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Abstract

Recent interest in the study of Staphylococcus aureus derives from the high frequency of
antibiotic-resistant strains that cause frequent outbreaks of infection, especially methicil-
lin-resistant S. aureus (MRSA). The objective of this chapter was to study the population
genetic structure and the origin of MRSA isolation. Classification of staphylococcal cas-
sette chromosome mec (SCCmec) is the most important method to identify and define the
S. aureus methicillin-resistant clonal nature. Molecular epidemiological studies have dem-
onstrated dissemination patterns of few strains which are responsible for the important
worldwide problem. There is a predominance of pandemic clones of MRSA associated to
hospital-acquired infections (HA-MRSA) which has been replaced today by community-
acquired strains (CA-MRSA). Understanding the epidemiology and clonality of S. aureus
infections has important implications for future efforts to control of the emergence of
multidrug-resistant strains and the spread of clones resistant and sensible to methicillin.

Keywords: methicillin-resistant S. aureus, clonal complex, molecular epidemiology,
classification, typing

1. Introduction

Staphylococcus aureus is one of the most common pathogenic organisms responsible for a wide
variety of infectious syndromes [1, 2]. Significant increase in the prevalence and emergence
of methicillin-resistant S. aureus (MRSA) is a serious public health concern and has a dra-
matic negative impact on medical practices [3, 4]. Therefore, identification of MRSA strains is
important for both clinical and epidemiological implications.
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34 Staphylococcus Aureus

On the other hand, it is important to carry out the typing of S. aureus to defining the occur-
rence of an epidemic, monitoring the transmission of the organism among carriers, contrib-
utes to the evaluation of nosocomial infection outbreaks, recurrent infection and the use of
the appropriate measures in a local environment. In addition, determining the origins of these
strains can help in delineating their circulation among different environments [5, 6].

Different genotypic and phenotypic methods have been developed for this purpose. However,
each method has its own advantages and disadvantages, so the optimal method of bacterial
strain typing depends on the objectives of data collection and available resources [7-9]. Thus,
techniques with high discriminatory power with the ability to distinguish between epide-
miologically unrelated bacterial strains are adequate for carrying out locally restricted epide-
miological studies or epidemic outbreaks. While, the sequence-based techniques that analyze
more stable genetic markers are more appropriate for recognizing ancestral relationships
between the bacterial strains [9].

In this chapter, we expose the methods of detection and typing of S. aureus and MRSA isola-
tions, through which progress has been made in understanding the molecular epidemiology
of the bacterium.

2. Identification of S. aureus

The high pathogenicity of S. aureus causes frequent nosocomial and community infections,
so its isolation and rapid identification is extremely important for timely treatment [1, 2]. The
diagnosis of diseases caused by S. aureus should be based first of all on the clinical picture and
then confirm with a culture where it is isolated [6, 10].

Gram staining of the colony and tests for the production of catalase and coagulase are the ideal
techniques that allow the rapid identification of coagulase-positive S. aureus [11, 12]. Another
very useful test for its identification is the production of thermostable deoxyribonuclease [12].

2.1. Latex agglutination test

S. aureus produces two forms of coagulase: bound coagulase, or “clumping factor”, can be
detected by carrying out a slide coagulase test, and free coagulase can be detected using a
tube coagulase test. Hemagglutination test with fibrinogen-sensitized sheep erythrocytes is
used for the detection of clumping factor.

Also slide agglutination test with plasma-coated latex is used for the simultaneous detection
of clumping factor and protein A. In principle, plasma contains fibrinogen, which has the
capacity to bind to clumping factor, and immunoglobulin, which has the capacity to bind to
protein A through its Fc fragment. Hence, the presence of either clumping factor or protein A
on the bacterial cell results in co-agglutination of cells and latex particles [13].

There are variants of the agglutination tests that use different surface antigens, specific for
S. aureus, which contributes to an increase in the sensitivity of the tests, especially for some
S. aureus isolates that produce relatively small amounts of coagulase or protein A [14].
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On the other hand, the techniques based on the molecular identification of S. aureus like fluo-
rescent in situ hybridization (FISH) use artificial probes labeled with fluorescent molecules
and specific for S. aureus are applied in order to differentiate this species [15]. Molecular tests
based on the PCR method, which demonstrate the genes which code nuclease (nuc), coagulase
(coa), protein A (spa), femA, femB, sa442, 165SrTRNA and fibrinogen-binding proteins [16-18].

3. Detection of MRSA isolates

The fact that methicillin resistance is undoubtedly related to the importance of the mecA gene,
makes it possible to create molecular tests relatively quickly for definite proof of MRSA.

S. aureus acquires methicillin resistance through mecA gene that is responsible for the synthesis
of a 78-kDa protein, called penicillin-binding protein 2a (PBP2a). PBP2a substitutes other PBPs,
that catalyze the transpeptidation reaction that is necessary for cross-linkage of peptidoglycan
chains, but its active site blocks binding of all B-lactams but allows the transpeptidation [19, 20].

The mecA gene is regulated by the repressor Mecl and the trans-membrane 3-lactam-sensing
signal transducer MecRI, both of which are transcribed divergently. However, in the absence
of a -lactam antibiotic, Mecl represses the transcription of both mecA and mecRI-mecl. In the
presence of a 3-lactam antibiotic, MecRI is cleaved autocatalytically, and a metallo-protease
domain, which is located in the cytoplasmic part of MecRI, becomes active. The metallo-
protease cleaves Mecl bound to the operator region of mecA, which allows transcription of
mecA and subsequent production of PBP2a [19].

The mecA gene is part of a genomic island designated staphylococcal cassette chromosome
mec (SCCmec) [21].

SCCmec elements integrate sequence at the bacterial chromosomal attachment site (attBscc)
that is located near the origin of replication, at the 3" end of an open reading frame of unknown
function, termed orfX, well conserved among both MRSA and MSSA strains [21-23].

The attachment site contains a core 15-bp sequence, called the integration site sequence (ISS)
that is necessary for ccr-mediated recombination [21]. SCCmec integrated into the chromo-
some consists of mec complex, composed of mecA operon, ccr gene complex, composed of
cassette chromosome recombinase (ccr) gene(s) and three regions bordering the ccr and mec
complexes, designated as joining (J) regions, that is, with composition presented as follow:
(orfX)]3-mec-J2-ccr-J1 [21, 22].

The 2.1-kb mecA gene is regulated by the repressor Mecl and MecRI that are transcribed diver-
gently. In the absence of a (3-lactam antibiotic, MecI represses the transcription of both mecA
and mecRI-mecl. In the presence of a 3-lactam antibiotic, MecRI is activated by autolytic cleav-
age and cleaves Mecl bound to the operator region of mecA, which allows transcription of
mecA and subsequent production of PBP2a [21-23]. Both mecl and mecRI can be truncated by
insertion sequences IS431 or IS1272, and these results in derepression of the mecA gene [24].

There is a mecA homolog, termed mecC, which is only ~69% identical to conventional mecA
at the DNA level, and the encoded PBPP2a/2’ is ~63% identical at the amino acid level. Similar
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to conventional mecA, mecC is located within a SCCmec element inserted into the 3’ region
of orfX but it had divergent ccrA and ccrB recombinases (belonging to the ccrAl and ccrB3
groups and representing a novel combination of recombinase groups designated type 8 ccr),
divergent mecA regulatory genes (mecl/mecR) and the absence of one of the three joining
regions (J3) that are normally present [25].

In the identification of MRSA, MRSA Screen Latex agglutination test is a slide agglutination
assay to detect penicillin-binding protein (PBP2a) from isolates of Staphylococci. The tool con-
tains latex particles sensitized with a monoclonal antibody against PBP2a [26]. The Cefoxitin
Disc Diffusion and Oxacillin Agar Screen developed on Muller Hinton agar plates are the
phenotypic tests used routinely [27-29]. Methods based on detection of the mecA gene, the
PCR method are also used in many laboratories [30, 31].

4. Typing of S. aureus

Everyday, the techniques of bacterial molecular typing become more available. Optimal type-
ability, a high degree of reproducibility, adequate stability and unprecedented resolving
power characterize the “gold standard” typing technique [8].

4.1. Phenotypic methods

The conventional methods used for the typing of S. aureus and especially of the MRSA strains
emerged in the 1950s and 1960s, all being phenotypic methods, among these methods, biotype,
serotyping, fagotipage and resistograms (resistance to chemicals and dyes) were highlighted
[8, 9]. In the case of resistograms, ethidium bromide, cadmium nitrate, phenyl mercuric ace-
tate and mercuric chloride have been used on the basis of the susceptibility pattern produced.

4.2. Serotyping

Serotyping is based on fact that strains of same species can differ in the antigenic determi-
nants expressed on the cell surface such as lipopolysaccharides, membrane proteins, capsular
polysaccharides, flagella and fimbriae exhibit antigenic variations. Strains differentiated by
antigenic differences are known as “serotypes’.

Serotyping of capsular polysaccharides in S. aureus has allowed to establish a total of 11 cap-
sular types, but 85-90% of clinical isolates belong to just two of them. For example, in SARM
only serotype 5 or 8 is detected.

This method has limited application in epidemiological studies because a large number of
unrelated isolates belong to a small number of capsular serotypes [32].

4.3. Phage typing

Strains can be characterized by their pattern of resistance or susceptibility to a standard set of
bacteriophages. This relies on the presence or absence of particular receptors on the bacterial
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surface that are used by the virus to bind to the bacterial wall. This method is used to type
isolates of S. aureus and is referred as “phage types” and was standardized by the International
Subcommittee on Phage Typing of Staphylococci [33].

Human strains of S. aureus are classified according to their susceptibility to a set of set of 23
phages (group 1—29, 52, 52A, 79 and 80; group II—3A, 3C, 55 and 71; group III—6, 42E, 47,
53, 54, 75, 77, 83A, 84 and 85; group V—94 and 96; not classified —81 and 95) internationally
accepted for typing. The technique requires maintenance of biologically active phages and
is available only at reference centers. This technique has been reported to be valuable in the
identification of known epidemic strains among endemic strains and is preferred as first line
approach in epidemiological investigation of MRSA strains [32]. Phagotyping also has limited
application since a significant number of isolates are not susceptible to bacteriophages and it
is not possible to apply this method to them [33].

4.4. Biotyping

Biotyping is a rapid and inexpensive method that makes use of the pattern of metabolic activi-
ties expressed by an isolate, colonial morphology and environmental tolerances and strains
are referred to as “biotypes”.

Devriese proposed a simplified biotyping system for the typing of S. aureus strains on the
basis of the evaluation of synthesis of fibrinolysin and -hemolysin, coagulation of bovine
plasma and type of growth on medium containing crystal violet [34]. This method allows
to differentiate S. aureus isolates from host specific (HS) ecovars: human, bovine, ovine and
poultry biotypes; the strains which could not be classified into any of these biotypes on the
basis of their properties were referred to as non-host-specific (NHS).

In the 1990s, Isigidi et al. described a new biotype, P-like pA+ (poultry-like protein A posi-
tive), and was tentatively designated as an “abattoir” biotype [35]. The introduction of an
additional biochemical test, protein A production permitted showed typical properties of the
poultry biotype but differed from it in terms of the synthesis of protein A. This biotype was
initially described solely in meat products and meat industry workers. In 2016, Piechowicz
and Garbacs, revealed that the P-like pA+ biotype strains can be also present in hospitalized
patients and extra-hospital carriers with greater genetic variability [36].

This method has been useful in tracing the origin of S. aureus isolates in food animal and food
industry and the probable source of contamination of foods by S. aureus. Kitai et al. showed
that retail raw chicken meat in Japan is frequently contaminated with S. aureus strains belong-
ing to the human and poultry biotypes [37].

Hakimi et al. showed that different animal ecovars were characterized among human and
bovine raw milk isolates, confirm the possibility of the transmission of S. aureus strains among
humans and different animal species, and this can be very important, especially when such
strains carry antibiotic resistance genes [38].

Hennekinne et al. investigated the genotypic discrimination between S. aureus strains
assigned to different biotypes with PFGE patterns showing a strong correlation between
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pulsotypes and biotypes, and confirm the abattoir biotype as an individual group [39].
However, strain discrimination is limited, variation in gene expression, due mainly to point
mutations is the most common reason for isolates that represent single strain to differ in one
or more biochemical reactions.

4.5. Antimicrobial susceptibility typing (antibiogram)

Phenotyping methods also include examination of susceptibility to antimicrobes, which has
the practical value in recommending treatment for the infection and as a strategy in the con-
trol of resistance to antibiotics [28, 29].

A common method for the detection of MRSA employs the technique of diffusionin hypersaline
Mueller Hinton agar, with a disc of 1 ug of oxacillin, incubating at 35°C for 24—48 h (halo inhi-
bition <10 mm) [40] or the study of the minimum inhibitory concentration (MIC) by means of
an E-test with oxacillin strip. Additionally, it has been demonstrated that cefoxitin (cefamycin)
in vitro, induces the production of PBP2a in strains of sensitive methicillin S. aureus [27]; there-
fore, the disc diffusion method using cefoxitin (FOX 30 pg) has proven to be a good assay for
the detection of low level resistance to oxacillin in strains of S. aureus. Currently, the cefoxitin
disc is used as a substitute for oxacillin for the phenotypic detection of MRSA strains [29].

Antibiogram typing profiles or antibiotypes involves comparison of susceptibilities of isolates
to a range of antibiotics. Isolates differing in their susceptibilities are considered as different
strains. An unusual pattern of antibiotic resistance among isolates from multiple patients is
considered as an indication of an outbreak [41].

Antibiotic susceptibility patterns has been the main typing tool in many hospital outbreaks
since the technique is widely available and standardized. With the use of the antibiogram, it
has been shown that the pattern of susceptibility to antibiotics varies according with time and
geographical location [42]. However, antibiotic resistance patterns are also, to some extent
influenced by the local environment, selective antibiotic pressure, acquisition and loss of plas-
mids carrying resistance genes and various other genetic mechanisms.

One way to optimize the antibiotype to evaluate the clonal relationship between two bacteria
is given by the quantitative antibiogram. This mathematical technique proposed for Giacca
et al. is based on disc zone sizes, in order to assess the probability of two or more clinical
isolates to be the same strain [42]. Method uses the comparison of the diameters of the inhibi-
tion rings in the disc diffusion technique (Kirby Bauer) [41]. Antimicrobials are selected with
greater variation for the strain under study, to allow better discrimination. The result of the
summation of the inhibition zones of a bacterial isolation is evaluated and compared with the
other isolation by using a coefficient of similarity.

Similarity of strains is reported in a dendrogram, in which strains are successively fused.
Strains that share a common susceptibility pattern are considered a “cluster” [42].

Although useful as a screening method for detecting certain resistance profiles and for selecting
potentially useful therapeutic agents, conventional antimicrobial susceptibility testing methods
are insensitive tools for tracing the spread of individual strains within a hospital or region [8, 9].
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4.6. Molecular typing techniques of S. aureus

In order to examine more thoroughly the molecular evolution of S. aureus, especially of MRSA
and its spread in world terms, several molecular typing techniques have been developed [5, 6,
8, 9]. These methods involve the study of the microbial DNA, the chromosome and plasmid,
their composition, homology and presence or absence of specific genes. These techniques are
more frequently applied and better appreciated than the phenotypically oriented approaches
in taxonomy, epidemiology and evolutionary studies that have enhanced our understanding
of disease epidemiology and provided insight into the evolution of bacterial pathogens [5].

4.7. Plasmid profile analysis

Plasmid analysis was the first molecular technique used for epidemiological investigation of
MRSA and MSSA [43].

In this technique, the isolates are differentiated according to the number and sizes of plasmids
carried by an isolate, but its reproducibility suffers due to the existence of plasmids in differ-
ent molecular forms such as supercoiled, nicked or linear, each of which migrates differently
on electrophoresis.

The plasmids contain resistant genes against a number of antimicrobial agents, so it has been
useful to assess the relatedness of individual clinical isolates of S. aureus, in the epidemiologi-
cal surveillance of disease outbreaks and in tracing antibiotic resistance [44].

Agbagwa and Jirigwa determined the antibiotic-resistant pattern and plasmid profile of S.
aureus obtained from wound swabs and found similar antibiotic resistance pattern, while
different plasmid sizes was observed in the isolates [45]. Jaran also found no direct correla-
tion between the patterns of antibiotic resistance and plasmid profiles in clinical isolates of S.
aureus in hospitals of Saudi Arabia [46]. This disparity can be due to R-plasmids of different
sizes which are also responsible for the presence of multiple resistances.

The technique has not been found to be very useful for the investigation of outbreak infec-
tions because the plasmids can be spontaneously lost or readily acquired, related strains can
exhibit different plasmid profiles. Also, certain genes are contained in transposons that can
be readily acquired or deleted. Some isolates may lack plasmids and will not be typeable by
this method [44, 45].

4.8. Chromosomal DNA analysis
4.8.1. Ribotyping

Methods designed to recognize restriction fragment length polymorphisms (RFLP) using
a variety of gene probes, including rRNA genes (ribotyping) and insertion sequences. The
probes generally used are either labeled with radioisotopes or are biotinylated. In this tech-
nique, the choice of restriction enzyme used to cleave the genomic DNA, as well as the probes,
is crucial. Restriction enzyme EcoR1 has been found to be comparatively more useful than
other enzymes in producing a good number of bands [47].
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The southern blot hybridization of MRSA fragments after RFLP may contain genes specific for
staphylococcus in the form of a probe, including the mec, transposon Tn554, agr, aph(2")-aac(6")
(gene resistance to aminoglycoside).

4.8.2. Pulsed-field gel electrophoresis (PFGE)

PFGE is a technique based on digestion of purified chromosomal DNA with restriction enzyme
Smal, generating large fragments of DNA that are separated in agarose molds and detection
of fragments by PFGE. Migration of large DNA fragments (10-800 kbp) through the electro-
phoresis gel is realized by use of an electrical field which changes direction over graded time
intervals, so minimizing the overlapping of fragments [47, 48]. The obtained PFGE patterns are
evaluated with the Dice coefficient and unweighted pair-group matching analysis (UPGMA)
settings, according to the criteria described by Tenover et al. [49]. For the application of these
criteria, it will be required that the digestion with the enzyme generates a minimum of 10 bands.

In the USA, a national PFGE-based typing system for S. aureus, designated as pulsed-field types
USA100 through USA1200 that has been an important tool to facilitate the exchange of PFGE strain
typing data and epidemiologic information among reference laboratories has been established [50].

4.8.3. Polymerase chain reaction (PCR)-based typing methods

To facilitate the process of the analysis of S. aureus isolates, polymerase chain reaction (PCR)-
based typing methods have been developed for their simplicity and the obtaining of fast
results. With this technique, it is possible to generate DNA profiles that can be analyzed by
gel electrophoresis or DNA sequence analysis [51].

4.8.4. PCR-restriction fragment length polymorphisms (PCR-RFLP)

This typing technique involves the amplification of a defined fragment of DNA and subse-
quent digestion of the amplified product with a restriction enzyme. Variations in the number
and sizes of the fragments detected are referred to as restriction fragment length polymor-
phism (PCR-RFLP). These fragments are separated on agarose gel electrophoresis and strains
can be characterized by their restriction profiles [5].

PCR-RFLP of genes coding for two species-specific proteins, coagulase (coa) and staphylococ-
cal protein A (spa), have been used to discriminate MRSA strains [8, 52].

4.9. DNA sequence analysis-based typing methods

DNA sequence analysis is an objective genotyping method as the genetic code is highly por-
table, easily stored and can be analyzed in a relational database [5, 8].

4.9.1. Multilocus sequence typing (MLST)

MLST is a well-established method to study bacterial populations exhibiting sufficient nucle-
otide diversity in a small number of genomic loci [53].
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Due to the specific characteristics of S. aureus, it is very suitable to follow clonal evolution
of MRSA and MSSA, monitoring genetic changes over long periods of time and in different
geographical areas, which has allowed to have a global epidemiological view of the bacte-
rium [54].

The method is based on nucleotide sequences analysis of 0.5-kb fragments from seven house-
keeping genes of S. aureus: arcc, aroe, glpF, gmk, pta, tpi and yqil. They code the following
enzymes, respectively: carbamate kinase, shikimate dehydrogenase, glycerol kinase, guanyl-
ate kinase, phosphate acetyltransferase, triosephosphate isomerase and acetyl-coenzyme A
acetyltransferase [55]. Since mutations accumulate slowly in housekeeping genes, the MLST
scheme is used to delineate clusters of closely related strains.

The sequencing of each gene allows obtaining the allelic profile or sequence type (ST) profile,
which are given by the alleles of the seven genes.

The Iberian clone is the most frequent with a MLST profile 3-3-1-12-4-4-16, and belongs to
ST247 (www.mlst.net).

The analysis of the MRSA structure is based on the determination of the ST and the SCCmec
type and is grouped into clonal complexes (cc). Isolates of S. aureus are assigned to the same
clonal complex when 5 of 7 genes have identical sequences. This analysis is carried out
using the ‘eBURST’, a computer program (based on repeated sequences), developed at the
University of Bath in the UK that detail how MRSA spread [56]. Databases containing MLST
and associated data from hundreds or thousands of isolates can be accessed via the internet
(http://www.mlst.net/ and http://pubmlst.org/) [57].

MLST has provided numerous insights into the epidemiology and population genetics of
bacteria and is an excellent tool for investigating the clonal evolution of MRSA. However,
MLST is not suitable to characterize the differences in strains within an outbreak as its power
to resolve small evolutionary differences is too low. In addition, the costs of sequencing cur-
rently limit their routine uses for most epidemiological studies [53-55].

4.9.2. Single-locus sequence typing

Single-locus sequence typing (SLST) is used to compare sequence variation of a single target
gene. The genes selected are usually of short sequence repeat (SSR) regions that are suffi-
ciently polymorphic to provide useful resolution. The technique is simple, rapid and highly
reproducible [5, 8].

4.9.3. Typing coagulase (coa)

The coagulase gene amplification discriminatory power relies on the heterogeneity of the
region containing the 81 bp tandem repeats at the 3'coding region of the coagulase gene which
differs both in the number of tandem repeats and the location of Alul and Haelll restriction
sites among different isolates [52]. Variations in the sequence of genes coding for coagulase
(coa) showed a good correlation with PFGE typing.
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4.9.4. Spa typing

The spa gene contains three distinct regions: Fc, X and C [52]. Spa typing is a single-locus typ-
ing based on sequencing of short sequence repeat (ssr) regions of the polymorphic X region of
the protein A gene (spa) of S. aureus [60]. The polymorphic X region consists of up to 12 units
each with a length of 24-bp variable-number tandem repeat (VNTR) within the 3’ coding
region. The composition of the repeating fragments is presented in letters, in that a group of
fragments in a certain isolate comprises the “spa repeat” code. The repeating fragments are
also marked by a number, in view of their large number and for easier data processing.

Isolates are assigned to particular spa types using the spa typing website (http://www.spas-
erver.ridom.de). Several studies have demonstrated that spa typing is highly discriminatory,
and useful in both local and global epidemiological studies [58].

In addition to its use as a marker, the number of repeats in the region X of spa has been
related to the dissemination potential of MRSA, with higher numbers of repeats associated
with higher epidemic capability; it detects genetic microvariations and may be used in phylo-
genetic studies, where genetic macrovariations are key [58].

4.9.5. SCCmec typing

The first SCCmec element was identified in Japanese S. aureus strain and shortly after two addi-
tional SCCmec were determined; these three SCCmec elements were classified as types I-III [23,
61]. Subsequently, two other SCCmec were described: SCCmeclV [59] and SCCmecV [60].

Currently, 11 SCCmec types are known: SCCmecVI, SCCmecVII, SCCmecVIIl, SCCmecIX,
SCCmecX, SCCmecXI [61-63].

Variation in these SCCmec types has made the basis for differentiation among MRSA strains,
and each SCCmec type encodes for resistance to different antibiotics. SCCmec types I (34.3 kb),
IV (20.9-24.3 kb) and V (28 kb) encode exclusively for resistance to (3-lactam antibiotics [63].
SCCmec types II (53.0 kb) and III (66.9 kb) determine multiresistance, as these cassettes contain
drug resistance genes on integrated plasmids: pUB110, pI258, pT18 and a transposon Tn554
that confers additional resistance to kanamycin, tobramycin, bleomycin, heavy metals, tetra-
cycline, lincosamide and streptogramin [23, 62].

The mec complex also contains the insertion element 1S431mec, which has been frequently
associated with genes encoding resistance to various antibiotics and mercury; in some isola-
tions is also the 151272 [24]. When regulatory genes mecRI (on SCCmec types I, IV and V) or
mecRI and mecl (on SCCmec types II and III) are intact and fully functional, they appear to
confer greater repression on the expression of PBP2a [21, 22, 64, 65].

It has been reported that the SCCmec is not restricted to the mobility of the mecA gene; he has
additional elements, called non-mec, that contribute to the survival and pathogenic poten-
tial of S. aureus. Among the non-mechanical elements are sequences coding for resistance
to heavy metals such as mercury (SCCmer) or fusidic acid (SCC MSSA 476, Staphylococcal
cassette chromosome methicillin-susceptible S. aureus) sequences for biosynthesis capsular
(SCCcapl), for the protection of DNA by modification-restriction systems (SCC CI) and for
the catabolism of arginine (ACME, arginine catabolic mobile element) [23, 24].
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] regions from different SCCmec elements are unique to particular types of ccr-mec gene com-
plex combinations and variations of these regions within the same ccr-mec gene complex
combination are specific for SCCmec subtypes [66, 67]. In the case of SCCmecVII and SCCmecIX,
ccr gene complex positioned between J3 and ]2 regions and the mec gene complex between ]2
and J1 regions is presented [61].

In addition to the SCCmec types, several variants of SCCmec have been described. Depending
on the structural diversity of mecl-mecR1 region, six major classes, A-E, of mec complexes
have been distinguished [67]: Class A, which contains intact mec gene complex; Class B, where
mecR1 is truncated by insertion sequence IS1272; Class C1, where mecR1 is truncated by inser-
tion sequence IS431 having the same direction as the IS431 downstream of mecA; Class C2,
where mecR1 is truncated by insertion sequence IS431 having the reverse direction to the
IS431 downstream of mecA; Class D, where mecR1 is partly deleted but there is no IS element
downstream of AmecR1 and has been observed in S. caprae only. The sixth complex obtained
of genome sequence of the bovine S. aureus isolate LGA251 assigned as class E [68].

In relation to the genes of the ccr complex are designated ccrAl and ccrB1 (in SCCmec type
I), ccrA2 and cerB2 (in SCCmec types Il and 1V), ccrA3 and ccrB3 (in SCCmec type III), ccrA4
and ccrB4 (in SCCmec type IV of MRSA strain HDE288) and ccrC (in SCCmec type V) [61, 66].

The method of Oliveira and de Lencastre is the most used and cited, which uses the multiplex
PCR method for SCCmec types I-1V, to detect six gene loci and the mecA gene in the SCCmec
complex [91]. Zhang et al. used a multiplex PCR for the characterization of SCCmec types I-V
and differentiate between subtypes of SCCmec IV (a—d) [69].

Classification scheme of Chongtrakool et al. for the nomenclature of SCCmec is based on the
ccr genes (indicated by a number) and the mec complex (indicated by an upper-case letter).
Application of this nomenclature results in SCCmec type 1A (type I), type 2A (type II), type
3A (type III), type 2B (type IV) and type 5C (type V). Differences in the J1 region and the J2-J3
regions are then designated with numbers, for example, SCCmec type 2B.2.1 (type IVb). The ccr
genes and the ] regions are numbered in chronological order according to their discovery [70].

A combination of two approaches like SCCmec typing along with MLST is recommended for
reliable typing for multicentre surveillance, inter-hospital and international transmission and
evolution of MRSA strains [71].

Studies have found that healthcare associated MRSA (HA-MRSA) strains contain mainly
SCCmec type I, type II and type III, while community-associated MRSA (CA-MRSA) strains
contain type IV and type V cassettes, although several variants have also been reported [72].

4.9.6. Toxin gene profile typing

Studies have shown that MRSA strains possess more toxin genes as compared to MSSA
strains. The pathogenicity of S. aureus is determined by a variety of bacterial cell wall surface
components and exoproteins including toxic shock syndrome toxin (TSST-1), enterotoxins,
exfoliative toxins and Panton Valentine leukocidin (PVL) [73].

The PVL genes are predominantly associated with S. aureus strains that cause community-
acquired infections, including skin and soft-tissue abscesses, necrotizing pneumonia and
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invasive osteomielitis [74]. These genes are carried on bacteriophages and are easily trans-
ferred between lineages. Thus toxin gene profile of the strains can be used as an important
epidemiological marker for typing of MRSA strains [75]. MRSA strains isolated from different
geographical areas have shown to possess distinct toxin gene profiles. Studies on toxin gene
profile of MRSA have reported that most of the CA-MRSA possess genes for PVL toxins and
may have evolved from the established CA-MSSA (community-acquired methicillin sensi-
tive S. aureus) strains [76]. Of the various methods available, multiplex PCR technique is rec-
ommended for detection of toxins in MRSA. It is rapid, reproducible relatively inexpensive,
easier to interpret and provides a high degree of discrimination. The technique is useful for
studying the chromosomal diversity and evolutionary history of MRSA strains [75].

Today, a greater discrimination such as provided with whole-genome sequencing (WGS) and
single-nucleotide polymorphism (SNP) analysis would be useful. High-resolution phyloge-
netic and phylogeographic (phylodynamic) analyses based on genome-wide SNP data are a
powerful tool to infer the origin and test spatiotemporal hypotheses of MRSA spread [77, 78].

The evolutionary rate of MRSA genome-wide SNPs estimated by Gray et al. demonstrates
that bacterial genomes can indeed contain sufficient evolutionary information to elucidate
the temporal and spatial dynamics of transmission. In the case of HA-MRSA ST239 strain,
phylogeographic analyses statistically supported the role of human movement in the global
dissemination of this strain [79].

5. Genetic structure of the population of S. aureus

The molecular typing techniques have been used in combination to elucidate and study the
population structure of S. aureus [80-82].

Accordingly, combinations of DNA band-based techniques with DNA sequence-based tech-
niques are frequently used to differentiate between MRSA strains at the local and the interna-
tional levels [8, 55, 56].

These techniques confirmed the notion that S. aureus is a polymorphic species with a clonal
population structure [55, 56, 82] that does not undergo extensive recombination, diversifies
largely by nucleotide mutations and shows a high degree of linkage disequilibrium (nonran-
dom associations between genetic loci).

Molecular evolution of MRSA has been favored by horizontal gene transfer [56] and clonal
dissemination of certain strains [83-85].

Although S. aureus is considered to be an opportunistic pathogen, it is possible that certain
clones are more prone to cause invasive disease than are others, due to the presence of viru-
lence factors that increase their chance of gaining access to normally sterile sites [86, 87].

MLST group strains into sequence types (STs) has been used in conjunction with PCR analysis
of SCCmec element to define the clonal type of MRSA strains (CCs) [55, 58]. Enright et al. [84]
using both methods found five clonal complexes found among the population from Southern



Typification Methods and Molecular Epidemiology of Staphylococcus aureus with Methicillin...
http://dx.doi.org/10.5772/intechopen.76442

Europe, the USA and South America, and defined as groups of isolates from more than one
country with the same ST and SCCmec type, belonged to one of five clonal complexes, namely
the Iberian (ST 247-MRSA-IA), Brazilian (5T239-MRSA-IIIA), Hungarian (ST239-MRSA-III),
New York/Japan (ST5-MRSA-II) and Pediatric (ST5-MRSA-IV) clones.

It was shown that, different SCCmec types have been acquired by S. aureus strains with differ-
ent genetic backgrounds, and this suggests that SCCmec was introduced several times into
different S. aureus genetic lineages. ST8-MSSA in CC8 was shown to be the ancestor of the
first MRSA strain isolated, that is, ST250-MRSA-I, with ST250 differing from ST8 by a point
mutation in the yqiL gene. ST8-MSSA is a common cause of epidemic MSSA disease, and has
acquired SCCmec types I, Il and IV [88].

Another clone that is related closely to ST250 is ST247-MRSA-], that is, the Iberian clone.
These STs differ from each other by a single point mutation at the gmk locus. ST247-MRSA-I
is one of the major MRSA clones isolated currently in European hospitals [84], and major
ST within CC8 is ST239-MRSAIII, which corresponds to the Brazilian clone [86]. This clone
has evolved by the transfer, through homologous recombination, of a 557-kb fragment of the
chromosome of ST30 into ST8-MRSA-III.

Furthermore, MLST analyses showed that some of the first vancomycin-intermediate S. aureus
isolates have emerged from ST5-MRSALIL a pandemic MRSA clone known as the New York/
Japan clone [87, 88]. It has also been shown that multiple lineages of S. aureus harbor different
SCCmec types among hospitalized patients in Australia [89].

Enright et al. in their study found that MRSA has emerged at least 20 times following acqui-
sition of SCCmec, and that the acquisition of SCCmec by MSSA was fourfold more common
than the replacement of one SCCmec with another. Interestingly, SCCmec type IV was found
in twice as many MRSA clones as other SCCmec types, suggesting that most clones arise by
acquisition of SCCmec type IV by S. aureus [90]. This is probably a result of the smaller size of
SCCmec type IV compared with other SCCmec types, which may facilitate transfer of the cas-
sette among staphylococcal species [98]. Furthermore, it has been shown that MRSA strains
that belong to the major CCs (1, 5, 8, 22, 30, 45) are easier to transform with mecA-expressing
plasmids tan are strains belonging to minor CCs. This indicates that the genetic background
of S. aureus may be important for the stability of SCCmec [4, 91].

The population structure of MSSA is genetically more diverse than that of MRSA, and that
MRSA originated from a limited number of epidemic MSSA lineages through transfer of the
SCCmec [92, 93]. It was shown that CC5, 22, 30 and 45 were all derived from epidemic MSSA
lineages that have acquired SCCmec, since they differed from each other, and from ST8§, at
six or seven loci [90]. This suggests that some MSSA genetic backgrounds may not provide a
stable genetic environment for SCCmec integration.

6. Epidemiology of methicillin-resistant S. aureus

MRSA first appeared among hospital isolates of UK in 1961 [94] corresponded to SCCmec
I and it was a typical representative of the archaic clone that rapidly spread in European
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countries [4]. These strains, described as epidemic MRSA (EMRSA or HA-MRSA) spread
gradually throughout most hospitals all over the world [83, 84, 90]. In the 1970s, MRSA iso-
lates appeared in the USA, Australia and Japan.

In 1982, MRSA SCCmec type Il was discovered in Japan, and the new York/Japan clone, to which
it belongs, also spread, after which the isolation of the MRSA strain SCCmec type III followed, in
New Zealand [4, 84, 88]. In Asian countries, two epidemic clones, the Brazilian clone (sequence
type 239 [ST239]-MRSA-IIIA) and the New York/Japan clone (ST5-MRSA-II) have been found
to be prevalent and to possess unique geographic distributions [95]. In central Europe, a close
relative of the well-described STS MRSA clone, namely ST225, as prevalent in health care setting
[54, 90]. This spread from Europe to the USA [54]. In Africa the presence of the following clones:
sequence type (ST) 5-MRSA-I, ST239-MRSA-III, ST612-MRSA-IV, ST36-MRSA-II and ST22-
MRSA-IV have been reported [97, 98]. ST239 is also common in mainland Asia, South America
and parts of Eastern Europe [54]. In the genomes of 63 globally distributed ST239 isolates, SNPs
with highly similar sequences between strains from Portugal and South America, which is sug-
gestive of the historical and modern links between these two regions were identified [91].

The particularity of the population structure of MRSA isolations in Latin America was the
predominance of only two clones, the Brazilian clone (CC8-ST239-SCCmeclll) in the strains
from Brazil, Argentina, Chile and Uruguay and the Chilean/Cordovan clone [99, 100].

HA-MRSA is mainly multi-resistant, and the choice of antibiotics for treating infections caused by
hospital-acquired MRSA is limited to vancomycin and linezolid and mainly causes serious infec-
tions in patients who are predisposed in some way: those with a weak immune system, after long-
term hospitalization, long-term use of antibiotics, a progressive underlying illness, etc. infection by
MRSA strains in hospital conditions is usually preceded by colonization of differing duration [88].

In the 1990s, a new type of MRSA appeared in the USA causing infections in the community
among healthy and younger people who had no history of hospital admission or medical
treatment in the previous year was reported in Western Australia [70]. These types of MRSA
strains were described as CA-MRSA [85, 93].

HA-MRSA strains are genetically distinct to CA-MRSA [101]. Particularly, CA-MRSA strains
are usually sensitive to antibiotics other than 3-lactams and contain staphylococcal and carry
a smaller version of the genetic region responsible for methicillin resistance (SCCmec IV or
SCCmec V), and often produce the Panton-Valentine leukocidin (PVL) [74, 75].

CA-MRSA strains in the USA are most commonly in a genetic cluster designated as PFGE
type USA300, MLST type ST8 or spa type t008 [93]. The clonal complexes determined in
the SARM-AC strains correspond to CC1 (ST1-SARM-IV) circulating in Asia, Europe and
USA, the CC30 (ST30-SARM-1V), CC8 (ST239-SARM-III/IV) detected in Australia, Europe
and South America and the USA300 (ST8-SARMI-IV) with a wide geographic distribution
which includes countries in Europe and Latin America and in the USA. Also the ST59 in Asia
and the USA and the ST80 in Asia, Europe and the Middle East [84, 95, 96, 100]. A vari-
ant of clone CC30 (EMRSA-16/ST36-MRSA-II) that is prevalent in the UK and the clone CC5
(ST125-SARM-IV) circulating specifically in Spain exists [50]. Throughout Europe, the
CA-MRSA strain is CC80:ST80-IV is the most predominant [83, 84].
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The information gathered from MLST indicates that MRSA has evolved multiple times, lead-
ing to the circulation and predominance of particular clonal complexes and sequence types
[55]. In the case of SCCmec type IV, CA-MRSA is an element smaller than the other elements,
appears more genetically mobile and does not, at present, carrying additional antimicrobial
resistance genes is presented [70]. It also appears to occur in a more diverse range of MSSA
genetic backgrounds, suggesting that it has been heterologously transferred more readily
from other staphylococcal species [54, 101, 102].

Oosthuysen et al. found a high PVL prevalence, especially among MSSA clones [98]. The MSSA
population identified and studied could act as a potential reservoir for CA-MRSA clones upon
the acquisition of SCCmec elements, leading to the rise of PVL-positive CA-MRSA clones [75, 98].

With the studies of molecular typing in S. aureus, they have managed to establish the struc-
tural differences between the bacteria isolates and the dynamics of dissemination and the
characteristics of the isolates in an outbreak.

Molecular epidemiology studies in MRSA show the predominance of number small clones
around the world, that is, they have a capacity for dissemination pandemic, probably favored
by cross infections with strains closely related between hospitals from faraway places.

Author details

Monica Chavez Vivas'™ and Alfonsina del Cristo Martinez Gutierrez?
*Address all correspondence to: monikchavez@gmail.com

1 Department of Biomedical Sciences, Faculty of Health, Santiago de Cali University, Cali,
Colombia

2 Faculty of Health Sciences, GIMMEIN Research Group, Universidad Libre, Cali, Colombia

References

[1] Plata K, Rosato AE, Wegrzyn G. Staphylococcus aureus as an infectious agent: Overview
of biochemistry and molecular genetics of its pathogenicity. Acta Biochimica Polonica.
2009;56:597-612

[2] Tong SY, Davis JS, Eichenberger E, Holland TL, Fowler VG. Staphylococcus aureus infec-
tions: Epidemiology, pathophysiology, clinical manifestations, and management.
Clinical Microbiology Reviews. 2015;28:603-661. DOI: 10.1128/CMR.00134-14

[3] Boucher HW, Corey GR. Epidemiology of methicillin-resistant Staphylococcus aureus.
Clinical Infectious Diseases. 2008;46(Suppl 5):5344-5349

[4] Deurenberg RH, Stobberingh EE. The evolution of Staphylococcus aureus. Infection,
Genetics and Evolution. 2008;8:747-763

47



48 Staphylococcus Aureus

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Sader HS, Pfaller MA, Hollis R]. The use of molecular techniques in the epidemiology
and control of hospital infectious. Clinics in Laboratory Medicine. 1995;15:407-431

Struelens MJ, Hawkey PM, French GL, Witte W, Tacconelli E. Laboratory tools and strat-
egies for methicillin-resistant Staphylococcus aureus screening, surveillance and typing:
State of the art and unmet needs. Clinical Microbiology and Infection. 2009;15:112-119

Miedzobrodzki ], Matachowa N, Markiewski T, Bialecka A, Kasprowicz A. Differentiation
of Staphylococcus aureus isolates based on phenotypical characters. Postgpy Higieny i
Medycyny Doswiadczalnej. 2008;30(62):322-327

Weller TM. Methicillin-resistant Staphylococcus aureus typing methods: Which should be
the international standard? The Journal of Hospital Infection. 2000;44:160-172

Marlowe EM, Bankowski M]. Conventional and Molecular Methods for the Detection
of Methicillin-Resistant Staphylococcus aureus. Journal of Clinical Microbiology. 2011;49
(9 Suppl):S53-S56. DOI: 10.1128/JCM.00791-11

Baird RM, Lee WH. Media used in the detection and enumeration of Staphylococcus
aureus. International Journal of Food Microbiology. 1995;26:15-24

Kateete DP, Kimani CN, Katabazi FA, Okeng A, Okee MS, Nanteza A, Joloba ML,
Najjuka FC. Identification of Staphylococcus aureus: DNase and Mannitol salt agar

improve the efficiency of the tube coagulase test. Annals of Clinical Microbiology and
Antimicrobials. 2010;9:23

Bannerman T. Staphylococci, micrococcus and other catalase-positive cocci that
grow aerobically. In: Murray Pr BE, Jorgensen JM, et al.,, editors. Manual of Clinical
Microbiology. Washington: ASM Press; 2003. pp. 384-404

Essers L, Radebold K. Rapid and reliable identification of Staphylococcus aureus by a latex
agglutination test. Journal of Clinical Microbiology. 1980;12:641-643

Andriesse GI, Elberts S, Vrolijk A, Verhulst C, Kluytmans JA. Evaluation of a fourth-gen-
eration latex agglutination test for the identification of Staphylococcus aureus. European
Journal of Clinical Microbiology & Infectious Diseases. 2011;30:259. DOI: 10.1007/
s10096-010-1080-2

Lawson TS, Connally RE, Iredell JR, Vemulpad S, Piper JA. Detection of Staphylococcus
aureus with a fluorescence in situ hybridization that does not require lysostaphin. Journal
of Clinical Laboratory Analysis. 2011;25(2):142-147. DOI: 10.1002/jcla.20448

Brakstad OG, Aasbakk K, Maeland JA. Detection of Staphylococcus aureus by poly-
merase chain reaction amplification of the nuc gene. Journal of Clinical Microbiology.
1992;30:1654-1660

Martineau F, Picard FJ, Ke D, Paradis S, Roy PH, Ouellette M, et al. Development of
a PCR assay for identification of Staphylococci at genus and species levels. Journal of
Clinical Microbiology. 2001;39(7):2541-2547



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Typification Methods and Molecular Epidemiology of Staphylococcus aureus with Methicillin...
http://dx.doi.org/10.5772/intechopen.76442

Saruta K, Hoshina S, Machida K. Genetic identification of Staphylococcus aureus by poly-
merase chain reaction using single-base-pair mismatch in 16S ribosomal RNA gene.
Microbiology and Immunology. 1995;39:839-844

Lim D, Strynadka NC. Structural basis for the beta lactam resistance of PBP2a from
methicillin-resistant Staphylococcus aureus. Nature Structural Biology. 2002;9:870-876

Fuda C, Suvorov M, Vakulenko SB, Mobashery S. The basis for resistance to beta lactum
antibiotics by penicillin binding protein 2a (PBP2a) of methicillin resistant Staphylococcus
aureus. Journal of Biological Chemistry. 2004;279(40):802-806

Ito T, Katayama Y, Hiramatsu K. Cloning and nucleotide sequence determination of the
entire mec DNA of pre-methicillin-resistant Staphylococcus aureus N315. Antimicrobial
Agents and Chemotherapy. 1999;43(6):1449-1458

Katayama Y, Ito T, Hiramatsu K. A new class of genetic element, staphylococcus cassette
chromosome mec, encodes methicillin resistance in Staphylococcus aureus. Antimicrobial
Agents and Chemotherapy. 2000;44:1549-1555

Ito T, Katayama Y, Asada K, Mori N, Tsutsumimoto K, Tiensasitorn C, Hiramatsu
K. Structural comparison of three types of staphylococcal cassette chromosome mec inte-
grated in the chromosome in methicillin-resistant Staphylococcus aureus. Antimicrobial
Agents and Chemotherapy. 2001;45:1323-1336

Katayama Y, Ito T, Hiramatsu K. Genetic organization of the chromosome region sur-
rounding mecA in clinical staphylococcal strains: Role of IS431-mediated mecl deletion in
expression of resistance in mecA-carrying, lowlevel methicillin-resistant Staphylococcus
haemolyticus. Antimicrobial Agents and Chemotherapy. 2001;45:1955-1963

Garcia-Alvarez L. Meticillin-resistant Staphylococcus aureus with a novel mecA homo-
logue in human and bovine populations in the UK and Denmark: A descriptive study.
The Lancet Infectious Diseases. 2011;11:595-603

Chapin KC, Musgnug MC. Evaluation of penicillin binding protein 2a latex agglutina-
tion assay for identification of methicillin-resistant Staphylococcus aureus directly from
blood cultures. Journal of Clinical Microbiology. 2004;42(3):1283-1284. DOI: 10.1128/
JCM.42.3.1283-1284.2004

Mimica M], Berezin EN, Carvalho RL, Mimica IM, Mimica LM, Safadi MA, et al. Detection
of methicillin resistant Staphylococcus aureus isolated from paediatric patients; is cefoxitin
disc diffusion test accurate. Brazilian Journal of Infectious Diseases. 2007;11(4):415-417

EUCAST. European Committee on Antimicrobial Susceptibility Testing. Breakpoint
tables for interpretation of MICs and zone diameters, Version 1.3, January 5, 2011

CLSI. Clinical and Laboratory Standards Institute. Performance Standards for Antimi-
crobial Susceptibility Testing: Twenty-Fifth Informational Supplement. Wayne, PA,
USA: CLSI; 2015

49



50 Staphylococcus Aureus

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

Becker K, Denis O, Roisin S, Mellmann A, Idelevich EA, Knaack D, et al. Detection of mecA-
and mecC-positive methicillin-resistant Staphylococcus aureus (MRSA) isolates by the new
Xpert MRSA Gen 3 PCR assay. Journal of Clinical Microbiology. 2016;54(1):180-184

Ali R, Al-Achkar K, Al-Mariri A, Safi M. Role of polymerase chain reaction (PCR) in
the detection of antibiotic-resistant Staphylococcus aureus. Egyptian Journal of Medical
Human Genetics. 2014;15:293-298. DOL: https://doi.org/10.1016/j.ejmhg.2014.05.003

Schlichting C, Branger C, Fournier JM, Witte W, Boutonnier A, Wolz C, et al. Typing of
Staphylococcus aureus by pulsed-field gel electrophoresis, zymotyping, capsular typing,
and phage typing: Resolution of clonal relationships. Journal of Clinical Microbiology.
1993;31:227-232

Mathur MD, Mehndiratta PL. Characterization of methicillin resistant Staphylococcus aureus
strains by a set of MRSA phages. The Indian Journal of Medical Research. 2000;111:77-80

Devriese LA. Simplified system for biotyping Staphylococcus aureus strains isolated from
different animal species. The Journal of Applied Bacteriology. 1984;56(2):215-220

Isigidi BK, Devriese LA, Godard C, van Hoof ]J. Characteristics of Staphylococcus aureus
associated with meat products and meat workers. Letters in Applied Microbiology.
1990;11:145-147

Piechowicz L, Garbacz K. Poultry-like pA+ biotype of Staphylococcus aureus CC346/084
clone in human population. Current Microbiology. 2016;73:124-131. DOI: 10.1007/
s00284-016-1033-9

Kitai S, Shimizu A, Kawano J, Sato E, Nakano C, Kitagawa H, et al. Prevalence and
characterization of Staphylococcus aureus and enterotoxigenic Staphylococcus aureus in
retail raw chicken meat throughout Japan. The Journal of Veterinary Medical Science.
2005;67(3):269-274

Hakimi AR, Mohammadzadeh A, Mahmoodi P. Biotyping of Staphylococcus aureus
strains isolated from human and bovine raw milk samples in the Hamedan province.
International Journal of Health and Life Sciences. 2016;2(2):7-11

Hennekinne JA, Kerouanton A, Brisabois A, De Buyser ML. Discrimination of
Staphylococcus aureus biotypes by pulsed-field gel electrophoresis of DN A macro-restric-
tion fragments. Journal of Applied Microbiology. 2003;94:321-329

Bauer AW, Kirby WM, Sherris JC, Turck M. Antibioti susceptibility testing by a stan-
dardized single disk method. American Journal of Clinical Pathology. 1966;45(4):493-496

Giacca M, Menzo S, Trojan S, Monti-Bragadin C. Cluster analysis of antibiotic suscepti-
bility patterns of clinical isolates as a tool in nosocomial infection surveillance. European
Journal of Epidemiology. 1987;3:155-163

Dutta S, Rajendran K, Roy A, Chatterjee A, Dutta P, et al. Shifting serotypes, plasmid
profile analysis and antimicrobial resistance pattern of shigellae strains isolated from
Kolkata, India during 1995-2000. Epidemiology and Infection. 2002;129:235-243



[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

Typification Methods and Molecular Epidemiology of Staphylococcus aureus with Methicillin...
http://dx.doi.org/10.5772/intechopen.76442

Hartstein Al, Phelps CL, Kwok RY, Mulligan ME. Invivo stability and discriminatory
power of methicillin-re-sistant Staphylococcus aureus typing by restriction en-donuclease

analysis of plasmid DNA compared withthose of other molecular methods. Journal of
Clinical Microbiology. 1995;33:2022-2026

Shahkarami F, Rashki A, Rashki Z. Microbial susceptibility and plasmid profiles of meth-
icillin-resistant Staphylococcus aureus and methicillin-Susceptible S. aureus. Jundishapur
Journal of Microbiology. 2014;7(7):e16984. DOI: 10.5812/jjm.16984

Agbagwa OE, Jirigwa CE. Antibiotics resistance and plasmid profile of Staphylococcus
aureus from wound swabs in Port Harcourt Nigeria. Current Research in Bacteriology.
2015;8:70-76. DOI: 10.3923/crb.2015.70.76

Jaran AS. Antimicrobial resistance patterns and plasmid profiles of Staphylococcus aureus
isolated from different clinical specimens in Saudi Arabia. European Scientific Journal.
2017;13(9):1857-7881. DOI: 10.19044/esj.2017.v13n9p1

Prevost G, Jaulhac B, Piemont Y. DNA fingerprinting by pulsed-field gel electropho-
resis is more effective than ribotyping in distinguishing among methicillin resistant
Staphylococcus aureus isolates. Journal of Clinical Microbiology. 1992;30:967-973

Goering RV. Pulsed-field gel electrophoresis. In: Persing DH, editor. Molecular
Microbiology: Diagnostic Principles and Practice. Washington, DC: ASM Press;
2004. pp. 185-196

Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, et al.
Interpreting chromosomal DNA restriction patterns produced by pulsedfield gel elec-

trophoresis: Criteria for bacterial strain typing. Journal of Clinical Microbiology. 1995;
33:2233-2239

McDougal LK, Steward CD, Killgore GE, Chaitram JM, McAllister SK, Tenover
FC. Pulsed-field gel electrophoresis typing of oxacillin-resistant Staphylococcus aureus

isolates from the United States: Establishing a national database. Journal of Clinical
Microbiology. 2003;41(11):5113-5120

Sabat A, Malachowa M, Miedzobrodzki J, Hryniewicz W. Comparison of PCR-based
methods for typing Staphylococcus aureus isolates. Journal of Clinical Microbiology.
2006;44(10):3804-3807

Omar NY, Ali HA, Harfoush RA, El Khayat EH. Molecular typing of methicillin resistant
Staphylococcus aureus clinical isolates on the basis of protein A and coagulase gene poly-

morphisms. International Journal of Microbiology. 2014: Article ID 650328, 11 Pages.
DOI: 10.1155/2014/650328

Maiden MC, Bygraves JA, Feil E, Morelli G, Russell JE, Urwin R, et al. Multilocus
sequence typing: A portable approach to the identification of clones within populations
of pathogenic microorganisms. Proceedings of the National Academy of Sciences of the
United States of America. 1998;95:3140-3145

51



52

Staphylococcus Aureus

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

Enright MC, Day NP, Davies CE, Peacock SJ, Spratt BG. Multilocus sequence typ-
ing for characterization of methicillin-resistant and methicillin-susceptible clones of
Staphylococcus aureus. Journal of Clinical Microbiology. 2000;38:1008-1015

Robinson DA, Enright MC. Multilocus sequence typing and the evolution of methicillin-
resistant Staphylococcus aureus. Clinical Microbiology and Infection. 2004;10(2):92-97

Feil EJ, Enright MC. Analyses of clonality and the evolution of bacterial pathogens.
Current Opinion in Microbiology. 2004;7(3):308-313

Aanensen DM, Spratt BG. The multilocus sequence typing network: mlst.net. Nucleic
Acids Research. 2005;33:W728-W733

Shakeri F, Shojai A, Golalipour M, Alang SR, Vaez H, Ghaemi EA. Spa diversity
among MRSA and MSSA strains of Staphylococcus aureus in north of Iran. International
Journal of Microbiology; 2010, Article ID 351397, 5 pages

Turlej A, Hryniewicz W, Empel J. Staphylococcal cassette chromosome mec (SCCrmec) clas-
sification and typing methods: An overview. Polish Journal of Microbiology. 2011;60:95-103

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

Ito T, Ma XX, Takeuchi F, Okuma K, Yuzawa H, Hiramatsu K. Novel type V staphylo-
coccal cassette chromosome mec driven by a novel cassette chromosome recombinase,
ccrC. Antimicrobial Agents and Chemotherapy. 2004;48:2637-2651

Zhang K, McClure JA, Elsayed S, Conly JM. Novel staphylococcal cassette chromosome
mec type, tentatively designated type VIII, harboring class A mec and type 4 ccr gene
complexes in a Canadian epidemic strain of methicillin-resistant Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy. 2009;53:531-540

International Working Group on the Classification of Staphylococcal Cassette
Chromosome Elements (IWG-SCC). Classification of staphylococcal cassette chromosome
mec (SCCmec): Guidelines for reporting novel SCCmec elements. Antimicrobial Agents
and Chemotherapy. 2009;53(12):4961-4967. DOI: 10.1128/AAC.00579-09. Epub 2009 Aug 31

Oliveira DC, Milheirico C, Vinga S, de Lencastre H. Assessment of allelic variation
in the ccrAB locus in methicillin-resistant Staphylococcus aureus clones. The Journal of
Antimicrobial Chemotherapy. 2006;58(1):23-30

Heusser R, Ender M, Berger-Bachi B, McCallum N. Mosaic staphylococcal cassette chro-
mosome mec containing two recombinase loci and a new mec complex, B2. Antimicrobial
Agents and Chemotherapy. 2007;51:390-393

Hisata K, Kuwahara-Arai K, Yamanoto M, Ito T, Nakatomi Y, Cui L, et al. Dissemination
of methicillin-resistant staphylococci among healthy Japanese children. Journal of
Clinical Microbiology. 2005;43(7):3364-3372



[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

Typification Methods and Molecular Epidemiology of Staphylococcus aureus with Methicillin...
http://dx.doi.org/10.5772/intechopen.76442

Oliveira DC, De Lencastre H. Multiplex PCR strategy for rapid identification of struc-
tural types and variants of the mec element in methicillin-resistant Staphylococcus aureus.
Antimicrobial Agents and Chemotherapy. 2002;46:2155-2161

Chongtrakool P, Ito T, Ma XX, Kondo Y, Trakulsomboon S, Tiensasitorn C, et al.
Staphylococcal cassette chromosome mec (SCC mec) typing of methicillin-resistant
Staphylococcus aureus strains isolated in 11 Asian countries: A proposal for a new nomencla-
ture for SCC mec elements. Antimicrobial Agents and Chemotherapy. 2006;50:1001-1012

Aires-de-Sousa M, Boye K, de Lencastre H, Deplano MC, Enright ], Etienne A. High
interlaboratory reproducibility of DNA sequence-based typing of bacteria in a multi-
center study. Journal of Clinical Microbiology. 2006;44:619-621

Okuma K, Iwakawa K, Turnidge JD, Grubb WB, Bell JM, O'Brien FG, Coombs GW,
Pearman JW, Tenover FC, et al. Dissemination of new methicillin-resistant Staphylococcus
aureus clones in the community. Journal of Clinical Microbiology. 2002;40:4289-4294

Nubel U, Roumagnac P, Feldkamp M, Song JH, Ko KS, Huang YC, et al. Frequent emer-
gence and limited geographic dispersal of methicillin-resistant Staphylococcus aureus.
Proceedings of the National Academy of Sciences of the United States of America.
2008;105:14130-14135

Nubel U, Dordel J, Kurt K, Strommenger B, Westh H, Shukla SK, et al. A timescale for
evolution, population expansion, and spatial spread of an emerging clone of methicillin-
resistant Staphylococcus aureus. PLoS Pathogens. 2010;6(4):e1000855

Bocchini CE, Hulten KG, Mason EO, Gonzalez BE, Hammerman WA, Kaplan SL. Panton-
valentine leukocidin genes are associated with enhanced inflammatory response and
local disease in acute hematogenous Staphylococcus aureus osteomyelitis in children.
Pediatrics. 2006;117:433-440

Melles DC, van Leeuwen WB, Boelens HAM, Peeters JK, Verbrugh HA, van Belkum
A. Panton-valentine leukocidin genes in Staphylococcus aureus. Emerging Infectious
Diseases. 2006;12:1174-1175

McClure JA, Conly JM, Lau V, Elsayed S, Louie T, Hutchins W, et al. Novel multiplex
PCR assay for detection of the staphylococcal virulence marker Panton— Valentine leu-
kocidin genes and simultaneous discrimination of methicillin-susceptible from resistant
staphylococci. Journal of Clinical Microbiology. 2006;44:1141-1144

Grundmann H, Aanensen DM, van den Wijngaard CC, Spratt BG, Harmsen D, Friedrich
AW. Geographic distribution of Staphylococcus aureus causing invasive infections in
Europe: A molecular-epidemiological analysis. PLoS Medicine. 2010;7:e1000215

MacLean D, Jones JD, Studholme DJ. Application of ‘next-generation” sequencing tech-
nologies to microbial genetics. Nature Reviews. Microbiology. 2009;7:287-296

Mwangi MM, Wu SW, Zhou Y, Sieradzki K, de Lencastre H, Richardson P, Bruce D,
Rubin E, Myers E, Siggia ED, Tomasz A. Tracking the in vivo evolution of multidrug

53



54  Staphylococcus Aureus

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

resistance in Staphylococcus aureus by whole-genome sequencing. Proceedings of the
National Academy of Sciences of the United States of America. 2007;104(22):9451-9456

Gray RR, Tatem A], Johnson JA, Alekseyenko AV, Pybus OG, Suchard MA, et al.
Testing spatiotemporal hypothesis of bacterial evolution using methicillin-resistant
Staphylococcus aureus ST239 genome-wide data within a bayesian framework. Molecular
Biology and Evolution. 2011;28(5):1593-1603. DOI: 10.1093/molbev/msq319

Harris SR, Feil EJ, Holden MT, Quail MA, Nickerson EK, Chantratita N, et al. Evolution of
MRSA during hospital transmission and intercontinental spread. Science. 2010;327:469-474

Kreiswirth B, Kornblum J, Arbeit R, Eisner W, Maslow ], McGee A, et al. Evidence for a
clonal origin of methicillin resistance in Staphylococcus aureus. Science. 1993;259:227-230

Feil EJ, Cooper JE, Grundmann H, Robinson DA, Enright MC, Berendt T, et al. How
clonal is Staphylococcus aureus? Journal of Bacteriology. 2003;185(11):3307-3316. DOI:
10.1128/]B.185.11.3307-3316.2003

Musser JM, Kapur V. Clonal analysis of methicillin-resistant Staphylococcus aureus strains
from intercontinental sources: Association of the mec gene with divergent phylogenetic
lineages implies dissemination by horizontal transfer and recombination. Journal of
Clinical Microbiology. 1992;30:2058-2063

Enright MC, Robinson DA, Randle G, Feil EJ, Grundmann H, Spratt BG, et al. The evolu-
tionary history of methicillin-resistant Staphylococcus aureus (MRSA). Proceedings of the
National Academy of Sciences of the United States of America. 2002;99:7687-7692

Straufs L, Stegger M, Akpaka PE, Alabi A, Breurec S, Coombs G, et al. Origin, evolu-
tion, and global transmission of community-acquired Staphylococcus aureus STS8.

Proceedings of the National Academy of Sciences of the United States of America.
2017;114(49):E10596-E10604. DOI: 10.1073/pnas.1702472114

Teixeira L, Resende CA, Ormonde LR, Rosenbaum R, Figueiredo AMS, de Lencastre H,
Tomasz A. Geographic spread of epidemic multiresistant Staphylococcus aureus clone in
Brazil. Journal of Clinical Microbiology. 1995;33:2400-2404

Aires de Sousa M, de Lencastre H, Santos Sanches I, Kikuchi K, Totsuka K, Tomasz
A. Similarity of antibiotic resistance patterns and molecular typing properties of methi-
cillin-resistant Staphylococcus aureus isolates widely spread in hospitals in New York City
and in a hospital in Tokyo, Japan. Microbial Drug Resistance. 2000;6:253-258

Roberts RB, de Lencastre A, Eisner W, Severina EP, Shopsin B, Kreiswirth BN, Tomasz
A.Molecular epidermiology of methicillin-resistant Staphylococcus aureus in 12 New York
hospitals. The Journal of Infectious Diseases. 1998;178:164-171

Udo EE, Pearman JW, Grubb WB. Genetic analysis of community isolates of methicillin-
resistant Staphylococcus aureus in Western Australia. The Journal of Hospital Infection.
1993;25:97-108

Oliveira DC, Tomasz A, de Lencastre H. The evolution of pandemic clones of methicil-
lin-resistant Staphylococcus aureus: Identification of two ancestral genetic backgrounds
and the associated mec elements. Microbial Drug Resistance. 2001;7:349-361



[92]

[93]

[94]
[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

Typification Methods and Molecular Epidemiology of Staphylococcus aureus with Methicillin...
http://dx.doi.org/10.5772/intechopen.76442

Tavares A, Faria NA, de Lencastre H, Miragaia M. Population structure of methicillin-
susceptible Staphylococcus aureus (MSSA) in Portugal over a 19-year period (1992-2011).
European Journal of Clinical Microbiology & Infectious Diseases. 2014;33(3):423-432.
DOI: 10.1007/s10096-013-1972-z

Hallin M, Denis O, Deplano A, De Mendonga R, De Ryck R, Rottiers S, et al. Genetic relat-
edness between methicillin-susceptible and methicillin-resistant Staphylococcus aureus:
Results of a national survey. The Journal of Antimicrobial Chemotherapy. 2007;59:465-472

Tenover FC, Goering RV. Methicillin-resistant Staphylococcus aureus strain USA300:
Origin and epidemiology. The Journal of Antimicrobial Chemotherapy. 2009;64:441-
446 http://dx.doi.org/10.1093/jac/dkp241

Jevons MP. “Celbenin”-resistant staphylococci. BMJ. 1961;1:124-125

Feil EJ, Nickerson EK, Chantratita N, Wuthiekanun V, Srisomang P, Cousins R, et al.
Rapid detection of the pandemic methicillin-resistant Staphylococcus aureus clone ST 239,
a dominant strain in Asian hospitals. Journal of Clinical Microbiology. 2008;46:1520-1522

Bartels MD, Nanuashvili A, Boye K, Rohde SM, Jashiashvili N, Faria NA, et al.
Methicillin-resistant Staphylococcus aureus in hospitals in Tbilisi, the Republic of
Georgia, are variants of the Brazilian clone. European Journal of Clinical Microbiology
& Infectious Diseases. 2008;27:757-760

Moodley A, Oosthuysen WF, Duse AG, Marais E. Molecular characterization of clinical
methicillin-resistant Staphylococcus aureus isolates in South Africa. Journal of Clinical
Microbiology. 2010;48:4608-4611

Oosthuysen WF, Orth H, Lombard CJ, Sinha B, Wasserman E. Population structure
analyses of Staphylococcus aureus at Tygerberg Hospital, South Africa, reveals a diverse
population, a high prevalence of Panton—Valentine leukocidin genes, and unique local
methicillin-resistant S. aureus clones. Clinical Microbiology and Infection. 2014;20:652-

659. DOI: 10.1111/1469-0691.12452

Mayor L, Ortellado J, Menacho C, Lird G, Courtier C, Gardon C, et al. Molecular char-
acterization of methicillin-resistant Staphylococcus aureus isolates collected in Asuncidn,
Paraguay. Journal of Clinical Microbiology. 2007;45(7):2298-2300

Rodriguez-Noriega E, Seas C, Guzman-Blanco M, Mejia C, Alvarez C, Bavestrello L,
et al. Evolution of methicillin-resistant Staphylococcus aureus clones in Latin America.
International Journal of Infectious Diseases. 2010;14:e560-e566

Fey PD, Said-Salim B, Rupp ME, Hinrichs SH, Boxrud D], Davis CC, Kreiswirth BN,
Schlievert PM. Comparative molecular analysis of community- or hospital-acquired
methicillin-resistant Staphylococcus aureus. Antimicrobial Agents and Chemotherapy.
2003;7:196-203

Criséstomo MI, Westh H, Tomasz A, Chung M, Oliveira DC, de Lencastre H. The evolu-
tion of methicillin resistance in Staphylococcus aureus: Similarity of genetic backgrounds
in historically early methicillin-susceptible and -resistant isolates and contemporary

epidemic clones. Proceedings of the National Academy of Sciences of the United States
of America. 2001;98:9865-9870

55



ntechOpen

ntechOpen



