Medical
Journal. 2016;6:80-81

[41] Huang FG, Yue YH, Huang JC,
Zhang XL. Jinhuang se putao qiujun
coa jiyin shishi yingguang PCR de jianli
ji yingyong yanjiu. Chinese Journal

of Health Laboratory Technology.
2017;27(94-6):100

[42] Korbie D, Trau M. Multiplex PCR
design for scalable resequencing.
Methods in Molecular Biology.
2022;2392:143-158

[43] Schmitz FJ, Mackenzie CR,
Hofmann B, Verhoef J, Finken-Eigen M,
Heinz HP, et al. Specific information
concerning taxonomy, pathogenicity
and methicillin resistance of
staphylococci obtained by a multiplex
PCR. Journal of Medical Microbiology.
1997;46(9):773-778

[44] Tsai YH, Chen PH, Yu PA, Chen CL,
Kuo LT, Huang KC. A multiplex PCR
assay for detection of Vibrio vulnificus,
Aevomonas hydrophila, methicillin-
resistant Staphylococcus auveus,
Streptococcus pyogenes, and Streptococcus



Recent Progress in the Diagnosis of Staphylococcus in Clinical Settings

DOI: http://dx.doi.org/10.5772/intechopen.108524

agalactiae from the isolates of patients with
necrotizing fasciitis. International Journal
of Infectious Diseases. 2019;81:73-80

[45] Toldra A, O'Sullivan CK, Campas M.
Detecting harmful algal blooms with
isothermal molecular strategies. Trends
in Biotechnology. 2019;37(12):1278-1281

[46] Notomi T, Okayama H,
Masubuchi H, Yonekawa T,
Watanabe K, Amino N, et al. Loop-
mediated isothermal amplification
of DNA. Nucleic Acids Research.
2000;28(12):E63

[47] Yin HY, Fang TJ, Wen HW.
Combined multiplex loop-mediated
isothermal amplification with lateral
flow assay to detect sea and seb genes
of enterotoxic Staphylococcus aureus.
Letters in Applied Microbiology.
2016;63(1):16-24

[48] Reid MS, Le XC, Zhang H.
Exponential isothermal amplification
of nucleic acids and assays for proteins,
cells, small molecules, and enzyme
activities: An EXPAR example.
Angewandte Chemie (International Ed.
in English). 2018;57(37):11856-11866

[49] Cai R, Zhang Z, Chen H,

TianY, Zhou N. A versatile signal-on
electrochemical biosensor for
Staphylococcus aureus based on triple-

helix molecular switch. Sensors and
Actuators B: Chemical. 2021;326:128842

[50] Zhou LZ, Geng XL, Zhao Q. Tanye
nai jiayang xilin jinhuang se putao qiujun
kuaisu jiance jiqi linchuang yingyong.
Journal of Nantong University Medical
Edition. 2017;37:322-324

[51] ShanY, Xu C, Wang M,
Zhu Z, Wu FG, Shi Z, et al. Bilinear
Staphylococcus aureus detection based

on suspension immunoassay. Talanta.
2019;192:154-159

109

[52] Zhao M, Yao X, Liu S, Zhang H,
Wang L, Yin X, et al. Antibiotic and
mammal IgG based lateral flow assay
for simple and sensitive detection of
Staphylococcus aureus. Food Chemistry.

2021;339:127955

[53] Tarisse CF, Goulard-Huet C, Nia Y,
Devilliers K, Marcé D, Dambrune C, et al.
Highly sensitive and specific detection of
Staphylococcal enterotoxins SEA, SEG,
SEH, and SEI by immunoassay. Toxins
(Basel). 2021;13(2):130

[54] Croxatto A, Prod’hom G,

Greub G. Applications of MALDI-TOF
mass spectrometry in clinical diagnostic
microbiology. FEMS Microbiology
Reviews. 2012;36(2):380-407

[55] Doern CD. Integration of technology
into clinical practice. Clinics in
Laboratory Medicine. 2013;33(3):705-729

[56] Biswas S, Rolain JM. Use of MALDI-
TOF mass spectrometry for identification
of bacteria that are difficult to culture.
Journal of Microbiological Methods.
2013;92(1):14-24

[57] Rychert J, Burnham CA, Bythrow M,
Garner OB, Ginocchio CC, Jennemann R,
et al. Multicenter evaluation of the Vitek
MS matrix-assisted laser desorption
ionization-time of flight mass
spectrometry system for identification
of gram-positive aerobic bacteria.
Journal of Clinical Microbiology.
2013;51(7):2225-2231

[58] Bizzini A, Greub G. Matrix-assisted
laser desorption ionization time-of-
flight mass spectrometry, a revolution
in clinical microbial identification.
Clinical Microbiology and Infection.
2010;16(11):1614-1619

[59] Zhongguo L, Wei S, Zhipu Y,
Zhuanjia G. Chinese clinical microbial
mass spectrometry consensus



Staphylococcal Infections - Recent Advances and Perspectives

expert group, Chinese Journal of
Nosocomiology. 2016;26(3):411-419

[60] van Belkum A, Welker M, Pincus D,
Charrier JP, Girard V. Matrix-assisted
laser desorption ionization time-of-
flight mass spectrometry in clinical
microbiology: What are the current
issues? Annals of Laboratory Medicine.
2017;37(6):475-483

[61] Vrioni G, Tsiamis C, Oikonomidis G,
Theodoridou K, Kapsimali V,

Tsakris A. MALDI-TOF mass
spectrometry technology for detecting
biomarkers of antimicrobial resistance:
Current achievements and future
perspectives. Annals of Translational
Medicine. 2018;6(12):240

[62] Wang YR, Chen Q, Cui SH, Li FQ.
Characterization of Staphylococcus
aureus isolated from clinical
specimens by matrix assisted laser
desorption/ionization time-of-flight
mass spectrometry. Biomedical

and Environmental Sciences.
2013;26(6):430-436

[63] HuY, CaiJ, Zhou H. Rapid
identification of methicillin-resistant
Staphylococcus aureus and methicillin-
sensitive Staphylococcus aureus strains
by matrix-assisted laser desorption/
ionization time-of-flight mass
spectrometry Chinese. Journal of
Microbiology and Immunology.
2015;35(1):42-45

[64] Wolters M, Rohde H, Maier T,
Belmar-Campos C, Franke G, Scherpe S,
et al. MALDI-TOF MS fingerprinting
allows for discrimination of major
methicillin-resistant Staphylococcus

aureus lineages. International Journal of
Medical Microbiology. 2011;301(1):64-68

[65] Sanger F, Air GM, Barrell BG,
Brown NL, Coulson AR, Fiddes CA, et al.
Nucleotide sequence of bacteriophage

110

phi X174 DNA. Nature. 1977;265(5596):
687-695

[66] Maxam AM, Gilbert W. A

new method for sequencing DNA.
Proceedings of the National Academy of
Sciences of the United States of America.
1977;74(2):560-564

[67] Zhang XZ. Xia yidai jiyin

cexu jishu xin jinzhan. Journal of
Lanzhou University Medical Edition.
2016;42:73-80

[68] Wilson MR, Naccache SN,
Samayoa E, Biagtan M, Bashir H,

Yu G, et al. Actionable diagnosis of
neuroleptospirosis by next-generation

sequencing. The New England Journal of
Medicine. 2014;370(25):2408-2417

[69] Reuter JA, Spacek DV, Snyder MP.
High-throughput sequencing
technologies. Molecular Cell.
2015;58(4):586-597

[70] Gu W, Miller S, Chiu CY. Clinical
metagenomic next-generation
sequencing for pathogen detection.

Annual Review of Pathology.
2019;14:319-338

[71] Tenover FC, Tickler IA, Le VM,
Dewell S, Mendes RE, Goering RV.
Updating molecular diagnostics for
detecting methicillin-susceptible and
methicillin-resistant Staphylococcus
aureus isolates in blood culture bottles.
Journal of Clinical Microbiology.
2019;57(11)

[72] Croucher NJ, Didelot X. The
application of genomics to tracing
bacterial pathogen transmission. Current
Opinion in Microbiology. 2015;23:62-67

[73] Anjum MF, Marco-Jimenez F,
Duncan D, Marin C, Smith RP, Evans SJ.
Livestock-associated methicillin-resistant
Staphylococcus aureus from animals and



Recent Progress in the Diagnosis of Staphylococcus in Clinical Settings

DOI: http://dx.doi.org/10.5772/intechopen.108524

animal products in the UK. Frontiers in
Microbiology. 2019;10:2136

[74] Durand G, Javerliat F, Bes M,
Veyrieras JB, Guigon G, Mugnier N, et al.
Routine whole-genome sequencing for
outbreak investigations of Staphylococcus
aureus in a National Reference Center.
Frontiers in Microbiology. 2018;9:511

[75] Senn L, Clerc O, Zanetti G,
Basset P, Prod'hom G, Gordon NC,
et al. The stealthy superbug: the role
of asymptomatic enteric carriage in
maintaining a long-term hospital
outbreak of ST228 methicillin-
resistant Staphylococcus aureus. mBio.
20165;7(1):02039-e02015

[76] Moore G, Cookson B, Gordon NC,
Jackson R, Kearns A, Singleton J, et al.
Whole-genome sequencing in hierarchy
with pulsed-field gel electrophoresis:
The utility of this approach to establish
possible sources of MRSA cross-
transmission. The Journal of Hospital
Infection. 2015;90(1):38-45

[771 Raman CV. A change of wave-
length in light scattering. Nature.
1928;121(3051):619

[78] Kneipp K, Kneipp H, Corio P,

Brown SD, Shafer K, Motz J, et al.
Surface-enhanced and normal stokes
and anti-stokes Raman spectroscopy of
single-walled carbon nanotubes. Physical
Review Letters. 2000;84(15):3470-3473

[79] Fleischmann M, Hendra PJ,
McQuillan AJ. Raman spectra of pyridine
adsorbed at a silver electrode. Chemical
Physics Letters. 1974;26(2):163-166

[80] Jeanmaire DL, Van Duyne RP.
Surface raman spectroelectrochemistry:
PartI. Heterocyclic, aromatic, and
aliphatic amines adsorbed on the
anodized silver slectrode. Journal

of Electroanalytical Chemistry

111

and Interfacial Electrochemistry.
1997;84(1):1-20

[81] Shan B. Novel SERS labels: Rational
design, functional integration and
biomedical applications. Coordination
Chemistry Reviews. 2018;371:11-37

[82] Le Ru EC, Blackie E, Meyer M,
Etchegoin PG. Surface enhanced Raman
scattering enhancement factors: A
comprehensive study. The Journal of
Physical Chemistry, C Nanomaterials and
Interfaces. 2007;111:13794-13803

[83] Zeiri L, Bronk BV, Shabtai Y,

Eichler J, Efrima S. Surface-enhanced
Raman spectroscopy as a tool for probing
specific biochemical components

in bacteria. Applied Spectroscopy.
2004;58(1):33-40

[84] Rebro$ovi K, Siler M, Samek O,
Ruzicka F, Bernatova S, Jezek J, et al.
Identification of ability to form
biofilm in Candida parapsilosis and
Staphylococcus epidermidis by Raman
spectroscopy. Future Microbiology.
2019;14:509-517

[85] Tang JW, Liu QH, Yin XC, Pan YC,
Wen PB, Liu X, et al. Comparative
analysis of machine learning algorithms
on surface enhanced Raman spectra of

clinical Staphylococcus species. Frontiers
in Microbiology. 2021;12:696921

[86] Rebro$ov4 K, Siler M, Samek O,
Razic¢ka F, Bernatova S, Hold 'V, et al.
Rapid identification of staphylococci by
Raman spectroscopy. Scientific Reports.
2017;7(1):14846

(87] Chen ], Park B, Eady M.
Simultaneous detection and serotyping
of salmonellae by immunomagnetic
separation and label-free surface-
enhanced Raman spectroscopy. Food
Analytical Methods. 2017;10(9):
3181-3193



Staphylococcal Infections - Recent Advances and Perspectives

[88] LiuY, ZhouH, HuZ, Yu G,
Yang D, Zhao J. Label and label-free
based surface-enhanced Raman
scattering for pathogen bacteria

detection: A review. Biosensors &
Bioelectronics. 2017;94:131-140

(89] You HJ, Lu ZH, Shi P. Nami yin
rongye jiao jiedao de biaomian zengqiang
laman yongyu xijun de jianding yanjiu.
Journal of Microbiology. 2019;39:76-82

[90] Ayala OD, Wakeman CA, Pence IJ,
Gaddy JA, Slaughter JC, Skaar EP, et al.
Drug-resistant Staphylococcus aureus
strains reveal distinct biochemical features

with Raman microspectroscopy. ACS
Infectious Diseases. 2018;4(8):1197-1210

[91] Potluri PR, Rajendran VK, Sunna A,
Wang Y. Rapid and specific duplex
detection of methicillin-resistant
Staphylococcus aureus genes by surface-

enhanced Raman spectroscopy. Analyst.
2020;145(7):2789-2794

[92] Uysal Ciloglu F, Saridag AM, Kilic IH,
Tokmakei M, Kahraman M, Aydin O.
Identification of methicillin-resistant
Staphylococcus aureus bacteria using
surface-enhanced Raman spectroscopy

and machine learning techniques.
Analyst. 2020;145(23):7559-7570

[93] Ciloglu FU, Caliskan A, Saridag AM,
Kilic IH, Tokmakci M, Kahraman M,

et al. Drug-resistant Staphylococcus aureus
bacteria detection by combining surface-
enhanced Raman spectroscopy (SERS)
and deep learning techniques. Scientific
Reports. 2021;11(1):18444

[94] Carey PR, Heidari-Torkabadi H. New
techniques in antibiotic discovery and
resistance: Raman spectroscopy. Annals
of the New York Academy of Sciences.
2015;1354:67-81

[95] Spectral analysis: A rapid tool for
species detection in meat products.

112

Trends in Food Science and Technology.
2017;62:59-67

[96] Guo S, Popp J, Bocklitz T.
Chemometric analysis in Raman
spectroscopy from experimental design
to machine learning-based modeling.
Nature Protocols. 2021;16(12):5426-5459

[97] Yamamoto T, Taylor JN, Koseki S,
Koyama K. Classification of food spoilage
bacterial species and their sodium
chloride, sodium acetate and glycine
tolerance using chemometrics analysis

and Raman spectroscopy. Journal of
Microbiological Methods. 2021;190:106326

[98] Makridakis S, Spiliotis E,
Assimakopoulos V. Statistical and
machine learning forecasting methods:

Concerns and ways forward. PLoS One.
2018;13(3):e0194889

[99] Bashir S, Nawaz H, Irfan Majeed M,
Mohsin M, Nawaz A, Rashid N, et al.
Surface-enhanced Raman spectroscopy
for the identification of tigecycline-
resistant E. coli strains. Spectrochimica
Acta. Part A, Molecular and Biomolecular
Spectroscopy. 2021;258:119831

[100] Naseer K, Saleem M, Ali S, Mirza B,
Qazi J. Identification of new spectral
signatures from hepatitis C virus infected
human sera. Spectrochimica Acta.

Part A, Molecular and Biomolecular
Spectroscopy. 2019;222:117181

[101] Bashir S, Nawaz H, Majeed MI,
Mohsin M, Abdullah S, Ali S, et al. Rapid
and sensitive discrimination among
carbapenem resistant and susceptible

E. coli strains using surface enhanced
Raman spectroscopy combined with
chemometric tools. Photodiagnosis and
Photodynamic Therapy. 2021;34:102280

[102] Wichmann C, Chhallani M,
Bocklitz T, Résch P, Popp J. Simulation
of transportation and storage and



Recent Progress in the Diagnosis of Staphylococcus in Clinical Settings

DOI: http://dx.doi.org/10.5772/intechopen.108524

their influence on Raman spectra
of bacteria. Analytical Chemistry.
2019;91(21):13688-13694

[103] Baek SJ, Park A, Ahn Y], Choo]J.
Baseline correction using asymmetrically
reweighted penalized least squares
smoothing. Analyst. 2015;140(1):250-257

[104] LiuY, Xu]J, Tao Y, Fang T, DuW,
Ye A. Rapid and accurate identification
of marine microbes with single-

cell Raman spectroscopy. Analyst.

2020;145(9):3297-3305

[105] Kothari R, Fong Y, Storrie-
Lombardi MC. Review of laser Raman
spectroscopy for surgical breast cancer
detection: Stochastic backpropagation

neural networks. Sensors (Basel).
2020;20(21):6260

[106] Dastgir G, Majeed MI, Nawaz H,
Rashid N, Raza A, Ali MZ, et al. Surface-
enhanced Raman spectroscopy of
polymerase chain reaction (PCR)
products of Rifampin resistant and
susceptible tuberculosis patients.
Photodiagnosis and Photodynamic
Therapy. 2022;38:102758

[107] Ullah R, Khan S, Chaudhary II,
Shahzad S, Ali H, Bilal M. Cost effective
and efficient screening of tuberculosis
disease with Raman spectroscopy

and machine learning algorithms.
Photodiagnosis and Photodynamic
Therapy. 2020;32:101963

[108] Eraslan G, Avsec Z, Gagneur ],
Theis FJ. Deep learning: New
computational modelling techniques for
genomics. Nature Reviews. Genetics.
2019;20(7):389-403

[109] Wang S, Wang CW, Gu B. Biaomian
zenggqiang laman sanshe jiehe juanji
shenjing wangluo yongyu nai jiayang
xilin jinhuangse putao giujun de jingzhun
jiance. Linchuang Jianyan Zazhi.
2022;40:81-86

113

[110] Ho CS, Jean N, Hogan CA,
Blackmon L, Jeffrey SS, Holodniy M,

et al. Rapid identification of pathogenic
bacteria using Raman spectroscopy and

deep learning. Nature Communications.
2019;10(1):4927






Chapter 6

Occurrence of Mastitis in Dairy
Herds and the Detection of
Virulence Factors in Staphylococci

Frantisek Zigo, Zuzana Farkasovd,
Ibvahim Farag Mohammed Rehan
and Ahmed Sayed-Ahmed

Abstract

Mastitis is still a major challenge that affects milk quality. The study is aimed to
examine the health of the mammary gland and identify the udder pathogens and vir-
ulence factors that caused mastitis in 960 dairy cows and 940 ewes, respectively. We
found that Staphylococci and streptococci are the most common causes of mastitis in
those dairy animals. Coagulase-negative staphylococci (CoNS), along with the main
udder pathogens such as S. aureus, S. uberis, and S. agalactiae, are a major concern
for dairy animals. The majority of the virulence factors (production of hemolysis,
gelatinase, biofilm, ability to hydrolyze DNA, and antibiotic resistance) were found
in S. chromogens, S. warneri, and S. xylosus isolates from clinical and chronic cases of
mastitis. S. aureus and CoNS strains tested by disk diffusion showed 77.0 and 44.2%
resistance to one or more antimicrobial classes in mastitic milk samples from dairy
cows and ewes, respectively. The presence of a methicillin-resistant gene mecA poses
serious complications for treatment and indicates a health risk to milk consumers due
to the resistance to p-lactam-antibiotics in two isolates of S. aureus and two species of
CoNS isolated from cows’ mastitic milk samples.

Keywords: dairy cows, ewes, mastitis, coagulase-negative staphylococci, biofilm,
antibiotics, methicillin resistance gene

1. Introduction

Milk and milk products are important global dietary products, consumed by more
than 6 billion people worldwide. In 2019, the recorded milk consumption was 852
million tons, distinguishing the dairy industry as a very profitable market. The milk
obtained is a traditional raw material for the production of a range of dairy products,
which are unique in their composition, but EU rules emphasize that such products must
come from healthy animals, which significantly limits their production and quality [1].

Despite the increasing level of zoohygienic provision of dairy farming, inflam-
mation of the mammary gland-mastitis is still one of the main health problems.
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This disease is associated with pain and adversely affects animal health, welfare, milk
quality, and the economics of milk production. Direct and indirect losses, caused by
mastitis lead to economic losses. For direct losses, we can include treatment costs,
discarded milk, labor time, fatalities, and the associated costs with repeated cases of
mastitis. Regarding indirect losses, we can include increased culling, decreased milk
production, decreased milk quality, loss of premiums, preterm drying-off, animal
welfare aspects, and other associated health problems [2, 3]. According to a study

by Hogeveen et al. [4], the losses for the global dairy industry are estimated at 16-26
billion euros per year, based on a global population of 271 million dairy cows, with

a cost of €61-97 per animal for farmers. In the United States, economically bovine
mastitis costs around $2 billion every year. It has also been identified as one of the
most economically relevant diseases in Ireland by Animal Health Ireland [5]. In the
Netherlands, van Soest et al. [6] estimated the total cost of mastitis in 108 dairy
farms, and found that the average total cost of mastitis is €240/lactating cow per year.
In addition, failure costs contributed €120/lactating cow per year and preventive costs
also contributed another €120/lactating cow per year.

Due to their polyethological origin, infections of the mammary gland are most
often caused by a complex of interactions among the host, environment, and infec-
tious agents that result in bovine mastitis, one of the most frequent diseases of dairy
cows and ewes (Figure 1). Mastitis has a significant impact on global dairy produc-
tion, reducing both the quality and quantity of milk produced. In comparison with
most other animal diseases, mastitis differs by the fact that several diverse kinds of
bacteria can cause the infection. These pathogens are capable of invading the udder,
multiplying there, and producing harmful, inflammation-causing compounds [7].

Up to this date, more than 137 different organisms have been recognized as
causative agents of ruminant intramammary infection (IMI). They include bacteria,

Milking techniques
Number of organisms Blind treatment Milking machine
Virulence factors Hygiene Housing

Other diseases —
Age/Parity —*

Breed i

/ \\ Milking interval
\ Milk yield/flow rate

<+— Dry period
<+— Milk SCC

Blood group
Teat injuries Stage of lactation
Udder defense Udder conformation

Figure 1.
Factors promoting mastitis. Source: Zigo et al. [3].
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viruses, mycoplasma, yeasts, and algae, but bacteria have been identified as the
principal causative agent of mastitis (95% of all IMI). In general, each mastitis case is
believed to be caused by one primary pathogen, as in milk samples from the affected
udder usually only one bacterial species has been identified. However, it is not rare

to detect simultaneous infections by two different pathogen species, and even three
pathogens have been found in a small proportion of samples [8, 9].

Major and minor pathogens are two main categories used to classify the micro-
organisms that cause mastitis. Staphylococcus aureus, Streptococcus agalactiae, or
Streptococcus dysgalactiale are the most prevalent major pathogens or contagious udder
pathogens, and when they can survive, these areas serve as their primary reservoirs
in addition to the mammary gland (MG), the rumen, and the genital regions. As
aresult, the infection can spread from infected to uninfected quarters or halves
[7]. Other pathogens that can cause intramammary infection in ruminants include
coliforms, enterococci, Streptococcus spp., Pseudomonas aeruginosa, Mannheimia hemo-
lytica, Corynebacteria, CoNS, and fungi, though their prevalence varies depending
on the environment [10-12]. The most significant udder pathogens in this group are
Streptococcus uberis and E. coli, which each have a number of pathogenic strains for
both people and animals. Both pathogens can be present in the environment and the
surroundings of the animals [7].

According to Slovak studies [7, 9, 13], Staphylococcus chromogenes, Staphylococcus
epidermidis, and Staphylococcus xylosus are the most common pathogens from CoNS
causing mastitis, followed by Streptococcus agalactiae, Staphylococcus aureus, Streptococcus
dysgalactiae, Escherichia coli, and Enterococci. Of the 42 monitored dairy farms, CoNS
and S. aureus accounted for 36% and 12% of all positive mastitic cases, respectively.

Namely, S. aureus and CoNS have been among the most common microorganisms
causing mastitis in dairy cows and health disorders among consumers of milk and
dairy products in recent years. According to the World Health Organization, 420,000
lives are lost due to food poisoning; and Staphylococcus spp. is characterized as an
important agent that can cause foodborne diseases. Poisoning occurs due to the inges-
tion of preformed enterotoxins in food. Symptoms include vomiting, diarrhea, and
cramps; and an outbreak could lead to a public health problem [12-14].

The MG’s inflammatory process manifests as symptoms and modifications in
the milk and udder tissue. The IMI can be categorized as either persistent (chronic)
mastitis or subclinical mastitis. Subclinical forms, which do not exhibit overt indica-
tions of inflammation but instead have elevated somatic cell counts (SCC) in the
presence of the causative agents, are typically a serious silent issue and are the most
common illnesses to result in significant financial loss for owners. Since they cannot
be detected without a lab or field test, the subclinical types of IMI frequently become
incurable in later stages [9].

Staphylococci can induce different types of intramammary infections depending on
the quantity and pathogenicity of the strains, as well as the degree of the udder tissue’s
response to damage or infection. The interaction between dairy animals’ innate resis-
tance and adaptive immunity, as well as the virulence of Staphylococcal strains, deter-
mines the course of the clinical inflammation of MG caused by Staphylococci, which is
characterized by local visible inflammatory changes in milk and udder tissue, either with
or without systemic clinical signs [15]. In general, if there are enough S. aureus penetrates
into the teat, one of two clinical forms of IMI may develop. Peracute Staphylococcal
mastitis occurs infrequently and primarily affects cows and ewes in early lactation with
compromised immune systems. The illness is very severe, and is manifested by a high
fever, depression, and inappetence. The animals may become comatose and die within
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24 hours after the onset of symptoms. The reluctance of infected animals to move is
related to grossly swollen infected quarters, which is extremely painful. Blood-stained
secretion with serous fluid from the infected part of the udder is usually observed. In
surviving animals, blue gangrenous patches may be observed on the infected udder
tissue that progress to black, exuding sores [16]. Although early treatment with effective
ATB can save an animal suffering from peracute S. aureus, the affected quarter is almost
always lost [14].

The more common form of S. aureus infection is less severe but chronic. The
animals with chronic mastitis may not appear affected, and the infected part of the
udder does not cause pain. No abnormalities may be observed in the milk. The main
complications associated with the treatment of S. aureus infection include the fact
that many strains can cause this disease and increasing number of them are becoming
resistant to an increasing range of antibiotics available for veterinary use. One of the
frequent causes of growing resistance is the normal practice on farms of drying dairy
cows universally with antibiotics in addition to treating clinical cases of IMI.

According to the study by Ferroni et al. [17] management practices are associated
with increased antibiotic consumption, especially in intensive dairy production. The
authors analyzed 101 beef and dairy cattle farms in central Italy and compared the
overall average antibiotic consumption during one year. The total course of admin-
istered ATBs was 3 times higher in the case of dairy cows than in beef farms. Their
increased number was mainly related to the treatment of lactating and drying cows
with ATBs (Figure 2).

The studies Vasil et al. [18] and Holko et al. [19] confirm the increased resistance
of mainly udder pathogens (S. aureus, S. uberis, and S. agalactiae) as well as CoNS to
those ATBs, that are part of intramammary applicators used for dry treating.

mP mO mIUT wIM-LC mIM-DC

IT 60.4
. IM-LC 349.5
Dairy
06.6
Beef
IM-LC/DC 1,7
IUT 42.7
0 200 400 600 800 1000 1200
Average early consumption DCD,, x 10
Figure 2.

Comparison of average early ATBs consumption between dairy and beef cattle.

Note: P = parenteral application, O = orval application, IUT = intrauterine application, IM-LC = intramammary
treatment of lactating cows, IM-DC = intramammary application for drying). The overall average antibiotic
consumption was expressed in defined course doses (DCD,)/year and is presented per livestock specialization
and by administration route. The total courses administered were higher in farms with intensive dairy production
(1034.1 x 107 DCD,,/year) than in beef farms (330.7 x 107 DCD,/year).
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Lately, CoNS have become a concern among dairy producers, as their potential as
mastitis-pathogens has been observed; and they have already been found in majority
of other pathogens. Their predominant isolation can be explained by the fact that
CoNS are pathogens adapted to survive in cows or ewes and may be in the mammary
gland of sick or healthy animals; while some species are also more resistant to antibi-
otics than S. aureus [13]. Among all the CoNS found in dairy animals, S. haemolyticus,
S. chromogenes, S. epidermidis, S. warneri, S. cohnii, S. simulans, S. hominis, S.capitis,
and S. xylosus are the most prevalent species [20, 21].

Following a decline in the incidence of mastitis brought on by the infectious bacte-
ria, the causative CONS became more prevalent and more resistant to typical ATBs and
disinfectants used in dairy farm conditions (Table 1). When compared to S. aureus,
the CoNS often exhibits less virulence and pathogenicity. Their primary pathogenicity
factors are biofilm formation and ATB resistance, which enable them to survive the use
of medicines and disinfectants during therapy. In a study by Nascimento et al. [20],
the most popular antimicrobials used in veterinary practice were tested in vitro against
CoNS isolated from mastitic cows. High resistance to the ATBs used to treat cows dur-
ing lactation was found in tested strains of S. epidermidis, S. saprophyticus, S. hominis,
and S. aerletae. Also, they could also make some of the Staphylococcal enterotoxins.

Particularly, Staphylococci bacteria that are multiresistant to multiple ATBs pose
a severe threat to the public’s health [16]. Recent research also suggests that the pres-
ence of methicillin-resistant Staphylococci (MRS), which have been found in raw
milk and dairyproducts, such as cheese, is indicated by multiresistant Staphylococci,
particularly to f-lactam ATBs. The public’s health is threatened, according to WHO, by

Number of Antimicrobial groups Percentage Source
resistant of resistant
CoNS strains
16/37 Oxacillin + chloramphenicol 5.4% Khazandi
Oxacillin + novobiocin 27.0% etal. [22]
Oxacillin + tetracycline 5.4%
Oxacillin + cefoxitin 5.4%
3/8 Ampicillin + clindamycin + oxacillin erytromycin + 37.5% Dorneles
gentamycin + penicillin + sulfonamide + trimethoprim/ etal. [23]

sulfamethoxazole + tetracycline

2/8 Ampicillin + penicillin + trimethoprim/sulfamethoxazole 25.0%
+ trimethoprim/sulfamethoxazole

1/8 Ampicillin + gentamycin + oxacillin + penicillin + 12.5%
sulfonamide + trimethoprim/sulfamethoxazole +
tetracycline
2/8 Ampicillin + gentamycin + oxacillin + penicillin + 25.0%

trimethoprim/sulfamethoxazole + tetracycline

18/170 Same group of antibiotics (f-lactam or MLS compounds) 10.58% Sampimon
etal. [24]

18/170 Diferent groups 10.58%

Note: Number of vesistant coagulase-negative staphylococci (CoNS); Antimicrobial groups they have resistance to;
Percentage of resistant strains for each drug or group.

Table 1.
Resistance of CoNS to two or more antimicrobials.
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the MRS strains’ opportunistic capacity to induce mastitis. They might spread zoonotic
diseases while acting as a gene repository for dairy cows’ antimicrobial resistance. Of
the MRS of concern, Staphylococcus aureus (MRSA) is the species most widely reported,
however, in a number of studies CoNS were also identified as MRS isolates [23, 25, 26].

In addition to the increased antibiotic resistance of Staphylococci, the authors,
Vasil et al. [18] and Haveri et al. [27] confirmed biofilm formation and lysines in
mastitic milk samples and considered them as important virulence factors involved in
the development of CM. Previous research has linked Staphylococci and their viru-
lence factors to the pathogenesis and clinical manifestations of mastitis. They stressed
the importance of thorough knowledge of their virulence factors, structures, and
products. It is crucial to understand how these microorganisms facilitate adhesion and
colonization of the mammary gland epithelium, which allows them to survive, suc-
cessfully establish themselves, and persist in the host tissue. Therefore, the study was
aimed at the occurrence and determination of contagious and environmental udder
pathogens in dairy cows’ and ewes’ herds. Particularly in isolated Staphylococci, the
presence of selected virulence factors such as hemolysis, gelatinase, biofilm, hydro-
lyzed DNA, and resistance to antibiotics with the detection of methicillin resistance
gene-mecA and their effect on the severity of mastitis were determined.

2. Materials and methods
2.1 Monitored dairy farms

The practical part of the study was carried out in four different cows’ and four
sheep herds located in east Slovakia with conventional (nonorganic) farming. The
selection of dairy farms for the study was based on criteria such as herd size, breed
representation, and milk yield per lactation. Up to 70% of farms located in the east of
Slovakia are in the range of 150-300 cattle and 200-400 ewes. Due to the study carried
out in Slovakia, dairy farms were selected where there are national breeds of cattle and
sheep. The practical part of the study on selected dairy farms with the clinical exami-
nation and collection of milk samples were approved by the Ethics Committee at the
University of Veterinary Medicine and Pharmacy in Kosice no. EKVP 2022/05.

From dairy cows, each herd size ranged from 150 to 300 Slovak spotted cattle bred
between 1st and 4th lactation. The dairy cows under investigation on each of the four
farms were housed in a system of free housing on straw litter with ad libitum access to
water. According to international guidelines, a total mixed feed made up of silage, hay,
and concentrate was given to them [28]. The rations met the nutritional requirements of
cows weighing 650 kg, with an average milk yield of 20-30 kg per day. In the first phase of
lactation, the mean average dry matter intake per cow per day was 23.6 kg +/- 3.7 kg. All
cows were milked twice daily in parallel (Boumatic, USA) or fishing (DeLaval, Sveden)
parlor. From all monitored dairy farms, 270 cows from the first, 215 cows from the
second, 250 cows from the third and 225 cows from the fourth herd were investigated.

The four sheep farms were in herd sizes ranging from 200 to 400 animals and con-
sisted of Improved Valachian, Tsigai, and Lacaune breeds. In April, the ewes were on
pasture during the day and received concentrates in amounts of 200 g per day during
milking. After their lambs were weaned in early April, the ewes were milked twice a
day on each farm. In the first two herds, machine milking was performed using a two-
line milk parlor 2x14 Miele Melktechnik, (Hochreiter Landtechnik, Germany) and in
two other herds, the sheep were milked in two-line milk parlor 2x 16 Alfa Laval Agri
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(Alfa Laval, Sweden). From all the monitored sheep farms, during the first month of
pasture (April), 220 ewes from the first, 250 ewes from the second, 270 ewes from the
third, and 200 ewes from the fourth herd were investigated.

2.2 Dairy animals selection and udder health examination

The dairy cows from four monitored farms were selected on the basis of the forma-
tion of production groups according to the stage of lactation (early lactation 14-100
days of lactation) and the phase of nutrition, which were compiled by the zootechni-
cians. The selected dairy cows of the same performance class (early lactation) were
housed in individual husbandry groups, which included 45-90 animals on each farm.

Ewes from four herds were included in the study two months after lambing
between the 1st and 3rd lactation with a stay on pasture and milked twice a day.
Complex examination of health status of udder in ewes from four monitored farms
was carried out at the start of the milking season (April). On the basis of a clini-
cal assessment, each dairy cow and sheep had a thorough inspection that included
sensory evaluation and udder palpation. The California mastitis test (CMT) (Indirect
Diagnostic Test, Krause, Denmark) was used to evaluate the milk from the fore-
stripping of each udder quarter or halve — Raw milk samples from cows and ewes with
positive test results were collected [19]. CMT scores were 0, +, ++ and +++ for “nega-
tive”, “weak positive”, “positive” or “strong positive”, respectively [29].

Following that, of the 960 cows that were investigated, 689 had a negative CMT
score, and 271 cows had a CMT score that indicated trace or positive symptoms based
on clinical manifestations (score of 1-3), were chosen for aseptic collection of 12 mL
mixed quarter milk samples by discarding first squirts with the cleaning of the teat end
with 70% alcohol for laboratory analyses of bacterial pathogens, according to Holko
et al. [19]. From 940 examined ewes, 756 animals had negative CMT scores and 184
animals with CMT score trace or 1-3 were taken with 12 mL mixed halves milk samples
for laboratory analyses. All milk samples from cows and ewes were cooled to 4°C and
immediately transported to the laboratory and were analyzed on the following day.

According to the National Mastitis Council [30], each instance of mastitis in posi-
tive animals was given a grade that was divided into subclinical, clinical, and chronic
forms. A high SCC was found utilizing a CMT evaluation and a positive bacteriologi-
cal result to identify subclinical mastitis (SM), which was distinguished from clinical
mastitis by the absence of obvious symptoms in the udder or alterations in the milk.
Clinical mastitis (CM), which can be seen in the milk or in the udder, is divided into
three stages: mild mastitis, which is identified by visible changes in secretion; moder-
ate mastitis, which also exhibits localized MG inflammation; and severe mastitis,
which also exhibits general symptoms like loss of appetite, difficulty standing, fever,
or low body temperature. Based on repeated therapy, a history of clinical evaluation
of the MG with a positive CMT score, and the development of udder pathogens,
chronic mastitis, or persistent mastitis was identified.

2.3 Bacteriological culture and evaluation of growth on plates

In the laboratory, 0.2 mL of milk was inoculated from each sample onto a blood
agar plate (Oxoid LTD, Hamshire, UK) and incubated aerobically at 37°C for 24 hours.
The primocultivated colony from blood agar and identification of Staphylococcus spp.
were sub-cultured onto different selective bacteriological media (No. 110, Baird-
Parker agar, Brilliance UTI Clarity Agar, Oxoid, Hampshire, UK) and incubated
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at 37°C for next 24 hours. Cell morphology, Gram staining, the type of hemolysis,

and the activities of catalase (3% H,0,, Merck, Darmstadt, Germany) were used

to identify colonies, esculin hydrolysis and cytochrome oxidase C (Bactident

Oxidase, Merck). The clumping factor test discovered potential Staphylococcus aureus
(DiaMondialL Staph Plus Kit, Germany). According to research by Vasil' et al. [18] and
Holko et al. [19], esculin-positive streptococci were grown on modified Rambach agar
to identify Streptococcus uberis or Enterococcus sp.. Lancefield serotyping (DiaMondiaL
Strept Kit, Germany) was used to describe esculin-negative streptococci, and the
MALDI-TOF MS (Bruker Daltonics, Bremen, Germany) was utilized to identify all
gram-negative species. The presence of one or more colony-forming units (CFU) of
the major udder pathogens, such as Staphylococcus aureus, Streptococcus dysgalactiae, or
Streptococcus agalactiae, was considered positive. The sample would be deemed posi-
tive if the growth of a significant udder pathogen was discovered in conjunction with
other environmental species. Other pathogens were categorized as requiring at least
three CFUs to be present. If infectious pathogens did not develop and three or more
pathogens were isolated from a single milk sample, the grown samples were deemed
contaminated.

2.4 Detection of virulence factors in Staphylococci

Confirmed Staphylococci based on MALDI-TOF analysis were exposed to deoxy-
ribonuclease (DNase test) and to produce extracellular proteolytic enzymes (Gelatin
hydrolysis test) according to Hiko [31]. The formation of biofilm was determined by a
phenotypic method by growth on Congo Red agar (CRA) according to Vasil'et al. [13].

Additionally, it was established that Staphylococci can generate hemolysins, based
on Moraveji et al. [32]. After 24 and 48 hours of incubation at 37°C, the lysis zone of
each Staphylococcal isolate on plates of blood agar base supplemented with 5% sheep
blood was used to phenotypically define the different types of hemolysis.

The susceptibility of Staphylococci isolated from cows’ (n = 136) and sheep’s
(n = 86) infected milk was tested iz vitro against 14 antimicrobial agents. The
susceptibility tests of isolates were carried out on Mueller Hinton agar using a
standard disk diffusion procedure [33]. In the current study, antibiotic discs contain-
ing penicillin (PEN; 10 pg), ampicillin (AMP; 10 pg), amoxicillin (AMC; 10 pg),
amoxicillin+clavulanic acid (AXC; 20/10 pg), ceftiofur (CEF; pg), oxacillin (OXA;

1 pg), cefoxitin (CFX; 30 pg), ciprofloxacin (CPR; 5pg). The diameters determined
were classified as susceptible, moderate, or resistant based on CLSI breakpoints,
and the zone of inhibition was measured in millimeters [34]. Reference strains of
S. aureus CCM 4750 and S. chromogenes CCM 3386 from the Czech Collection of
Microorganisms in Brno, Czech Republic, served as the controls in the assays. The
study’s chosen antimicrobials represent the range of medications used in veterinary
care on Slovak dairy cows.

2.5 Detection of the mecA gene from Isolated Staphylococci

Phenotypical positive Staphylococci (45 and 26 isolates from cows’ and sheeps’
mastitic milk samples) based on their antimicrobial resistance to -lactams antimi-
crobials were subjected to PCR to test for methicillin resistance. Total genomic DNA
was isolated according to Hein et al. [35]. Using a BioSpec spectrophotometer, the
purity of the DNA recovered from the tested Staphylococci was evaluated (Shimadzu,
Japan). According to Poulsen et al. [36], acquired DNA was used in PCR reactions
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to detect the mecA gene using primers MecAl and MecA2 (Amplia s.r.o., Bratislava,
Slovakia). Sanger sequencing was used to confirm the identity of the PCR products
(527 bp), in accordance with the guidelines provided by GATC Biotech (AG, Cologne,
Germany). The BLAST tool was used to compare the DNA sequences acquired from
the isolates to those found in the GenBank-EMBL (the European Molecular Biology
Laboratory) database (NCBI software package). As a reference strain for PCR, S.
aureus CCM 4750 (Czech Collection of Microorganisms, Brno, Czech Republic) was
used in this investigation.

2.6 Statistical analysis

Microsoft Excel 2007® (Microsoft Corp., Redmond, USA) was used to process
the study’s data, and SPSS version 20 and Excel were used to analyze it (IBM Corp.,
Armonk, USA). According to specific microbial species and mastitis types, the
findings of grown udder pathogens from mastitic cows and ewes were processed and
converted to percentages. The percentage of resistant isolates from milk samples that
tested positive for S. aureus and CoNS for each type of antibiotic was also used to
express the antimicrobial resistance results. According to the production of virulence
factors, Staphylococcal isolates from clinical, subclinical, or chronic mastitis were
compared using the chi-squared test. The significance level was set at 0.05, the critical
value y2 was 2.206 for cows and 1.824 for ewes, and the testing value was G. Within
each species, statistical independence between isolates with and without virulence
factors was verified when G > y2, although the independence was not statistically
significant when assessing G > x2.

3. Results

A thorough analysis of 960 dairy cows from four farms during the early lactation
phase (14-100 days of lactation) revealed that 271 animals (28.2%) and 689 cows
(71.8%), respectively, had CMT scores of trace or 1-3 for one or more quarters. 756
(80.4%) of the 940 ewes evaluated for udder health during the first month of the
grazing season showed negative CMT results. One-hundred eighty-four ewes (19.6%)
had positive CMT with a score trace of 1-3. Of the mixed milk samples taken from
each examined cow and sheep based on the anamnesis and positive CMT score, bacte-
rial agents causing a mastitis were identified in 230 (84.8%) and 155 (84.2%), respec-
tively (Figure 3). For the presence of udder pathogens, 41 (15.1%) and 29 (15.7%)
samples from examined cows and ewes with a positive CMT score were identified as
negative or contaminated.

Based on the clinical examination of the MG, assessment of CMT, and laboratory
diagnosis of milk samples, the occurrence of CM in the monitored cows’ and sheep’s
dairy farms was 9.1% and 4.5%, respectively. The most common form of IMI in moni-
tored cows and ewes was subclinical mastitis, with an incidence of 11.3% and 10.2%,
respectively. The occurrence of chronic mastitis was 3.6% and 1.8% in monitored
dairy cows and ewes, respectively. Of the cows’ and ewes’ positive samples, 136 and
86 cases (59.1% and 55.4% of the infected samples) contained the most commonly
isolated Staphylococci, respectively (Table 2).

The CoNS represented the most commonly detected bacteria (42.6% and 39.9% of
positive findings in cows and ewes), causing mainly subclinical mastitis. The S. aureus
was the second most common pathogen (16.5% and 18.2% of positive findings in cows
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Figure 3.

Evaluation of CMT in monitored dairy herds.

and ewes, respectively), primarily causing clinical or chronic mastitis, followed by
E. coli, streptococci, and enterococci (Table 2).

Tables 3 and 4 summarize, in descending frequency, the isolated strains of
Staphylococcus spp., and indicate their role in the type of mastitis and the occurrence
of selected virulence factors. Isolated S. aureus from clinical, chronic, or subclinical
cases of mastitis has the highest ability to report virulence factors compared to CoNS
and showed hemolysis in blood plates, production of gelatinase, biofilm, and the
ability to hydrolyze DNA. The mecA gene was detected in two isolates of S. aureus
from cows’ clinical mastitis. Eight species of CoNS were isolated from mastitic cows,
with the following recorded: S. chromogenes (22.4%), S. warneri (20.4%), S. xylosus
(18.4%), S. epidermidis (9.1%), S. haemolyticus (7.1%), S. hyicus (10.2%), S. capitis
(4.4%), and S. piscifermentans (4.4%) with testing value X2 = 2.206 for statistical
significance. From mastitic ewes were isolated six species of CoNS with the following
recorded: S. warneri (23.7%), S. chromogenes (18.6%), S. xylosus (18.6%), S. haemo-
Iyticus (15.2%), S. caprae (13.6%) and S. epidermidis (10.2%) with testing value x2 =
1.808 for statistical significance. From all the cows’ and ewes’ mastitic samples caused

Pathogens Cows Ewes Clinical n/% Subclinical n/% Chronicn/%
n/% n/% cows ewes cows ewes cows ewes
CoNS 98/42.6 59/39.9 37/16 9/6.1 53/23.0 44/29.7 8/3.5 6/4.1
S. aureus 38/16.5 27/18.2 18/7.8 11/7.4 9/3.9 9/6.1 11/4.7 6/4.1
Escherichia coli 26/11.2 18/12.2 7/3.0 714.7 17/7.4 10/6.7 2/0.9 1/0.7
Str. uberis 21/9.1 0/0 9/3.9 0/0 5/2.2 0/0 7/3.0 0/0
Str. agalactiae 8/3.4 4/2.7 3/13 4/2.7 2/0.9 0/0 3/13 0/0
Streptococcus spp. 10/4.3 9/6.0 4/1.7 1/0.7 6/2.6 6/4.1 0/0 2/1.4
Enterococcus spp. 14/6.1 24/16.2 3/1.3 5/3.4 11/4.8 17/1.5 0/0 2/14
Mixed infection 15/6.5 7/14.7 6/2.6 5/3.4 5/2.2 10/6.7 4/17 0/0
Total 230/100  155/100  87/37.8  42/27.1  108/46.9  96/62.0  35/15.2 17/11.0

Clinical IMT - clinical mastitis represented in mild, moderate, or severe forms of intramammary infection; n — number
of mastitic animals. Modified from Zigo et al [9].

Table 2.
Pathogens isolated from milk samples of four monitored dairy cows and four sheep herds.
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Staphylococcus IMI'/number Hemolysins2 DNAse®  Gelatinase Biofilm  mecA Testing

spp./number gene value
S. aureus (38) clinical (22) 60/45/1p 14 17 9 2 5.447*
chronic (8) 30/25/2p 8 7 7 0
subclinical (8) 30/1B 6 7 5 0
Coagulase-negative Staphylococci with significant production of virulence factors
S. chromaogenes clinical (11) 4p/38 3 4 4 0 3.204*
22 chronic (4) 3B 1 1 2 1
subclinical (7) 2p/25 1 1 2 0
S. warneri (20) clinical (9) 43/2p 2 2 4 1 2.688*
chronic (3) 3p 0 0 1 0
subclinical (8) 3p/16 2 0 2 0
S. xylosus (18) clinical (7) 25/2p 2 0 3 0 2.255*
chronic (1) 0 0 0 0 0
subclinical 4B/18 0 0 2 0
(10)
Coagulase-negative Staphylococci without significant production of virulence factors
S. epidermidis clinical (2) 15 0 0 1 0 1.012
&) subclinical (7) 28 0 0 2 0
S. haemolyticus clinical (4) 2p/16 1 0 2 0 0.742
@ subclinical (3) 0 0 0 0 0
S. capitis (6) clinical (2) 25 0 0 0 0 0.401
subclinical (4) 0 0 0 0 0
S. clinical (2) 1B 0 0 1 0 0.851
fzé‘)Ciﬁ””menmm subclinical (4) 2 0 0 0 0
S. hyicus (10) clinical (0) 0 0 0 0.332
subclinical 18 0
(10)

Legend: IMF: the number of isolates and their impact on the type of mastitis; hemolysins’: the production of hemolysin
type a, 3 or 8 DNAse*: the capability of Staphylococci to hydrolyze DNA; *Chi-squared test significance level a= 0.05;
critical value i = 2.206. In isolated Staphylococci, Testing value (G) and statistical independence of virulence factors were
validated when G > y; the independence was not statistically significant when G < . Modified from Zigo et al. [9].

Table 3.
The role of S. aureus and CoNS in the form of mastitis from infected cows and their virulence factors.

by CoNS, 48 and 26 (48.9% and 44.1%) cases involved the production of hemolysins,
12 and 11 (12.2% and 18.6%) the hydrolysis of DNA, 8 and 12 (8.1% and 20.3%) the
production of gelatinase, as well as 27 and 14 (27.5% and 23.7%) involved biofilm
production.

In Table 3, the significance level of a = 0.05 was confirmed in the isolated
Staphylococci S. aureus, S. chromogenes, S. warner, and S. xylosus from CM and chronic
cows’ mastitis, which, when compared to less virulent strains, has the highest rep-
resentation of virulence factors (production of hemolysins, gelatinase, the ability
to hydrolyze DNA, and biofilm). In addition, the mecA gene was confirmed in one
chronic case of mastitis in S. chromogenes and one CM case in S. warneri. In isolated
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Staphylococcus IMI'/number Hemolysins2 DNAse® Gelatinase Biofilm  mecA Testing
spp./number gene value
S. aureus (27) clinical (11) 40/25/2p 6 9 4 0 3.288*
chronic (6) 20/1p 3 6 4 0
subclinical 40/2p 4 8 3 0
(10)

Coagulase-negative Staphylococci with significant production of virulence factors

S. warneri (14) clinical (3) 1a/1p 1 2 2 0 2.305*
chronic (3) 2B 1 1 1 0
subclinical (8) 2a/2p/ 3 4 3 0
S. chromogenes (11) clinical (2) 1B 0 0 1 0 1.824*
chronic (2) 1B 1 1 1 0
subclinical (7) 3p/18 3 2 2 0
Coagulase-negative Staphylococci without significant production of virulence factors
S. xylosus (11) clinical (1) 1B 1 0 0 0 1.140
subclinical 4a/2p 2 2 2 0
(10)
S. haemolyticus (9) clinical (2) 1B 0 0 0 0 0.435
chronic (1) 0 0 0 1 0
subclinical (6) 3p 0 0 0 0
S. caprae (8) clinical (1) 1B 0 0 0 0 0.341
subclinical (6) 0 0 0 0 0
S. epidermidis (6) subclinical (7) 0 0 0 1 0 0.215

Legend: IMI" - number of isolates and their influence on type of mastitis; hemolysins® - production of hemolysin type a,
B or 8 DNAsé - ability of Staphylococci to hydrolyze DNA; *Chi-squared test significance level a = 0.05; critical value
2 = 1.808; Testing value (G) and statistical independence of virulence factors in isolated Staphylococci was confirmed
when G > i/; the independence was not statistically significant when the testing value was G < /.

Table 4.
The role of S. aureus and NAS in the form of mastitis from infected ewes and their virulence factors.

Staphylococci from mastitic ewes as demostrated in Table 4, the significance level in
S. aureus, S. warneri, S. chromogenes, and S. xylosus was confirmed. The presence of the
mecA gene has not been confirmed in tested S. aureus and CoNS.

In 136 and 86 isolates of Staphylococci from mastitic cows’ and ewes’ milk
samples, in vitro resistance to 14 antimicrobials was tested by the standard disk
diffusion method (Table 5). Generally, low resistance was shown to tetracycline,
amoxicillin reinforced with clavulanic acid, rifaximin, and cephalexin. Of the tested
Staphylococci, 95 and 38 isolates (70.0% and 44.2%) from mastitic cows and ewes
showed resistance to one or more antimicrobials. To one antimicrobial, 50 and 22
isolates (36.7% and 25.6%) from mastitic cows and ewes were resistant. Mastitic
cows and ewes produced 55 and 16 (39.7% and 18.6%) resistant Staphylococci iso-
lates, respectively. Multidrug resistance to three or more antimicrobial classes was
recorded in 16 and 4 isolates (11.7% and 4.7%) from cows’ and ewes’ samples. Tested
Staphylococci showed multiresistance to a combination of antimicrobial classes, such
as aminoglycosides, f-lactams, macrolides, and cephalosporins.
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Number groups of Phenotypic Cows (n = 136) Ewes (n = 86)
antimicrobials resistance profile No. of % of No. of % of
isolates isolates isolates isolates
0 41 301 48 55.9
1 PEN 7 51 4 4.7
1 STR 7 51 2 23
1 NMC 8 5.9 2 23
1 AMX 7 51 4 4.7
1 NVB 6 44 2 23
1 AMP 6 44 3 35
1 LNC 4 29 2 23
1 OXA 5 37 3 35
2 NMC, STR 8 5.9 2 23
2 OXA, NVB 0 0 2 23
2 OXA, TET 4 29 0 0
2 CPR, NVB 2 15 0 0
2 LNC, NVB 2 15 4 47
3 PEN, AMX, OXA 4 29 3 35
3 PEN, LNC, NVB 2 15 0 0
3 AMP, OXA, NMC 3 22 3 3.5
3 CPR, NMC, STR 4 29 0 0
3* NVB, LNC, STR 4 29 2 23
4 RFX, CPR, STR, TET 2 15 0 0
4 CPR, LNC, NMC, 3 22 1 12
NVB
4* NVB, CPR, NMC, 2 1.5 0 0
STR
4 AMP, CEP, FOX, 3 22 1 1.2
PEN
5* OXA, AMP, LNC, 2 15 0 0
NMC, STR
Total multidrug resistant isolates 16 11.8 4 4.7
Total antimicrobials resistant isolates 95 70.0 38 44.2

Legend: *"MDR: multidrug resistant isolates to three or more antimicrobial classes; AMX: amoxicillin, AMC:
amoxicillin+clavulanat acid; AMP: ampicillin; CEP: cephalexin; CPR: ciprofloxacin; FOX: cefoxitin; LNC:
lincomycin; NMC: neomycin; NVB:novobiocin; OXA: oxacillin; PEN:penicillin; RFX - rifaximin; STR:streptomycin;
TET:tetracycline. Modified from Zigo et al. [9].

Tables.
Phenotypic resistance profile in isolates of Staphylococcus spp. from mastitic cows and ewes.

The 45 and 22 isolates (33.1% and 25.6% of all isolated Staphylococci) from
mastitic cows and ewes in which phenotypic resistance was confirmed to g-lactam
antimicrobials were tested by PCR for methicillin resistance with the detection of the
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mecA gene. From positive cows’ milk samples, four isolates of Staphylococci - two
of S. aureus, one of each of S. chromogenes and S. warneri, and one of each - were
shown to contain the mecA gene and to be resistant to both cefoxitin and oxacillin.
The outcomes of our research indicated that these isolates were methicillin-resistant
Staphylococci (MRS).

4. Discussion

Milk and milk products are important global dietary products, consumed by more
than 6 billion people worldwide. The recorded milk consumption in 2019 was 852 mil-
lion tons, distinguishing the dairy industry as a very profitable market [1]. However,
an infection of the mammary gland caused mainly by bacteria, mastitis, is still a
major problem affecting animal welfare, productivity, and the economy; especially in
dairy production, which can lead to losses for the dairy industry [37]. The incidence
of mastitis is, of course, highly dependent on the lactation stage and health status of
dairy animals [29, 38].

During the first 100 days of lactation, we observed the prevalence and etiology of
mastitis in four dairy farms with cows and ewes. The majority of cows on the farms
and the ones who produce the most milk are those that are in this early lactation stage
(14-100 days after calving). The dairy cow produces an amount of milk during the
first 100 days of lactation that accounts for 42-45% of the total milk. Aside from
hormonal changes, decreased feed intake (which is in contrast to increased milk
production), increased lipomobilization with a negative energy balance, and changes
in body condition score, cows are also subject to stress factors as a result of this heavy
milk production burden [38].

All of the aforementioned risk factors have an impact on both the non-specific
and specific immune systems, specifically the MG, via which pathogenic microor-
ganisms from the environment can enter the body more easily. An elevated SCC is
one sign of the start of intramammary infection [39]. The qualitative test used in
practice to detect mastitis is CMT, which reflects changes in milk consistency and
SCC. Based on anamnesis, evaluation of CMT and clinical examination 689 (71.7%)
of the 960 examined dairy cows were negative while 271 cows (28.2) showed positive,
with scores from 1 to 3, or trace CMT. 230 (84.9%) of 271 cows showing high SCC
were positive for the isolation of udder pathogens. This constitutes a significant risk
for individual and herd health due to the high risk of spreading the infection to the
environment. On monitored sheep’s farms during the first month of pasture season,
756 sheep (80.4%) a negative CMT and 184 animals (19.6%) had increased SCC on
the basis of CMT score (Figure 1). Laboratory examination revealed that 136 samples
(14.5%) were positive for the presence of an udder pathogen.

The development of infection often starts when pathogens enter the duct system,
travel via the teat canal, interact with the mammary tissue, multiply, and spread
throughout the functioning parts of the udder, such as the milk cisterns. The degree
to which the udder tissue reacts to injury or infection largely determines how mastitis
manifests [7]. The most clinical cases are manifested by increased body temperature,
inappetence, redness, swelling, and/or painful udder and/or abnormal milk. In the
subclinical forms that were most often confirmed in our study, there were no appar-
ent clinical signs, but an increase in SCC was observed in milk. Of the 230 and 136
infected cows and ewes, 46.9% and 62.0% had subclinical, 37.8% and 27.1% had
clinical, and 15.2% and 11.0% had chronic mastitis (Table 2).
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The major economic and health issues caused by CM, according to Singha et al.
[11], include decreased milk output, poorer milk quality, higher expenses for treat-
ment, involuntary culling, early cow rejection, increased risk of antibiotic resistance,
and decreased animal welfare. Therefore, in high-yield dairy cows, CM prevalence
should be at its lowest level. Our results indicate that the prevalence of CM in moni-
tored cows’ dairy farms was 9.1% which is in contrast with the studies of Silva et al.
[40] and Rahman et al. [10], who reported the prevalence of CM from 2.3% to 4.1% in
lactating cows.

The incidence of mastitis in sheep farms is extremely variable. Fthenakis [41]
found the occurrence of mastitis in sheep is between 4 and 50%. In our study, the
incidence of mastitis at the beginning of the pasture season was 16.4% in monitored
sheep herds, with the most frequently occurring subclinical form (11.5%). The occur-
rence of CM was 4.9%, which is considered an acceptable value. On the contrary,
studies from British slaughterhouses reported a very high prevalence of CM, ranging
from 13-50%. This suggests that CM, or chronic mastitis, is a major cause of the cull-
ing of ewes in the UK [42].

According to Wenz et al. [43] and our investigation, gram-positive bacteria
(Staphylococcus spp. or Streptococcus spp.) are frequently the cause of CM in dairy
ruminants. However, depending on the farm layout and cleanliness level, a significant
number of cows and ewes with coliform mastitis develop bacteremia, and 20% of
udder infections are brought on by gram-negative pathogens. This is in line with our
findings, which showed that SM and CM brought on by E. coli accounted for 11.2%
and 12.2%, respectively, of infections from all infected cows and ewes.

Pyo6rild and Taponen [12] point to a much-increased risk of CM caused by S.
aureus and CoNS in a Finnish investigation on the detection and etiology of mastitis,
which was also confirmed in all monitored dairy herds. CoNS (42.6% and 39.9% of
the 230 and 155 infected cows and sheep samples, respectively) and S. aureus (16.5%
and 18.2%), which were found in 136 and 86 cases, respectively (59.1% and 55.5%),
were the most frequently found. In the milk samples from mastitic cows and ewes,
the isolates of S. aureus and CoNS of the CM were responsible for 7.8% and 7.4%, and
16.0% and 6.1%, respectively. However, due to ongoing IMI, S. aureus, S. chromogenes,
S. warneri, and S. xylosus frequently caused chronic mastitis. According to the findings
of our investigation, studies by Holko et al. [19] and Idriss et al. [25] found a similar
incidence of clinical and chronic mastitis caused by S. aureus and certain CoNS in the
investigated dairy farms. More than half of all clinical and chronic IMI were caused by
Staphylococci occurring more frequently than other udder pathogens (Table 2).

Chronic IMI rather than new infections are assumed as suggested by Persson et al.
[44]. It has been reported that cows and ewes showing IMI in early lactation stage
were also positive during the previous lactation or when dried off. These can originate
a persistent subclinical infection into a chronic mastitis in animals that turn immuno-
compromised after calving or lambing.

Our findings are consistent with Holko et al. investigation’s [19], which found a
significant incidence of Staphylococci (CoNS and S. aureus) identified from tainted
milk samples from 42 dairy farms in western Slovakia. The most often found bacteria
was the CoNS, which made up 35.9% of positive samples. In contrast to our find-
ings, the authors also confirmed high resistance to aminoglycosides and f-lactam
antimicrobials without the presence of methicillin resistance genes. The dominant
CoNS strains identified from mastitis in dairy ruminants in recent years, according to
many reports, are S. haemolyticus, S. chromogenes, S. warneri, and S. xylosus [45-47].
CoNS has been mainly isolated from CM in addition to subclinical forms of IMI [45],
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which was validated in our investigation. CoNS-induced CM mastitis was associated
with increased SCC, biofilm formation ability, and resistance to aminoglycosides and
p-lactam antimicrobials, particularly penicillin, amoxicillin, and oxacillin.

The increasing prevalence of Staphylococcal infection in dairy ruminants is also
influenced by the bacteria’s level of pathogenicity and the production of certain
virulence factors, which play a critical role in chronic and clinical mastitis cases [48,
49]. These contribute to the infection and include enterotoxins, different enzymes,
and cell-associated factors. S. aureus, S. chromogenes, S. warneri, S. xylosus, and S. hae-
molyticus all produced hemolysins, hydrolyzed DNAse, and produced gelatinase from
the various virulence factors. The isolated Staphylococci S. aureus, S. chromogenes, and
S. warneri from mastitic cows and ewes had the most numerous representations of
virulence factors, that may be contributing to the infection ability of isolated strains
resulting in the increasing incidence of CM and persistent cases in comparison to
strains with no virulence factors (Tables 3 and 4).

As biofilms promote Staphylococcal strains to adhere to both biotic and abiotic
surfaces, they are regarded as having significant pathogenicity [48]. Bacteria generally
produce a biofilm in order to protect themselves from fluctuations in environmental
conditions. Substantial hygiene problems and economic losses are associated with
biofilm formation in the dairy industry, as it can cause food spoilage and equipment
impairment. The quality, quantity, and safety of food products are affected by the
persistence of some foodborne pathogens on food contact surfaces and biofilms; and
this problem has been reported more frequently [50]. Staphylococci are able to avoid
immune defenses by creating biofilms that adhere to the MG epithelium, which leads
to recurring or persistent infections [51]. Our findings indicated that seven species of
NAS isolated from CM and chronic mastitis, as well as S. aureus, were mostly respon-
sible for the biofilm-forming ability. The CoNS that produced chronic mastitis and CM
showed the generation of hemolysins, the tendency to hydrolyze DNA, and resistance
to antimicrobials as additional significant virulence factors in addition to S. aureus.

The relationship between hemolysins and biofilm formation, according to Perez
etal. [49], canlessen the body’s immunological response and response to antibiotic
treatment while increasing Staphylococci interactions with bovine mammary epi-
thelial cells. Our findings supported the idea that bacteria expressing these virulence
characteristics had a high level of antibiotic resistance. In their study of Staphylococci
isolated from mastitis milk in cows, Melchior et al. [51] indicated that the most frequent
virulence factors in isolates recovered from CM were biofilm production and antibi-
otic resistance. Repeat episodes of mastitis following ineffective treatment showed
increased biofilm production in CM strains. It is challenging to treat IMI brought on by
S. aureus or CoNS even with intramammary antibiotics, therefore adequate care should
be given to infections brought on by bacteria that produce biofilms.

The resistance to one or more antimicrobials in our study was detected in 95 and
38 isolates (77.0% and 44.2%) of Staphylococci isolated from infected cows and ewes,
respectively. Multiresistant isolates for three or more groups of antimicrobial classes
represented 16 and 4 isolates (11.8% and 4.7%). Multirresistance of staphylococci to a
wide range of antibiotics such as f-lactams, macrolides, and cephalosporing (Table 5)
was observed in our analysis. Methicillin resistance staphylococci were confirmed in 45
(33.1%) and 22 (25.6%) isolates from cows and ewes. By PCR the presence of the mecA
gene was confirmed in two isolates of S. aureus and one isolate each of S. chromogenes
and S. warneri, only from mastitic cows. Oxacillin and cefoxitin resistance was present
in all mecA-positive Staphylococci (n = 4; 2.9%), and these strains were categorized as
MRS. When the entire genome was sequenced for a research by Khazandi et al. [22],
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they discovered the presence of a mecA homolog in four oxacillin-resistant S. sciuri iso-
lates. The homolog was not found using cefoxitin susceptibility testing or traditional
mecA PCR. However, in our study, MRS was also phenotypically confirmed, so we do
not assume the presence of a false positive mecA homolog.

The S. aureus and CoNS (n = 634; 36.7%) were the most frequently isolated bacte-
ria from all tested samples in the study by Vyletelovd et al. [52], which examined 1729
bulk milk and individual milk samples from ruminants in the Czech Republic. The
species were also tested for the presence of the mecA gene using the PCR method and
for antimicrobial susceptibility using the disc diffusion method. The most prevalent
resistant strain was S. aureus (51%), followed by S. epidermidis (34.7%), and S.
chromogenes (12.2%). A tital of 13 isolates of Staphylococci with f-lactam antibiotic
resistance were found to have the mecA gene, which was primarily found in cow’s
milk. In a related investigation, Bogdanoviova et al. [53] tracked the prevalence and
antibiotic resistance of S. aureus at 50 dairy farms in the Czech Republic. The authors
found S. aureus positive in 58 samples from 261 raw milk and filtered milk samples,
with 37 (14.2%) isolated from raw milk and 21 (8.1%) isolated from filtered milk.

The majority of isolates from raw milk (17.8%) were found to be resistant to #-lactam
antibiotics (amoxicillin and oxacillin), followed by isolates that were tetracycline-
and macrolide-resistant. Methicillin-resistant S. aureus (MRSA) with the mecA gene
present was found in two isolates from filtered milk and four isolates from raw milk
samples using the PCR technique. We can affirm that IMI caused by Staphylococci,
primarily S. aureus, with enhanced resistance to f-lactam antimicrobials is still a
significant problem in Czech and Slovak dairy cow farms based on the findings of our
study and the previous two investigations [52, 53]. The occurrence of MRS with the
presence of the mecA gene is also worrying, which is in the range of 3-6% of isolates
strains. In the monitored sheep, we did not record the presence of the mecA gene,
which is probably a consequence of the higher culling of infected ewes with clinical
and chronic mastitis and the renewal of herds with young sheep.

Among the resistant Staphylococci, S. aureus was identified by the WHO as the
primary udder pathogen with the highest pathogenicity and most media attention.
However, numerous other Staphylococci species have also been linked to methicillin
resistance [54, 55]. In our work, we found the mecA gene to be present in two S. aureus
isolates and one S. chromogenes and S. warneri strain. The CoNS is believed to be a
reservoir for many resistance genes, which lead to greater resistance to antibiotics,
according to Vinodkumar et al. [56]. The spread of resistance isolates may be caused,
in part, by the presence of antimicrobials and their metabolites in the environment.
This unfavorable effect of the heavy use of antimicrobials, along with delayed break-
down in the udder and drying out in cows (without antibiogram prior to application),
maybe a contributing factor to rising resistance and MRS in veterinary medicine.

The MRS are usually resistant to f-lactam antimicrobials, and infections caused by
these pathogens result in failed or frequent therapies, elevated SCC, and substandard
milk quality. Studies from Norway revealed that MRSA has only ever been correlated to
one case of cow mastitis when it comes to MRSA becoming the cause of the disease [23].

This contrasts with our findings and the current modeling in Belgium, where
Bardiau et al. [56] revealed a comparable prevalence of MRSA in 4.4% of milk
samples from clinical cases of mastitis and Vanderhaeghen et al. [57] identified MRSA
in 9.3% of milk samples from farms relating with S. aureus mastitis, in contrast to
our findings. Although our findings showed that the tested Staphylococci were more
resistant to f-lactam antimicrobials than in previous studies, we can conclude that the
occurrence of MRS in the monitored farms was roughly the same.
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5. Conclusion

In dairy cows and ewes, Staphylococci and Streptococci were shown to be the
most common causes of mastitis. Because of their virulence features, their prevalence
poses a major risk to subsequent milk consumption. More than half of the mastitic
cases from the cows and ewes under investigation were brought on by Staphylococci,
particularly CoNS. Additionally, compared to other, less virulent CoNS strains, some
strains of CoNS (S. warneri, S. chromogenes, and S. xylosus) with S. aureus isolated
from clinical and chronic mastitis showed a high degree of pathogenicity in the syn-
thesis of additional virulence factors. Resistance to aminoglycoside and g-lactam anti-
microbials was frequently found in the tested Staphylococci, possibly because these
are the antimicrobials most commonly used in dairy ruminant drying and mastitis
treatment. Detection MRS by the presence of the mecA gene was confirmed in two
isolates (2.9%) (one S. aureus and one isolate each of S. chromogenes and S. warneri)
from mastitic cows. We can state that S. aureus still comes on top in the number of
chronic or severe mastitis cases, as well as the number of virulence factors, but some
CoNS species could have the same aggressive potential based on their production of
gelatinase, hemolysis, biofilm, hydrolyzed DNA, and multidrug resistance.

According to the “Furm to Fork” strategy, the European Union intends to minimize
the use of ATBs in cattle production by 50% by 2030 due to the frequent resistance of
udder infections that cause mastitis and the occurrence of MRS in veterinary practice.
Future use of antimicrobials during treatment in veterinary medicine and the dairy
industry is still feasible, but only if it can be justified primarily in light of the findings of
targeted diagnostics, which reveal each dairy animal’s individual udder’s physiological
state through anamnestic data, clinical examination, SCC, and sample culture with an
antibiogram. Designing effective prophylaxis and treatment guidelines to minimize
the detrimental effects on milk yield and culling hazards in dairy animals requires
knowledge of the virulence of both S. aureus and CoNS species associated with mastitis;
particularly when combined with resistance patterns and the presence of MRS isolates.
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Abstract

In the last decades, antibiotics were used to treat infections caused by some
Staphylococcus species, especially Staphylococcus aureus and Staphylococcus epidermidis.
The widespread use of antibiotics to treat staphylococcal infections has resulted in an
increase in the resistance of bacteria to antibiotics, particularly to beta-lactam antibi-
otics. In recent years, researchers have been working on developing new antibiotics,
despite the fact that they are complex and expensive and carry a number of risks
associated with drug toxicity. Using new substances that have good potential against
bacterial infection without causing bacteria to become resistant to these substances
is currently being researched. More research has been carried out on the effect of
silver and copper nanoparticles in neutralizing staphylococcal infection in laboratory
studies. The toxic effect of nanoparticles was a concern to scientists, but despite that,
the studies iz vivo found that there was no toxic effect at low doses of nanoparticles on
rats. The findings in this field were acceptable to entice researchers to develop these
substances.

Keywords: Staphylococcus aureus, Staphylococcus epidermidis, silver, copper,
nanoparticles

1. Introduction

Bacteria belong to prokaryotic organisms, which means they have no clear
nucleus such as in eukaryotic organisms. Many bacteria exist as normal flora in or
on human skin, and some bacteria are opportunistic and pathogenic to their hosts;
Staphylococcal bacteria have a large number of species. The species that are men-
tioned more than once in scientific reports that cause infections and pathogenicity to
their hosts are S. aureus and S. epidermidis [1, 2]. S. aureus is Gram-positive bacteria
that causes a variety of diseases. Furthermore, S. epidermidis has been identified as
a second cause of wound inflammation after S. aureus in the last two decades [1].
Chemotherapy (antibiotics) and biological therapy have been used to eliminate the
pathogenicity of some bacteria for decades.

Although some of the antibiotics have good results in reducing the pathogenicity
of some Staphylococcal bacteria, the problem of resistance has begun to appear, for
example, methicillin-resistant S. aureus (MRSA). A new agent has been applied to
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solve this problem, represented by nanomaterials. Silver and copper nanoparticles
showed a nice result against selected pathogen isolates that were resistant to agents of
antibiotics [3, 4].

This chapter explores a brief overview of S. aureus and S. epidermidis, as well as the
impact of some nanoparticles in the suppression of their pathogenicity.

2.S. aureus

S. aureus produces a purple stain when Gram stain is applied to it, for this reason,
it is named Gram-positive bacteria. This species is found mainly as part of the natural
microbiota on the skin, gland skin, and infrequently in the mucous membrane of
birds and mammals. S. aureus becomes more pathogenic than other Staphylococcal
species, such as S. epidermidis, when suitable habitat elements are provided. S. aureus,
which is cited in numerous scientific studies, causes a variety of diseases [5]. The
virulence factors that make this species more ferocious against its host are the source
of its illnesses. The use of antibiotics to treat pathogenic bacteria has increased over
the last 10 years. Therefore, S. aureus has become increasingly resistant to antibiotics,
as seen by the MRSA strain.

3.S. epidermidis

Another Gram-positive bacteria species is S. epidermidis. S. epidermidis belongs
to coagulase-negative Staphylococci (CoNS), which means it lacks the enzyme
coagulase, compared with S. aureus, which has the enzyme coagulase [6]. The usual
inhabitant can also be found in human skin and mucosal membranes. S. epidermidis
is infrequently known to cause infections in normal humans, but infections of this
species are becoming more common in susceptible patients, particularly long-term
hospital patients or patients with implanted foreign bodies [7, 8]. S. epidermidis has
the ability to attach and develop on polymer surfaces, then produce extracellular
slime substances, and finally cause the pathogenesis of polymer-associated illnesses
[9]. The slime substance clearly guards the imbedded Staphylococci against antibiot-
ics. Frigols et al. [10] have found that methicillin-resistant S. epidermidis (MRSE) is a
common cause of infectious keratitis caused by S. epidermidis and shows a high rate of
multidrug resistance.

4. Glance of nanotechnology

Nanotechnology is a new science with a short history of knowledge.
Nanotechnology applications make revolutions in many fields because nanomate-
rial characterizations have a huge difference compared with bulk materials [11].
Bionanotechnology is a term used to describe a subfield of nanotechnology that deals
with biology. It describes any materials or processes at the nanoscale that are based
on biological or biologically inspired molecules, such as nanotechnology devices
used in controling and monitoring in medicine. Another example uses nanocarriers
loaded with medicine that are used to introduce therapy into pathogen microbes or
unusual cells that belong to tissue (cancer therapy) [12]. Nanoparticles are incredibly
tiny particles with sizes between 1 and 100 nanometers. Several nanoparticles have

142



The Ability of Some Inorganic Nanoparticles to Inhibit Some Staphylococcus spp.
DOI: http://dx.doi.org/10.5772/intechopen.107928

been used to test their activity against harmful microbes. Methods to synthesize these
particles are divided into three categories, which are biological, chemical, and physi-
cal. Inorganic reducing agents are used in nanoparticle syntheses, such as silver and
copper nitrate. Numerous inorganic nanoparticles have been employed in numerous
scientific articles [13-15]. Among these, silver and copper nanoparticles are two that
will be discussed in the subsections that follow.

4.1 Silver nanoparticles

Silver nanoparticles have attracted interest in the biological field due to their
special characteristics, such as size and shape that depend on magnetic, optical, and
electrical properties [16]. These characteristics also make it possible to use silver
nanoparticles in antimicrobial applications and other medical-related applications.
Many biological, chemical, and physical methods have been employed to synthesize
and stabilize silver nanoparticles [17]. The popular methods for the production of
nanoparticles are chemical approaches. The method using chemical materials almost
contains toxic materials. Therefore, chemical methods are considered toxic, not eco-
friendly, and expensive ways to synthesize nanoparticles. For this reason, easy and
simple methods are required to produce silver nanoparticles without using harmful
or expansive materials. Biological or green chemistry has been used in recent years
in abundance [18]. Microorganisms or plant extracts are used as reducing agents to
inorganic raw materials for nanoproducts [19, 20].

4.1.1 Silver nanoparticles with anti-pathogenic properties

The problem of resistant pathogen bacteria to antibiotics and the product of another
generation of antibiotics is a big challenge to scientists at present. Development of a
new generation of antibiotics takes time and is expansive. It is necessary to find another
medicine that has stability with activity without resistant pathogen bacteria to it. It is
necessary to treat harmful bacteria. Inorganic nanoparticles are a current drug that is
hoped to be effective almost immediately. Silver nanoparticles have been widely used
as antibacterial agents in the medical field, food storage, textile coatings, and a variety
of environmental applications. Silver nanoparticles’ antimicrobial qualities have led
to their employment in a variety of disciplines including medicine, industry, animal
husbandry, packaging, accessories, cosmetics, health, and military applications [21].
The interest in the activity of silver nanoparticles toward the pathogen S. aureus has
increased in the last 8 years, as shown in Figure 1.

The study of the synergetic effect of silver nanoparticles with antibiotics, for
example, erythromycin, amoxicillin, penicillin G, clindamycin, and vancomycin
against S. aureus [23] was another hope. The technique approved its activity against
pathogen bacteria iz vitro (inside laboratory). Due to the perfect results of antibacte-
rial activity of silver nanoparticles combined with some antibiotics i vitro assay,
these results inspired the researchers to assay this technique iz vivo tests using animal
models (inside the organism’s body) [24]. Xu et al. [25] demonstrated the effect of
silver nanoparticles combined with vancomycin, rifampin, and other antibiotics used
in their study in vitro as well as in vivo assay. The silver nanoparticles successfully
passed assays iz vitro and in vivo and hope to be used for human treatment in the next
few years.

Resistance to silver nanoparticles by bacterial cells has been reported. Elbehiry
et al. [26] explored the resistance development of S. aureus to silver nanoparticles
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Figure 1.
Increasing publication regarding the activity of silver nanoparticles against the pathogen Staphylococcus aureus
in recent years [22].

after multiple generations of S. aureus. As well, Pandek et al. [27] demonstrated that
after repeated exposure to inhibitor concentrations of silver nanoparticles, Gram-
negative bacteria such as Escherichia coli develop resistance to silver nanoparticles.
This resistance is not concerning due to these phenotypic changes and not genetic
changes, which means this factor will not be transported to future generations of
bacteria cells. Furthermore, the multiple mechanisms of action of nanoparticles may
limit the development of bacterial resistance to nanoparticles.

4.2 Copper nanoparticles

Finding another nanoparticle with excellent properties at a lower cost is becoming
more required nowadays. Copper nanoparticles have been widely used as inexpensive
and effective therapeutic for certain harmful bacteria. Therefore, copper nanopar-
ticles could be a useful antibacterial agent in the coming days. Copper nanoparticles
are highly reactive due to their high surface-to-volume ratio; this allows them to
easily interact with other particles and boost their antibacterial efficiency. Copper
nanoparticles have received much interest because of their unique physiochemical
properties, surface-to-volume ratio, cheap preparation, and nontoxic preparation.
They have many amazing uses in various domains, such as anticancer activity [28],
antimicrobial activity [29], antifungal activity [30], catalysts [31], and antioxidant
activity [32]. The creation of copper nanoparticles has been described in numerous
scientific works using chemical, physical, and biological methods [33]. The biological
method uses natural reducing agents that can be found in plant extracts, fungi, and
bacteria to convert copper salt into copper nanoparticles [34-36]. A commendable
job has been done regarding the production and stability of copper nanoparticles by
using biological processes.

4.2.1 Copper nanoparticles as antibiotics for some human pathogen bacteria

Copper metal is one of the essential elements, especially in most living organisms.
The particles of copper in the nanoscale have different properties compared with
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copper particles and have many applications, one of them is an antibacterial agent.
Copper nanoparticles possess better properties as inorganic antibacterial agents rela-
tive to other expansive metal nanoparticles such as gold and silver [37]. For instance,
the copper nanoparticles recorded higher antibacterial activity relative to silver
nanoparticles against some human pathogen bacteria [38].

According to Figure 2, copper nanoparticles have received a lot of attention
from researchers lately due to their antibacterial action against many pathogens of
S. aureus [40].

Despite only a few scientific studies examining the efficacy of copper nanopar-
ticles against Staphylococcus epidermidis [41, 42], they have revealed potency against
this isolate. Consequently, it is a promising medical treatment.

Another strategy has been applied using a solution of antibiotics with copper
nanoparticles. Selvarani [43] showed the effect of tetracycline alone against S. aureus,
recording an inhibition zone at 25.3 mm using the disc diffusion method, but when
impregnating the disc of antibiotics with 50 pl of freshly prepared copper nanopar-
ticles, the diameter of the zone of inhibition was increased to 32.6 mm, increasing
by 28%. The same study with another antibiotic (Rifampicin) recorded an increase
of 13.8% compared with Rifampicin alone. Additionally, Wozniak-Budych et al. [44]
investigated the activity of Rifampicin combined with copper nanoparticles toward
four bacterial strains, one of those being S. aureus, and found a synergic effect of
Rifampicin with nanoparticles was a successful way to prevent the development of
resistance. Therefore, there is hope through combining inactive antibiotics with some
inorganic copper nanoparticles to convert them into active antibiotics. It is another
promising solution to the problem of S. aureus and S. epidermidis antibiotic resistance.

4.3 Mechanism of antibacterial activity of silver and copper nanoparticles toward
bacteria

The antibiotics are categorized according to their specific targets, which makes
them safe for human use. Antibiotics’ mechanisms of action include five basic mecha-
nisms against bacterial cells, which are inhibition of cell wall synthesis, inhibition of
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Figure 2.
Increasing publication regarding the activity of copper nanoparticles against the pathogen Staphylococcus aureus
in recent years [39].

145



Staphylococcal Infections - Recent Advances and Perspectives

protein synthesis (translation), alteration of cell membranes, inhibition of nucleic
acid synthesis, and finally antimetabolite activity [45]. Silver nanoparticles no longer
have a clear mechanism, such as antibiotics against pathogenic bacteria, but many
studies have been conducted on their possible mechanisms of antibacterial properties
[46-48]. In recent years, silver nanoparticles have been used in many fields, including
medicine, air and water purification, and others [49].

The properties of the mechanisms for silver nanoparticles are well described [48].
The nanoparticles of silver that adhere to the surface of the bacterial cell membrane
probably disrupt the functions of the cell membrane, such as respiration and sub-
stance transport, as well as cell membrane separation from the cell wall partial or
complete [50]. The increased stickiness of nanoparticles results in increased destruc-
tion permeability capacity and cell division that lead to a fast rate of death for bacteria
compared with the low concertation of nanoparticles. The above description includes
the hypothesis of silver nanoparticles’ mechanism of antibacterial that sticks to cell
walls and cell membranes. The silver nanoparticles can pass through the cell wall of
bacteria and reach the cell membrane easily because there are pores in the cell wall.
However, there is another hypothesis about silver nanoparticles that successfully
reach inside bacterial cells. As a result, silver nanoparticles’ creation links with phos-
phorus and sulfur present in cytoplasmic molecules of bacteria, such as DNA, causing
the death and destruction of bacteria [51]. Another possible effect of silver nanopar-
ticles is the disruption product of energy compounds (adenosine triphosphate ATP)
and the generation of DNA. They then produce reactive oxygen species (ROS), which
are considered toxic to bacterial cells [52].

The mode of action of copper nanoparticles toward antibacterial has little infor-
mation explained. The researcher proposed the mechanism of activity of copper
nanoparticles on pathogen bacteria may have a similar mode of action to silver
nanoparticles [53]. Schrand et al. [54], it was hypothesized that copper nanopar-
ticles work as antibacterial agents against many bacteria species due to interaction
with SH-groups that result in protein denaturation. Copper nanoparticles may
have an effect on cell membrane because of their affinity toward the amines and
carboxyl groups that are found on the membranes of some bacteria strains [55]. The
nanoparticles can enter a cell through the pores in the cell membrane because of their
nanoscale size, or get inside bacteria through ion channels and transport proteins in
the membrane of bacteria. After copper nanoparticles enter the cell, they may bind to
DNA molecules and disturb the structure of the DNA strands, as well as find copper
ions inside bacterial cells, which also disturb biochemical processes [56]. Deryabin et
al. [57] hypothesized another mechanism, copper nanoparticles may accumulate on
the cell of bacteria and diffuse inside the cell, causing oxidative stress that causes the
cell of bacteria to die. Figure 3 depicts all possible mechanisms of action for silver and
copper nanoparticles. Due to limited studies discussing the mechanisms of bioactivi-
ties of copper nanoparticles against bacteria, the mechanism of action of copper
nanoparticles needs more studies about their cytotoxicity and safety to be used as a
human medicine agent to treat harmful bacteria.

4.4 The possible toxic effects of silver and copper nanoparticles

The toxic effects of nanoparticles of silver and copper have been studied. In the
study by Nakkala et al. [58], the rats were treated orally with 5 and 10 mg/kg of silver
nanoparticles for 28 days. The rat organs, such as liver, lungs, kidney, spleen, heart,
testes, and brain, showed no histopathological changes at the end of the test. Elbehiry
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Figure 3.
Nanoparticles’ possible mechanism of action on and in bacterial cells.

etal. [26] also studied the toxic effects of silver nanoparticles at 0.25, 0.5, and 1 mg/
kg in the brain, liver, kidneys, heart, and spleen of rats. After 28 days of testing,
they did not find any histological changes in the organs of experimental animals. In
contrast with the findings of Kim et al. [59], they noted that after feeding the rat with
silver nanoparticles for long-term oral administrated concentrations of 30, 300, and
1000 mg/kg, any changes in the weight of the rat body were not recorded, but they
noted the accumulated silver nanoparticles in different tissue organs. In addition,
Tiwari et al. [60] found that the treated cells of the liver and kidney with high doses
of silver nanoparticles at 20 and 40 mg/kg showed abnormal structures of the cell,
as well as nanoparticle deposition in the cytoplasm and nuclear membrane of tested
orangs at 40 mg/kg concentration.

Doudi and Setorki [61] treated the experimental rats with different concentra-
tions of copper nanoparticles (10, 100, and 300 mg/kg) after they studied the effects
on the liver and lungs. The results of their work have been shown to cause structural
changes in cells of the liver and lungs at high doses. Another work by Lei et al. [62]
took tissue sections from the liver and kidney of rats that were treated with 100 and
200 mg/kg of copper nanoparticles once a day for 5 days. The necrosis in the liver has
been noted at 200 mg/kg with structural changes in the kidney, while there was no
alteration in the structure of the liver and kidney cells at 100 mg/kg. Wang et al. [63]
studied the effects of various concentrations of copper nanoparticles on rats. Their
study explored histological alterations in the liver, spleen, and kidney in male and
female rats at 1250 and 2500 mg/kg.

The previous studies of the effects of silver and copper nanoparticles on the
organs of rats at various doses of nanoparticles above concluded that the high doses
showed clear accumulation and toxic effects of nanoparticles iz vivo studies. While
at low doses, there were no histological changes in the rats with safe use. Future work
is required to clarify the biological effects of silver and copper nanoparticles using
animal models.

5. Conclusions

The pathogenicity of Staphylococcal, especially Staphylococcus aureus, is wide-
spread in nosocomial infections and long hospitality treatment periods between

147



Staphylococcal Infections - Recent Advances and Perspectives

patients. However, Staphylococcus epidermidis has a recent history of pathogenicity
with inflammation wounds. The drugs used in the protocol of treatment for bacterial
infection are antibiotics. Widespread use of antibiotics produces problems for medi-
cal scientists related to resistant bacteria to these drugs. These problems come from
transport genes responsible for resistance from honor plasmid to receiving plasmid in
bacteria.

The development of a new generation of antibiotics takes time and is expansive
at the same time. Using a new drug with excellent bactericide activity is a recent
option to solve this problem in the medicine sector. Nanoscience is one of the options
selected to solve this challenge. A number of inorganic nanoparticles have been
synthesized using biological methods. Silver nanoparticles have been approved for
their activity against many pathogens, including S. aureus and S. epidermidis, depend-
ing on several scientific reviews without resistance bacteria to it. The other inorganic
nanoparticles, such as copper nanoparticles, have been reviewed, and the activity
of copper nanoparticles toward several human pathogens of S. aureus and a limited
number of S. epidermidis has been reviewed.

Antibiotics have a known mechanism of activity against bacteria. In comparison
with silver and copper nanoparticles, they have antibacterial activity but no clear
mechanism, such as in antibiotics. Four suggested hypotheses about the mechanism
of inorganic silver and copper nanoparticles have been discussed. The nanoparticles
first adhere and accumulate on the cell walls of bacteria. The second hypothesis sug-
gested transporting the nanoparticles of silver and copper passed through the pore in
the cell wall and reached the surface of the cell membrane. Some of the nanoparticles
that accumulated on the surface of the cell membrane worked to modify the perme-
ability of the cell membrane and disturb the respiration process in the cell membrane
of bacteria, resulting in the entry of harmful materials inside the cell, causing death
to bacteria. The nanoparticles that successfully passed the cell membrane using
channel of ion exchange or proteins channel or even through the self-membrane of
cell because they have tiny small size compared with the size of the membrane reacted
with the DNA molecules causing an inhibition of the DNA replication, and because
of that, there is no transcription and translation happened. The last hypothesis talked
about the creation of reactive oxygen radicals. This product is considered toxic to
cells. More investigated studies iz vivo as animal models need to study the safety of
the nanoparticles to use them as drugs.
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Abstract

Infections caused by the group of Staphylococcus bacteria are commonly
called Staph infections, and over 30 types of Staphylococcal bacteria exist with
Staphylococcus aureus causing about 90% of the infections from the genus.
Staphylococcus aureus (S. aureus) is a major cause of both hospital- and community-
acquired infections with major concern arising from its strain of species that is resis-
tant to many antibiotics. One of such strain is the Methicillin-resistant Staphylococcus
aureus (MRSA) that has been described to be a resistance to methicillin drugs.
Another is glycopeptides-resistant emerging from the increased use of glycopeptides
drugs. This continuous emergence and spread of new resistant strains of S. aureus is
a major challenge which makes the search for novel anti-resistant agents imperative.
The development of vaccines from natural and synthetic products is some of the
measures being proposed for the protection against the infections. Also, the develop-
ment of monoclonal or polyclonal antibodies for passive immunization is sought for,
and attentions with regard to arriving at successful trials have been directed back to
medicinal plant research as an alternative. This review discusses the treatment strate-
gies of MRSA, the antibacterial property of various medicinal plants, and the influ-
ence of their active compounds on methicillin-resistant S. aureus (MRSA), as well as
to recommend the path to future research in this area.

Keywords: staphylococcal infections, vaccines, medicinal plants

1. Introduction

Staphylococcus is a genus in the Bacillales order that belongs to the
Staphylococcaceae family. Microscopically, they appear spherical and form grape-
like clusters. The genus is a Gram-positive bacterium, and their species are faculta-
tive anaerobic organisms, meaning they can grow in both aerobic and anaerobic
environments. The genus contains approximately 30 species, nine of which have two
subspecies, including one three subspecies and the other with four subspecies [1].
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Many species in the genus do not cause disease and typically live just on skin and
mucous membranes of animals and humans. Staphylococcus species have been identi-
fied as nectar-inhabiting microbes and a minor component of the soil microbiome
[2]. Among the bacteria in this genus, five are considered potential human patho-
gens: S. aureus, S. epidermidis, S. saprophiticus, S. haemolyticus, and S. hominis, with
the first three species the most common. However, S.aureus is considered as the most
dangerous pathogen, and one of the Staphylococcus species is capable of coagulating
plasma [3].

2. Types of staphylococcal infections

There are numerous types of infections caused by Staphylococcus bacteria, which
are frequently found on the skin or in the nose of many healthy people. These infec-
tions are usually harmless or can cause minor skin infections [2]. However, infections
can be fatal when bacteria enter the bloodstream, joints, bones, lungs, or heart and
are thus regarded to as bloodstream pathogenic bacteria [4]. As a result, a number of
otherwise healthy people are developing potentially fatal staphylococcal infections
[5]. Although these infections are communicable and can be acquired by sneezing,
coughing, or touching an infected wound, many cases occur when an individual
comes into contact with contaminated items such as a wet towel, remote control, or
door handle. Similarly, direct personal encounter with an infected person can allow
the spread of the infection [4]. There have been several staphylococcal infections
ranging from skin infections that cause open sores to bloodstream infections widely
recognized as bacteremia infestation of the bone to endocarditis, septicaemia an
infectious disease of the heart lining, food poisoning, pneumonia, and toxic shock
syndrome (TSS) (alife-threatening predicament caused by contaminants from
certain kinds of bacteria) [6].

3. Risk factors for staphylococcal infections

Since Staphylococcus bacteria are commensal organisms, anyone can develop a
staphylococcal infection. However, some people are at higher risk, including those
who have a chronic medical condition including hyperglycemia, cancer, vascular dis-
ease, eczema, and lung disease, a compromised immune system such as HIV/AIDS, on
medications to prevent organ rejection, or chemotherapy. Likewise, those who have
recently had surgery and those who use a catheter, breathing tube, or feeding through
tube are susceptible to Staph infection [7]. Those on dialysis and those who use illegal
drugs to participate in contact sports are also at high risk [8]. For the latter, the drugs
increase the rate of sweating; thus, it encourages skin-to-skin interaction with other
people or via device sharing.

3.1 Drug resistance

When an infection occurs, antibiotics are prescribed for treatment based on
the type of infection. Such treatments can come in the form of a lotion, ointment,
medications (to swallow), or intravenous (IV) injection, while surgery is proposed
for bone infectious diseases [4]. Although antibiotics are used, there have been
cases where it does not work; hence, we say that the Staphylococcus bacterium has
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grown resistant to the antibiotics. The different species of Staphylococcus have cases
of antibiotic resistance, but widespread prevalence of antibiotic resistance strains
are commonly found in the Staphylococcus aureus known as methicillin-resistant
Staphylococcus aureus (MRSA) [9].

Staphylococcus aureus has now been confirmed to be resistant to many antimicro-
bial agents over the last few decades, but it has recently become tolerant to daptomy-
cin and linezolid, two of the most recent lines of therapies [10]. Staphylococcus aureus
bacteria is a member of the ESKAPE pathogens comprising of Enterococcus faecium,
S. aureus, Klebsiella spp., Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter spp., which are capable of “escaping” the biocidal action of antibiotics
and jointly representing new paradigms in pathogenesis, transmission, and resistance
group of bacteria, all of which have multidrug resistance profiles [11]. Although
MRSA infections have decreased in the United States, Europe, Canada, and South
Africa, an increase has been observed in some regions, including sub-Saharan Africa,
raising public health concerns [12].

3.2 Mechanisms and site of resistance

There are several antibacterial resistance molecular mechanisms. One example is
intrinsic antibacterial resistance, which can be found in the genetic composition of
bacterial strains. For example, an antibiotic target may be missing from the bacterial
genome but acquired resistance from a chromosomal mutation or the acquirement of
extra-chromosomal DNA [13]. Furthermore, antibacterial-producing bacteria have
developed defense mechanisms that have been found to be similar to antibacterial-
resistant strains and may have been transferred to them. Furthermore, antibacterial
resistance is frequently spread via vertical transmission of gene mutation during
growth and genetic recombination of DNA via horizontal genetic transfer [14].
Antibacterial resistance genes, for example, can be interchanged among various bac-
terial strains or species through plasmids carrying these resistant gene [15]. Plasmids
containing multiple resistance genes can bestow resistance to various antibacterial
agents [15]. Also, cross-resistance to the many antibacterial could indeed arise if a
resistance mechanism encrypted by a specific gene expresses resistance to even more
than one antibacterial chemical agent [15, 16].

Antibacterial-resistant species, dubbed “superbugs,” are now contributing to the
onset of diseases that were previously under control. Newly emerging bacterial strains
usually cause tuberculosis which are tolerant to subsequently good antimicrobial
therapies, for example, pose numerous therapeutic challenges, as does New Delhi
metallo-p-lactamase-1 (NDM-1), a newly identified enzyme that transmits bacterial
resistance to a wide spectrum of beta-lactam antibacterial agents [17]. According to
areport published by the United Kingdom’s Health Protection Agency, “thus many
isolates with NDM-1 enzyme are tolerant to all conventional intravenous antibiotics
prescribed to treat severe infections” [18].

3.3 The management of staphylococcal infections

Regardless of the fact that several novel antimicrobial drugs have just been
developed, resistance rate to them has managed to increase and has become seri-
ous challenge as we run out of candidates’ drug. Antimicrobial resistance issues are
being addressed both in healthcare and community configurations, necessitating a
multidisciplinary approach involving many different collaborators across the care
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continuum. For instance, in a survey report by Okwu et al. [19], 18-33 percent of the
total S. aureus-infected patients went on to develop MRSA infections. Community-
acquired methicillin-resistant Staphylococcus aureus strains (CA-MRSA) are also
becoming more common in hospital-onset MRSA infections. As stated by the Centers
for Disease Control and Prevention (CDC), antibiotic resistance causes more than 2
million ailments and 23,000 deaths in the United States each year [20].

Methicillin-resistant Staphylococcus aureus has gained worldwide popularity,
and its incidence has risen in both care services and community-based settings.
MRSA prevalence varied by country, for example, 0.4% through Sweden [21]; 25%
in Western India to 50% through Southern India [22]; 33%-43% in Nigeria [19];
and 37-56% in Greece, Portugal, and Romania in 2014 [23]. Also, MRSA has been
found in hospitals all over the world, with rates exceeding 50% in Asia, Malta, North
and South America, and Europe [24, 25]. Its prevalence rates varied due to various
prevalence factors including geographic location and health service capacity to run
infection control programs [26]. Akanbi and Mbe [27] found vancomycin-resistant
Staphylococcus aureus (VRSA) in clinical isolates ranging from 0% to 6% in southern
Nigeria, and 57.7% across Zaria, the northern part of Nigeria.

Likewise, vancomycin resistance was found in 1.4% of S. aureus isolates through
Southern India [28]. Other countries, including Australia, Korea, Hong Kong,
Scotland, Israel, Thailand, and South Africa, have reported S. aureus with reduced
vancomycin sensitivity, with prevalence ranging from 0 to 74% [29-31]. Despite the
frequent use of vancomycin in the treatment of pathogens, numerous researchers
have documented vancomycin intermediate Staphylococcus aureus (VISA) and van-
comycin-resistant Staphylococcus aureus (VRSA) occurrences [32-34]. Teicoplanin,
daptomycin, linezolid, and other costly drugs are currently used to treat bacteria with
low vancomycin sensitivity. However, global resistance to these drugs has been identi-
fied [22, 35-38]. The MRSA infection remains a significant issue all over the globe and
also a therapeutic challenge due to the scarcity and high cost of antibacterial agents.
The increasing existence of MRSA infections, changing antibiotic resistance, and
involvement in hospital and community infections have an influence on the use and
treatment outcomes of previously existing anti-infective compounds [39].

Plants have been used for centuries to treat illnesses and diseases. Plant extracts
are being studied as medicines, because several studies have shown that their crude
extracts possess antimicrobial effect and could be excellent substitutes for current
antibiotics. Recent published reports suggest that medicinal plants with anti-MRSA
activity may be taken into account as medication of MRSA infections [36, 40].

3.4 Medicinal plants and staphylococcal infections

Natural products, such as medicinal herbs, have contributed significantly to
human wellbeing and drug development. Ethno-medicinal plants have the possibility
to be effective therapeutically. Over 80% of patients in many developing countries,
including Nigeria, treat contagious diseases with home-made herbal remedies.
Regardless of whether Western medicine is available in certain localities, medicinal
plants are still extensively utilized because of their effectiveness, relevance, and low
cost. Although all parts of the plant are utilized in traditional therapies and can there-
fore act as lead compounds, they are also promising sources of novel pharmaceutical
substances. Recent years have seen a substantial growth in the utilization of natural
remedies for human wellbeing and as blueprints for developing newer beneficial
pharmaceuticals around the world [41].
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The emergence of multidrug-resistant pathogenic organisms associated with
the overuse and misuse of antibacterial agents has compelled the World Health
Organization (WHO) to acknowledge and make known the pressing need to find
unique antibiotic and/or innovative techniques to combat the global threat posed
by them [42]. This has resulted in a resurgence of research in traditional medicines
[43]. Table 1 shows the various mechanisms of medicinal plants and their bioactive
compounds. Their mechanisms of action includes increased cell wall membrane
penetrability, downregulation of efflux pump systems, reconfiguration of the active
site or enzymatic ruin, and modification of bacterial enzymes [61].

Several studies have demonstrated that several phytoconstituents possess antibac-
terial effect against MRSA. On the tested MRSA strains, the plants’ minimum inhibi-
tory levels (MICs) varied widely from 1.25 g/mL to 6.30 mg/mL. Some medicinal
herbs had minimum inhibitory concentration of 1.0 mg/mL, whereas few herbs had
MIC values that were higher than 1.0 mg/mL and much less than 8.0 mg/mL. Extracts
with minimum inhibitory concentration less than 8 mg/mL are broadly acknowledged
to have antibacterial effects, whereas those with values less than 1 mg/mL have been
classified as exceptional [41, 62].

3.5 Plants’ secondary metabolites and treatment of staphylococcal infection

Botanicals are good source of different classes of phytochemicals. Plants produce
phytoconstituents, also referred to as secondary metabolites, as natural biological
agents in response to external and abiotic stresses. They are essential for the survival
and defense of plants. Polyphenols, alkaloids, steroids, essential oils, saponins, as well
as other compounds are among them. They possess antimutagenic, antitumor, free
radical scavenging, antiseptic, and anti-inflammatory properties, which contribute to
plants’ pharmacological potency [63].

Ethanol and methanol have been the most commonly used solvents for isolation
and purification of anti-MRSA molecules from medicinal herbs. This is because alco-
holic extracts have a stronger antibacterial property than aqueous extracts. Ethanolic
extracts had already been discovered to have stronger antimicrobial properties than
aqueous extracts due to the existence of more polyphenols. Ethanol is more effective
at breaking down cell membranes and seeds, enabling polyphenols to be released
from cells. Another enzyme, polyphenol oxidase, which degrades polyphenols in
aqueous extracts, is rendered ineffective in both methanol and ethanol. Additionally,
water is an excellent medium for the growth of microorganisms than alcohol [64].

Despite being more ionic than ethanol, methanol is not commonly used in plant
extraction because of its cytotoxic nature, which might lead to false-positive findings
[65]. The pharmacological influences of these botanicals and their constituents could
be utilized in drug development [63]. The phytochemicals in these plants are respon-
sible for their antibacterial (including anti-MRSA) activity through several mecha-
nisms. For example, flavonoids form complex ions with bacterial cell membrane,
extracellular proteins, and soluble proteins, meanwhile tannins restrict microbial
adhesions, enzymes, as well as cell encircling proteins (Table 1) [58, 66-69].

3.6 African medicinal plants’ efficacy against staphylococcal infections

Six Nigerian medicinal plants, Bambara (Terminalia avicennioides), Bushveld
peacock-berry (Phylantus discoideus), Bridelia (Bridella ferruginea), billygoat-weed
(Ageratum conyzoides), basil (Ocimum gratissimum), and copperleaf (Acalypha
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Plant Part/solvent Dose (MIC) Active Mode of action Reference
for extraction constituents
Allium sativum Rhizhome Inhibition of cell wall [44]
synthesis; Inhibition
of cell membrane
function
Pimenta dioica Essential oil Inhibition of MRSA [45]
growth
Aloe vera Leaf exudate inhibition of protein [44]
synthesis
Alpinia galangal Rhizhome Inhibition of cell wall [44]
synthesis; Inhibition
of cell membrane
function
Cinnamomum Essential oil Camphor Inhibiting MRSA [45]
camphora growth
Canarium Leaves/ 312.5 ug/mL Saponin Bactericidal action [46]
odontophyllum methanol 156.25 pg/m
Leaves/acetone
Cinnamomum Essential oil Inhibition of MRSA [45]
zeylanicum growth
Salvia sclarea Essential oil Inhibition of MRSA [45]
growth
Syzygium Essential oil Inhibition of MRSA [45]
aromaticum growth
Curcuma Rhizhome Inhibition of cell [44]
domestica membrane function;
inhibition of protein
synthesis
Curcuma Rhizhome Inhibition of cell [44]
xanthorvhiza membrane function
Citrus paradise Essential oil Inhibition of MRSA [45]
growth
Cymbopogon Essential oil Inhibition of MRSA [45]
citratus growth
Lippa citriodora Essential oil 55 pl/ml Cytotoxicity [47]
Phoenix Seed/ 0.67+0.94 Electrostatic attraction [48]
dactylifera Nanoparticles pg/ml between positively
of aqueous charged AgNPs and
extract negatively charged
teichoic acid in MRSA

cell membrane results
in an increase in
membrane fluidity

and, eventually,
destabilization
and depletion

of intracellular
components.
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Plant Part/solvent Dose (MIC) Active Mode of action Reference
for extraction constituents
Piper bettle Leaves Inhibition of cell [44]
membrane function
Plectranthus Leaves/ 18.7-9.3 mg/mL Carvacrol Modification of [49-51]
amboinicus hydroalcoholic the constitution to
extract increase the fluidity of
the cell membrane
Quercus Galls/methanol ~ 0.625 mg/mL Post-antibiotic [52]
infectoria Galls/acetone 03125 mg/mL effect; d.estructlon of
bacterial cell wall.
Rhazya stricta Leaves/aqueous Bactericidal action [53]
Sambucus nigra Flower or Tannins [54]
berry/water (derivatives
of gallic acid,
hydroxycinnamic
acid, caffeic acid)
and terpenes
Syzygium Leaves Inhibition of cell [44]
polyanthum membrane function;
inhibition of cell wall
synthesis
Thymus vulgaris Essential oil Inhibition of MRSA [45]
growth
Gaultheria Essential oil Inhibition of MRSA [45]
procumbens growth
Zingiber Rhizhome Inhibition of cell [44]
officinale membrane function
Eleutherine Bulb 0.78 pg/mL Eleucanainones A Downregulation of [55]
Americana basal expression of
agrA, cidA, icaA, and
sarA in methicillin-
resistant S. aureus
312 pg/mL Eleucanainones B Bactericidal action
Anethum Essential oil a-phellandrene, ~ Topical administration [56]
graveolens p-cymene and on the MRSA-infected
carvone wound in BALB/c male
mice significantly
elevates Bcl-2
expression which
then triggers cellular
proliferation.
Boswellia Oleo-gum 62.5t0 500 Bactericidal action [57]
papyrifera resin/methanol pg/ml
Commiphora oleo-gum 31.25and 250 Bactericidal action [57]
molmol resin/methanol pg/m
Garcinia Ethanol 0.05-0.4 mg/ Bactericidal action [58]
mangostana mL
Punica Ethanol 0.2-0.4 mg/mL Bactericidal action [58]
granatum
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Plant Part/solvent Dose (MIC) Active Mode of action Reference
for extraction constituents
Quercus infectori Ethanol 0.2-0.4 mg/mL Bactericidal action [58]
Glycyrrhiza Rhizomes/ 50-100 pg/mL  Isoliquiritigenin Drug resistance [59]
glabra ethanol reversal effect
Liquiritigenin Drug resistance

reversal effect

Cordia latifolia Methanol Anti-MRSA effect [60]
Thymus vulgaris Methanol Anti-MRSA effect [60]
Table 1.

Mechanisms of medicinal plants against MRSA bacteria strain growth.

wilkesiana), were tested in vitro for anti-methicillin-resistant Staphylococcus aureus
(MRSA) activity. Water and ethanol extracts of T. avicennioides, P. discoideus, O.
gratissimum, and A. wilkesiana were both effective against MRSA. The ethanol
extracts of these plants have MICs of 18.2 to 24.0 pg/mL and Minimum Bactericidal
Concentrations (MBCs) of 30.4 to 37.0 pg/mL. In contrast, the MIC ranges for B. fer-
ruginea and A. conyzoides ethanol and water extracts were 30.6 to 43.0 pg/mL as well
as 55.4 to 71.0 pg/mL, respectively. The MBC values were higher in the two plants. The
concentrations in this study were too high to be considered active. Anthraquinones
were found in trace amounts in these four active plants [70].

Ethanol extracts of Melianthus comosus, Melianthus major, Dodonaea viscosa var.
angustifolia, and Withania somnifera were found to be effective against both drug-
sensitive and drug-resistant S. aureus. The minimum inhibitory concentrations for
these plants ranged from 0.391 to 1.56 mg/mL. The XTT (2,3-Bis-(2-Methoxy-4-
Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide) method was used to test the
cytotoxicity of all these plants’ ethyl alcohol extracts on Vero cells. M. major showed
a 50% inhibitory activity (ICsy) of 52.76 g/mL and was therefore chosen for bioac-
tive principle discovery. Two flavonoids were isolated from the leaves using column
chromatography: quercetin 3-O-p-galactoside-6-gallate and kaempferol 3-O-a-
arabinopyranoside. These molecules were discovered for the first time in this plant.
These flavonoids also do not have antibacterial effect against the methicillin-sensitive
strain of S. aureus at the highest concentration (500 g/mL). The antibacterial effect of
M. major ethanolic extract observed in this research could be linked to the synergistic
effects of the extract’s quercetin 3-O-p-galactoside-6-gallate and kaempferol 3-O-a-
arabinopyranoside and/or biomolecules not extracted in this study [71].

Five Nigerian plants mentioned as local antimicrobial agents, Ocimum lamiifolium,
Rosmarinus officinalis, Catharanthus roseus, Azadivachta indica, as well as Moringa
stenopetala [41, 72, 73], were evaluated in vitro against a panel of seven biofilm-forming
MRSA. The medicinal plants’ leaves extract, obtained by extraction with polar solvents
of varying polarity, as well as the crude extracts had been evaluated for antimicrobial
potential via well diffusion technique. The broth dilution method was employed to
calculate the minimal inhibitory levels (MICs) and lowest bactericidal concentration
levels (MBC) of extracts against MRSA. Furthermore, most efficacious plant extract
was evaluated for anti-biofilm activity. Three of the five studied plants which displayed
favorable antimicrobial property include M. stenopetala, R. officinalis, as well as O.
lamifolium, according to the findings. Nonpolar solvents extracted antimicrobials effec-
tively than organic solvents with medium and high polarity. This same crude ethanolic
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extract from M. stenopetala demonstrated the greatest range and rank of activity. Based
on the MIC/MBC ratio, the ethanol extract of M. stenopetala had been found to be
bacteriostatic. M. stenopetala extract strongly suppressed MRSA development inside
the preformed biofilm matrix, according to the anti-biofilm assay [74].

Aspilia mossambicensis, Ocimum gratissimum, and Toddalia asiatica were identified
and tested for bioactive antibacterial property. Hexane, ethyl acetate and methanol
extract yields varied from 0.5% for Ocimum gratissimum stem bark ethyl acetate extract
to 2.7% for Toddalia asiatica root bark methanolic extracts. The extracts were evalu-
ated for in vitro experiments against Gram-positive-resistant Staphylococcus aureus
(MRSA) using the disk diffusion method. Methanol extract of Asiatica stem bark had
the maximum activity against methicillin-resistant S. aureus (15 mm diameter zone of
inhibition). Preliminary phytochemical screening revealed the presence of the large
percentage of alkaloids, polyphenols, steroids, and amines. By bioautographic selection,
the organisms displayed antibacterial effect against methicillin-resistant Staphylococcus
aureus (0.3125 mg/mL), which directly compared to the standard antibiotic gentamycin
(0.5 mg/mL). These findings corroborate the ethno-medicinal utilization Toddalia
asiatica, a Kenyan folkloric medicine, for bacterial-related conditions [75].

Sharquie et al. [76] studied the antibacterial effects of crude black tea (Thea
assamica) treatments. Tea extracts were mixed into a 1% aqueous moisturizer (Group
1) and a 5% petroleum jelly base (Group 2), which were applied three to four times
per day. Relieve rates in all these groups were compared to groups receiving framyce-
tin as well as gramicidin cream (Group 3) or oral cefalixin (Group 4). The 5% green
tea was just as efficacious as antibiotic treatments (cure rates of 81.3%, 72.2%, and
78.6% in groups 1-4, respectively). The cure rate in Group 1 was 37.5%. Regardless of
the fact that sample size for this research seemed to be large, the number of patients
in each treatment group was small. Furthermore, because the respondents were not
designated randomly, this study was limited.

Another clinical study matched the administration of 4% tea tree oil (TTO)
nasopharyngeal ointment and 5% TTO shower gel (intervention) to a conventional
2% mupirocin nasopharyngeal cream and triclosan body wash (routine) for the
eradication of methicillin-resistant Staphylococcus aureus (MRSA). Thirty in-patients,
contaminated or colonized with MRSA, were randomly assigned to receive TTO
or conventional routine care for a maximum of 3 days. Infected patients received
intravenous vancomycin as well, and then all participants were checked for MRSA
carriage 48 as well as 96 hours after discontinuing topical treatment. Only 18 patients
completed the trial. The intervention group cleared more infections than the healthy
controls (5/8 versus 2/10). The intervention group included two patients who had
been treated for 34 days: one managed to recover from the pathogen and the other
patient remained chronically colonized. The group differences were not statistically
relevant. This experiment was too small to yield a conclusive result [77].

4. Synergistic effect of synthetic and natural drugs for MRSA treatment

A novel strategy against antibiotic-resistant bacteria, such as MRSA, is synergistic
or combination therapy. Plant extracts combined with common antibiotics show
promising results in the treatment of MRSA infections. The microdilution method,
also known as the checkerboard method, aids in determining the antibacterial
interplay between natural and synthetic compounds. The synergistic combination
of gentamycin and C. esculenta aqueous leaf extracts demonstrated antibacterial
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property against MRSA [78]. Blesson et al. [78] found that the phytochemicals in the
leaf extracts bind to the MRSA cell wall and increase cell wall permeability as well as
increasing the rate at which antibiotics enter MRSA. A synergistic relationship among
Alternathera brasiliensis n-hexane fraction as well as erythromycin, ampicillin, and
ciprofloxacin was also reported, with fractional inhibitory index (FIC) value varying
from 0.208 to 0.375 [79]. Tomatidine, a steroidal alkaloid synthesized by solanaceous
plants, possesses powerful and effective antibacterial properties against S. aureus
either alone or in combination with aminoglycosides [80].

Piperine, biologically active substance present in pepper, has been shown to have
excellent antibacterial properties against MRSA infections when combined with
gentamycin [81]. Synergism, or the combination of drugs, is a novel concept in drug
development and the treatment of drug-resistant bacteria. The combined action
of drugs outperforms the individual actions of the medications. As a result, this
method can be used to discover new and efficient drugs against resistant bacteria. In
summary, herbal extracts combined with antibiotics such as quinolones, p-lactams,
aminoglycosides, tetracyclines, and glycopeptides could greatly enhance antibacterial
effects, reduce therapeutic dose, reduce adverse effects, and reverse MRSA resistance.
As a result, botanicals coupled with antibiotics could be a beneficial MRSA treatment
strategy [82].

5. Vaccines for MRSA treatment

MRSAs rising antibiotic resistance profile suggests that new interventions such
as vaccines and antibiotics are required. There is precedent for developing effective
and affordable bacterial vaccines, which aim at single antigens or toxins, specifically
capsular polysaccharides. The implementation of these innovations to S. aureus is
disrupted by the bacterium’s complex pathogenic mechanisms. Because S. aureus can
be found in the normal human flora, it has developed a variety of methods to colonize
and evade host immune system, such as polymorphic expression of specific proteins
and the release of redundant bacterial pathogens [83, 84]. Animal models, as well as
in vitro and ex vivo models, are used in translational science studies to assess vaccine
candidates’ efficacy. Although several vaccine candidates demonstrated potential in
preclinical testing in a variety of in vivo models, those that have advanced to late-stage
drug trials have been unable to demonstrate efficacy in human trials [85, 86].

Two different vaccines were discovered [87]. StaphVAX is a bivalent polysac-
charide and protein-conjugated vaccine that targets S. aureus capsular polysaccharide
varieties 5 and 8 (CP5 and CP8) that are associated with roughly 80% of S. aureus.

In two Phase III trials, the candidate was evaluated to avert bacteremia in end-stage
renal dialysis victims during 3 to 54 weeks following immunization. Bacteremia was
lowered by 57% during the initial 40 weeks, but potency declined to 26% during week
54 [88]. A conclusive Phase III study of 3600 hemodialysis patients evaluated for bac-
teremia found no significant difference between vaccinated and placebo controls. The
vaccine-induced functional antibody titers throughout this second follow-up Phase
III study are yet to be made public. The major reason for the failure of the second

trial is currently being credited to production discrepancies among various vaccine
lots used in the two trials [89]. Therefore, the candidate’s development was halted.
Another candidate, V710, induces immunity against the cell wall-anchored iron scav-
enger protein IsdB and was tested in a Phase III randomized controlled experiment
involving approximately 8000 adults undergoing cardiac surgery. An interim analysis
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revealed a substantial increase in mortality caused by S. aureus infection, as well as a
considerably higher level of other adverse effects [90].

Passive immunization strategies based on polyclonal as well as monoclonal
antibodies (mAbs) were developed for individuals who are immunocompromised and
unable to install an independent, robust immune response, as well as those who are at
instantaneous threat of infection and do not have time for an active immunization to
work properly. Five antibody candidates were already developed and tested in late-
stage clinical trials, but none have shown efficacy [91].

Monoclonal antibodies, chemotherapy drugs, and centyrins are being designed in
addition to bacteriophages. A number of these approaches have already been exam-
ined in humans, and the results have been promising. The attention has concentrated
on developing a prophylactic product which might protect against potentially fatal
S. aureus infections, although it is anticipated that such a vaccine will also protect
against other S. aureus infections, including more frequently occurring infections of
the skin and tissues [92-94].

Immune responses that safeguard against invasive S. aureus infections, along with
host genetic factors as well as bacterial evasion mechanisms, are critical consider-
ations for the continued development of safe and effective vaccines as well as immu-
notherapies against invasive S. aureus infections among humans [95]. Discussion on
the significance of developing novel vaccine regimens that evoke effective cellular and
humoral immune responses is common. This determines that enrolling vaccines in
clinical trials provides the highest probability of success in addressing MRSA infec-
tions, and a better understanding of the synergy of immunotherapies, antibiotics,
and vaccines could indeed aid in the design of future clinical trials [93].

6. Conclusion

Due to the poor prognosis and high cost of treatment associated with this infec-
tious disease, MRSA infections are an increasing challenge for human society. Most
antibiotics on the market are becoming less effective against bacterial resistance,
particularly MRSA. Thus, new strategies for treating MRSA infections are required.
Future MRSA infection treatment methods may include the following features:
nanocarriers with a large surface area for targeted delivery of antibiotics with low
inhibitory concentrations, design and implementation of antibody-based pharma-
cological agent therapies for the management of severe MRSA infections, multidrug
approaches for handling drug-resistant pathogenic bacteria such as pharmaceutical
chemicals, artificial and herbal drugs, and natural medicines, and breakage of MRSA
biofilms using an appropriate targeting carrier system and biotic drugs.
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