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Abstract

Methicillin-resistant Staphylococcus aureus or MRSA was first recognized 50 years ago as
the “Superbug” in the United Kingdom as its antibiotic treatment often was limited to only vancomycin.
Since then the spread of MRSA among patients in hospitals has been reported worldwide. The organism
is known as hospital-associated MRSA (HA-MRSA) and currently considered one of the leading causes
of morbidity and mortality of patient. During the past 15 years, significant increase of MRSA infections
outside the healthcare settings has posted global public health concern. These infections are caused
by MRSA strains that are genetically distinct from HA-MRSA strains so called community-associated
MRSA (CA-MRSA) and livestock-associated MRSA (LA-MRSA). Comparatively, CA-MRSA strains are
more susceptible to antimicrobial agents, rapidly spreading and often capable of causing more severe
diseases such as necrotizing pneumonia and sepsis. Recent survey and molecular characterization of
MRSA from Thai veterinarians revealed a LA-MRSA strain that carry a novel SCCmec type IX, which
is to date only found in Thailand. It was classified as sequence type ST398 and spa type t034. In
addition, the second most prevalent clonal complex (CC) among LA-MRSA strains, CC9, was isolated
from pigs and pork samples in Thailand. All isolates belong to spa type t337 and also harbor SCCmec
type IX. These reports highlight the possible transmission of a unique MRSA clone from livestock
to human in the community, and eventually in the hospital, otherwise in the other way round. The
purpose of this review was to describe the significance, molecular evolution and typing methods of
MRSA and review molecular pathogenesis and epidemiology of CA-MRSA and the recent emergence
of LA-MRSA in Thailand, so as to incite vital surveillance and intervention, which are necessary for
control and prevention of spread of these neglected pathogens. Bull Chiang Mai Assoc Med Sci
2013; 46(3): 187-206
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Introduction

Staphylococcus aureus, a non-motile gram-positive
bacterium, has been recognized as a successful commensal
organism and an important human pathogen. This organism
can cause various human illnesses ranging from a minor
infection of skin to life-threatening infections such as
infectious endocarditis and sepsis. Soon after the use of
methicillin, the semi-synthetic penicillin, to combat the rise
of beta-lactamase producing S. aureus in 1960, the first
case of methicillin-resistant S. aureus (MRSA) infection
was reported in the United Kingdom in 1961. Resistance
to methicillin of MRSA is due to the production of
penicillin-binding protein 2a or 2’ (PBP2a or PBP2’) that
encoded by mecA gene. This gene is located on a mobile
genetic element called the staphylococcal cassette
chromosome mec (SCCmec). Unlike the native PBPs,
PBP2a has low affinity to beta-lactams. Therefore,
cross-linkage by transpeptidase that essential for cell
wall synthesis of S. aureus is inhibited.” This results in
ineffective treatment of MRSA by all beta-lactam antibiotics
including penicillins, penicillinase-stable penicillins (e.g.
methicillin, nafcilin, oxacillin, etc.) and cephalosporins.

MRSA strains often are resistant to most common
antibiotics and this makes them more difficult to treat.
Higher mortality rate in patients with blood stream infection
associated with MRSA compared with methicillin-susceptible
S. aureus (MSSA) has been demonstrated.” In 2005,
an estimated 94,000 MRSA infections resulted in more
than 18,000 deaths in the United States while the lesser
deaths, around 16,000 were caused by HIV/AIDS in the
same period.* * Human MRSA infection is not only one
of the leading causes of death but also the burden of
serious economic costs of patients, hospitals and society
because patients isolation, longer hospitalization
and more extensive treatments are required.>°® The study data
in 2007 from the European Center for Disease Prevention
and Control showed that 171,200 MRSA infections
occurred in European Union member states plus Iceland
and Norway, resulting in 1,050,000 extra days spent
in the hospital. This translates into an enormous
economic burden.’

Currently, four categories of MRSA have been
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categorized based on their putative sources of human
infections: (i) hospital-associated MRSA (HA-MRSA), (ii)
community-associated MRSA (CA-MRSA), (i) HA-MRSA
with community onset (HACO-MRSA), and (iv) livestock-
associated MRSA (LA-MRSA). HA-MRSA is well known for
its spread in healthcare settings worldwide. Persistence
of MRSA in patient and staff skin and mucous membrane,
and healthcare environments provide continual
spread of MRSA in hospitals.® HA-MRSA prevalent rates
are varied widely according to the geographical differences
and the implementation of infection control measure.
CA-MRSA was first reported in 1993, in Aboriginal
patients with skin and soft tissue infections who live in
remote communities of Western Australia.” CA-MRSA
cases in human have been recognized since the mid
1990s in Japan.'® However, the dramatic rise of CA-MRSA
implicated in nosocomial infections have been noted from
the early-2000s and until now emergence of CA-MRSA
strains with highly diverse genetic backgrounds has been
reported in many countries around the world." * In the
United States, CA-MRSA infections (previously restricted
among injection drug users) currently are endemic in
most regions both in hospitals and community. This
public health crisis has alarmed the rest of world for
active surveillance and control of CA-MRSA spread.'® ™

Unlike HA-MRSA, CA-MRSA infections often
occur among young children and healthy adults with
no risk factors of hospital-associated infection (HAI)."
In 2000, the Center for Disease Control and Prevention
(CDC) created the guideline to distinguish CA-MRSA
from HA-MRSA based on patient medical history: the
persons categorized as having CA-MRSA infection if
they are diagnosed for an outpatient or within 48 h after
admission to the hospital, have no history of infection
or colonization by MRSA, and no permanent indwelling
catheters cutaneous device, and lack the following HA-
MRSA risk factors in the past year: hemodialysis, surgery,
residence in a long-term care facility or hospitalization. '
However, the epidemiology of CA-MRSA in hospital
settings has become increasingly complicated whereas
HA-MRSA strains occur to circulate in the community.

Therefore, the third category of MRSA infections,
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HA-MRSA with community onset (HACO-MRSA), has
been initiated by the CDC investigators. HACO-MRSA
includes HA-MRSA infections by history of health care
exposure but have onset in the community.* ' Despite
their clinical epidemiology, distinct genotypes and
phenotypes of CA-MRSA strains have been recognized.
The CA-MRSA clones can be distinguished from those
of HA-MRSA using Smal macrorestriction of S. aureus
genomic DNA and pulsed field gel lectrophoresis (PFGE)
analysis. Molecular typing techniques such as multilocus
sequence typing (MLST) and staphylococcal protein A
(spa) and SCCmec typing also have been widely used
to characterize MRSA lineages.'®'® Compared with
HA-MRSA, CA-MRSA grow faster and rarely resistant
to non-bata-lactam antibiotics.' ™ *>*

The last category, livestock-associated MRSA
(LA-MRSA) has recently been included to describe human
MRSA infection associated with exposure to livestock.”
Although, the MRSA in animals was first implicated in
bovine mastitis since 1972, LA-MRSA was recognized
later when it increasingly colonized and infected human
in the early 2000s.”*** Colonization of MRSA in animals
has been extensively investigated, especially in European
countries. Until now, a wide variety of animal species,
mainly livestock including pigs, castles, poultry, horses,
and dogs, as well as foods of animal origins have been

reported as reservoirs of LA-MRSA worldwide.*

The role of Panton-Valentine leukocidin (PVL) in
pathogenesis of CA-MRSA

The majority of CA-MRSA infections are skin
and soft tissue infection, however, the CA-MRSA cases
have frequently associated with rapidly progressive,
life-threatening diseases including necrotizing pneumonia,
severe sepsis and necrotizing fasciitis. In addition,
CA-MRSA infections have sometimes associated with
other severe syndromes such as purpura fulminans with
toxic shock syndrome,”” and Waterhouse-Friderichsen
syndrome.”® There are various virulence factors
described for pathogenesis of HA-MRSA and CA-MRSA,
both surface components (e.g. capsular polysaccharide

and protein A) and secreted protein (e.g. coagulase,
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hemolysins, enterotoxins and toxic-shock syndrome
toxin).” Unlike HA-MRSA, extensive evidences strongly
support the association of Panton-Valentine leukocidin
(PVL) exotoxin with enhanced virulence of CA-MRSA. "> ** %
Nevertheless, a report demonstrated that
alpha-hemolysin and not PVL was responsible for death in
a mouse pneumonia model, using USA300 and USA400
CA-MRSA strains.® PVL is the two-component protein
consisted of lukS-PV and IukF-PV subunits encoded
by the IukS-PV and IukF-PV genes (ov/).* The model
for emergence of the PVL-positive CA-MRSA strains
demonstrated that pv/ is likely to be acquired from
PVL-positive MSSA strains by transduction of phage
(phiSLT) prior to the acquisition of SCCmec on the
different integration sites of S. aureus genome.*

PVL is capable of polymorphonuclear leukocytes
(PMN) lysis by pore-formation of leukocyte membrane.* The
death of PVL-positive CA-MRSA infected patients presenting
with severe sepsis and necrotizing pneumonia has been
reported to occur within 24-48 h of hospitalization.*
Although the role of PVL in dermonecrosis in rabbits has
been established,” the evidence for its role in severe
diseases initiated by CA-MRSA infection has been
limited. Recent review proposed possible steps leading
to necrotizing pneumonia and severe sepsis that might
mediated by PVL concentration-dependent PMN cytolysis
and apoptosis.”” The PVL subunits are secreted from MRSA
cells. Then lukS-PV initiates binding to an unidentified receptor
on PMN membranes and dimerized with lukF-PV. After an
alternate serial binding of LukF-PVand LukS-PV components,
a pore-forming heptamer is assembled and resulting
in cell lysis. This may cause cells such as neutrophils
to release inflammatory enzymes and cytokines. At
low level of PVL, apoptosis of PMN occurs via a novel
pathway that presumably involves PVL-mediated pore
formation in the mitochondrial membrane. This leads to
release of cytochrome ¢ and induction of caspases 9 and
3 and eventually DNA fragmentation. However, at higher
level, PVL will induce cytolysis of PMN. It was suggested
that tissue necrosis might result from release of reactive
oxygen species (ROS) or inflammatory mediators from
lysed PMNs rather than direct damage by PVL.*
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Molecular evolution of MRSA
Resistance to methicillin and all other beta-lactam
antibiotics of S. aureus has been described that it is the result
of mecA gene, a 2.1-kb gene that codes for the 78-kDa
penicillin binding protein 2a (PBP2a) or PBP2’. The
mecA gene is regulated by the repressor mecl and the
transmembrane beta-lactam sensing signal transducer,
mecR1. In the absence of beta-lactam antibiotics,
mecl, bound to the mecA operator region, represses
the transcription of mecA and mecR1-mecl. Conversely,
in the presence of beta-lactam antibiotics, mecR1 is
auto-catalytically cleaved resulting in an active
metalloprotease (located in the cytoplasmic part of
mecR1) that enabling cleavage of the repressor mecl.
This allows the transcription of mecA, and subsequent
production of PBP2a to occur.*® The mec complex, which
is comprised of mecA and its divergently transcribed
regulatory genes, is located on a mobile genetic element
named “the staphylococcal cassette chromosome mec
(SCCmec)”.*
The mobility of SCCmec has been known to
contribute to the cassette chromosome recombinase

(ccr) genes of the invertase/resolvase family located on

13 12
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this element. The encoded recombinase proteins permit
integration into and excision of the SCCmec from the
S. aureus chromosome at a specific site called “SCCmec
attachment site (attBscc)”. The location of the attBscc
is closed to the 3’ end of orfX (an open reading frame
with unknown function located near the replication origin,
oriC, on the chromosome).” These genetic exchanges
permit phenotypic alteration between methicillin-resistant
and methicillin-susceptible staphylococcal species.
In addition, it was found that only selected clones of
S. aureus were able to maintain, transcribe, and trans-
late a plasmid-born mecA gene.*' This might contribute
to limited number of MRSA clones that are currently
disseminating worldwide: CC1, CC5, CC8, CC22, CC30,
and CC45.% The regions outside the mec complex and
the ccr genes are named “J” (Junkyard) regions, carrying
a wide variety of mobile genetic elements i.e. insertion
sequence (IS), transposon and plasmid. The J1 region
is the region between the ccr genes and the chromosome
right junction and the J2 region is located between the ccr
genes and the mec complex. The J3 region includes the
distance from mec complex to the left extremity (orfX) of
SCCmec.* ** Therefore, a SCCmec element typically has

the structure as followed: J3-mec-J2-ccr-J1 (Figure 1).

J1

Figure 1 The structure of SCCmec element typically found in MRSA strains. orfX is an open reading frame of
unknown function located near the origin for replication (oriC) at the 3’end. The mec complex includes genes that

are responsible for methicillin resistance whereas the ccr complex encodes for recombinase protein rendering

mobility of SCCmec element. J1, J2 and J3 stand for the junkyard regions 1, 2 and 3, respectively.

At presence, five classes of the mec complexes,
including class A, B, C1, C2 and E, and eight types of
the ccr genes (A1B1, A2B2, A3BS, A4B4, C, A1B6 and
A1B3) have been described in S. aureus.** Given that,
the SCCmec elements are now classified into 11 types
(SCCmec type | to Xl) based on the combination of

these two components that are essential for beta-lactam

resistance and mobility of SCCmec (Table 1). Additionally,
the subtypes of SCCmec can be identified according to
the differences of the J regions.* For instance, SCCmec
type IV that related to CA-MRSA strains has a high
diversity of J regions and so far contains at least 9 identified
subtypes: a to h designated as SCCmec types IVa - IVh.

This may indicate the high frequency of horizontal gene
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transfer (HGT) of this SCCmec element. Previous studies
have demonstrated that SCCmec types I-lll are associated
with HA-MRSA lineages, but SCCmec types IV and V
are typically related to CA-MRSA. The types |, Il and llI
SCCmec usually include J regions inserted with genes
conferring non-beta-lactam resistance to S. aureus.
Therefore, these strains are more commonly associated

with MDR phenotypes, ' It was found that the acquisition
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rate of SCCmec types IV to generate MRSA clones was
two-times higher than that of other SCCmec types.*®
Relatively small sizes of SCCmec types associated
with community infection might facilitate the mobility and
exchanges of these SCCmec among staphylococci.
This may contribute to highly diverse genetic traits and
capability to spread widely as a successful human pathogen

13,38

both in community and hospitals of CA-MRSA clones.

Table 1 Presently known SCCmec types in Staphylococcus aureus strains.

SCCmec types The ccr complex The mec complex Origin .Year.
—_— of isolation
I Type-1 class B UK™ 1961
(ccrA1B1) (1IS1272-AmecR1-mecA-1S431)
Il Type-2 class A Japan60 1982
(ccrA2B2) (mecl-mecR1-mecA-1S4317)
Il Type-3 class A New 1985
(ccrA3B3) (mecl-mecR1-mecA-1S431) Zealand”
\Y Type-2 class B usa® 1999
(ccrA2B2) (1S1272-AmecR1-mecA-1S431)
v Type-5 class C2 Australia® 1999
(ccrC) (1S431-AmecR1-mecA-1S431)
Vi Type-4 class B Portugal™® 1996
(ccrA4B4) (1IS1272-AmecR1-mecA-1S431)
VI Type-5 class C1 Sweden”' 2002
(ccrC) (1S431-AmecR1-mecA-1S431)
Vil Type-4 class A Canada”™ 2003
(ccrA4B4) (mecl-mecR1-mecA-1S431)
IX Type-1 class C2 Thailand™ 2006
(ccrA1B1) (1IS431-AmecR1-mecA-1S431)
X Type-7 class C1 Canada™® 2006
(ccrA1B6) (1S431-AmecR1-mecA-1S431)
X Type-8 class E' UK 2007
(ccrA1B3) (blaZ-mecA, ;,,s,-mecR1-mecl )

' blaZ, a plasmid-born penicillin-resistance gene; mecALGAw, a homologue of mecA gene
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Like CA-MRSA, the SCCmec types IV and
V has usually been described in ST398 MRSA, the
most prevalent linages that widely distributed in animals
and causing livestock-associated infection in human.”
These types of SCCmec often contain genes for
co-resistance to non-bata-lactam antibiotics including
erythromycin, trimethoprim, gentamicin, ciprofloxacin,
trimethoprim-sulfamethoxazole, as well as those commonly
used in animal production.”® However, recent
studies reported novel SCCmec types associated with
livestock including SCCmec type IX, X, and XI.***
These types have been found to carry many MGEs
carrying drug resistance and heavy metals resistance
determinants inserted into the J regions.*® *" These
unique traits of LA-MRSA may have evolved for some
time and subsequently horizontally acquired several
genetic determinants required for their survival, presumably
selective pressure of antibiotics and other cytotoxic
substances have been hugely imposed by animal production.

The concept that acquisition of SCCmec element
into the chromosome of methicillin-susceptible
S. aureus (MSSA) generated MRSA strains has been
well accepted. However, the origin of mecA had not
been clarified as the absence of PBP2a homologue in
its counterpart strain, MSSA. The mecA gene homo-
logues have been detected in some coagulase-negative
staphylococci (CoNS) species. S. sciuri and S. vitulninus
have been reported to carry the mecA-like genes that
showed 80% and 91% nucleotide identity to mecA
gene, respectively.*® ** The ubiquitous of mecA gene
homologues among S. sciuri species and the expression
of homologue of PBP2a (87.8% amino acid sequence
identity) suggested S. sciuri as the origin of mecA
gene.” °' However, these genes identified are lack of
the constituents of the mec complex or SCCmec.*”
Recently, Tsubakishita et al. proposed that the
animal-related staphylococcal species, S. fleurettii might
be the origin of the mecA gene. This species is closely
related to S. sciuri and S. vitulninus, which are rare
among human but usually isolated from animals and
food products of animal origin. The gene detected in

S. fleurettii is identical to mecA. Although it was not
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associated with SCCmec, the gene was found on the
chromosome that links with genes essential for growth
of staphylococci.””

The beta-lactam resistance mediated by the
expression of mecA gene has also been observed among
CoNS species. Previous study of SCCmec types among
139 methicillin-resistant S. epidemidis (MRSE) strains
revealed that the majority of MRSE carries SCCmec types
IV (41%), followed by SCCmec types Ill (27%). Other
SCCmec types including types V, | and Il have also been
observed among the minority of MRSE strains at 6%,
4%, and 4%, respectively.” In addition, several species
of methicillin-resistant coagulase-negative staphylococci
(MRCNS) have been found to carry novel and highly
diverse types of SCCmec elements.”® The process by
which the SCCmec was acquired into the chromosome
of staphylococci is unspecified due to a wide range of mobile
genetic elements (MGEs) found in their genomes. However,
the acquisition via transduction by one or other of numerous
number of phages identified in staphylococci has been
speculated.” It has been estimated by using eBURST
algorithm (http://eburst.mlst.net) that the acquisition
event of mecA happened around 20 times among
S. aureus isolates with diverse genetic backgrounds
(MLST sequence types).*® Using the same method, higher
numbers of mecA acquisition events, around >, were also
observed in a CoNS species, S. epidemidis.** Moreover,
several non-mec SCC elements and WSCC (without or
no functional ccr) carrying other genetic determinants
have been described. These non-mec SCC was found to
encode for traits that may essential for bacterial survival
or pathogenesis, or examples, resistance to heavy metals
(SCCmer) or fusidic acids (SCCMSSA476), capsule
biosynthesis (SCCcap') or aginine deiminase and
oligopeptide permease (the arginine catabolic mobile
element [ACME], YSCCACME). Many of these have
been identified in CoNS suggesting that CoNS may be
responsible for assembling and dissemination of SCC
elements, including SCCmec.* Furthermore, Price et al.
studied the relatedness of 89 strains within the CC398
(from different host species from four continents) in

order to understand their recent evolution by using the
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whole genome sequencing (WGS) method.” The WGS
phylogenetic results strongly supported the concept
that the LA-MRSA CC398 originate as MSSA in human.
The authors also explained that the switch of MSSA
from humans to livestock was accompanied by the
loss of phage-carried human virulence genes, followed
by acquisition of SCCmec and tetracycline resistance.
This finding provided a model of a bidirectional zoonotic
exchange and underlined the protential public health risks

of extensive use of antibiotics in food animal industry.”

Molecular typing of MRSA

As mentioned earlier, different categories of MRSA
can be distinguished from each other based on their
genotypes, phenotypes and epidemiology. However,
during recent years their differences in the aspects of
clinical epidemiology and antibiotic susceptibility have
become increasingly blurred, thus various molecular
typing methods have been increasingly used for
characterization of newly emerging MRSA lineages.'" *°
At presence, four molecular tools have been frequently
used for typing of MRSA strains including pulsed field gel
electrophoresis (PFGE) analysis, multi-sequence typing
(MLST), staphylococcal protein A (spa) typing, and

18,19

SCCmec typing.

Pulsed field gel electrophoresis

Pulsed field gel electrophoresis (PFGE) is an agarose
gel electrophoresis particularly used for separation of
large DNA fragments that cannot be achieved by ordinary
electrophoresis method. In PFGE, DNA fragments are
separated by agarose gel electrophoresis in an electric
field with an alternating voltage gradient. Macrorestriction
of S. aureus using Smal followed by PFGE analysis
has been considered as the gold standard method for
investigation of epidemic MRSA clones in hospitals. This
technique has been proof to be useful for distinguishing
CA-MRSA clone from HA-MRSA clones in the United
States™ and widely used in many countries. The patterns
of digested chromosomal DNA of S. aureus strains
are analyzed using software such as unweighted

pair group matching analysis (UPGMA) according
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to Tenover et al.® This technique is one of the
most discriminative methods for MRSA typing.
However, dissimilar nomenclature of resulting patterns
makes it difficult to compare results from different
laboratories.'® For example, the PFGE database in the
United States classify major S. aureus clones as USA100,
USA200, USA300, and so on, whilst nomenclature are
different in the United Kingdom (EMRSA), Western
Austraria (WA) and Canada (CMRSA). " ® Attempt for common
nomenclature has been initiated many times but
they have not yet successful. In spite of reproducibility
pitfall, additional limitations of PFGE include cost of

analysis and speed.”®

Multilocus-sequence typing

Multilocus-sequence typing (MLST) is based on
the DNA sequence analysis of fragments (approximately
450-500 bp) of seven S. aureus housekeeping genes,
including arcC, aroE, glpF, gmk, pta, tpi and yqil.
A different nucleotide sequence of each housekeeping
gene is assigned as a distinct allele. The alleles of the
seven genes resulting in an allelic profile that defines the
S. aureus lineage, designated sequence type (ST). For
example, the MLST allelic profile 3-35-19-2-20-26-39
defined for the clonal lineage ST398 while another allelic
profile, 3-3-1-1-1-1-10 defined for the clonal lineage
ST9 (http://saureua.mist.net). Furthermore, the clonal
complex (CC) of related sequence types (ST) can be
designated by using the algorithm based upon related
sequence types or eBURST (http://eburst.mist.net).
Generally, the allelic profile of each ST that has at least
identical 5 housekeeping loci can be designated into the
same CC. In contrast with PFGE, MLST is an unambiguous
procedure for characterizing bacterial isolates using the
universal nomenclature.”® Nevertheless, this method is

expensive, laborious and time consuming.'

Staphylococcal protein A typing

Staphylococcal protein A (spa) typing is the
sequence-based method specifically analyzes the
polymorphic variable-number tandem repeat (VNTR)

region or “X” region (approximately 24 bp) of
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staphylococcal protein A. The duplication, deletion, and
rearrangement of spa gene in each S. aureus linage
generate a typical spa gene. Distinct repeat number of
“X” region in spa gene, presumptively, yield more than
10,000 unique patterns named as “spa types” or “t”
(http://spaserver.ridom.de). The discriminative power
of this technique is higher than MLST but lower than
PFGE." Cluster analysis of spa typing data are also
possible by the use of the algorithm based upon repeat
pattern (BURP) into StaphType software.'® Since the spa
typing of MRSA strains has been demonstrated to be
well correlated with MLST results, therefore, it can be
used to infer the clonal complex."” Compared with MLST,
spa typing, involving analysis of only one locus, is more

cost effective, less time-consuming and less laborious.™

SCCmec typing

The SCCmec typing is based on the various
combinations of differences of each mec complex and
ccr genes. Thus, this method can be used to classify
distinct allotypes of the SCCmec horizontally acquired
into MRSA strains while other molecular typing methods
(PFGE, MLST, and spa typing) describe the genetic
background of S. aureus.”” The SCCmec types can be
identified using PCR-based techniques developed by
groups of researchers.”® Since the novel types of the SCCmec
elements have continued to be recognized, ** " *
therefore, limit the use of previously reported protocols.
Currently, only the multiplex PCR method reported by
Kondo, et al., can be useful for characterization of most
SCCmec types reported including type-IX SCCmec
recently emerged in Thailand.*® ** The PCR-based
SCCmec typing may not be practical to use in routine
hospital laboratory as it is associated with many SCCmec
loci. However, it allows universal description of the MRSA
clones and usually can preliminary categorize the MRSA
isolates of different origins. It is well documented that
the CA-MRSA and LA-MRSA usually are associated
with SCCmec types IV and V where as the HA-MRSA
commonly carry types |, Il and Il SCCmec elements.
In addition, increased resolution of this method by

SCCmec subtyping of J regions, might provide insight
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into the clonal backgrounds of MRSA isolates, as in the
case of SCCmec types IV."" To date, nomenclature of
MRSA relies on the MLST sequence type (ST) or clonal
complex (CC) and the SCCmec types e.g. ST8-IVc,
ST9-IX, ST398-IV, etc.

Epidemiology of CA-MRSA

A numbers of CA-MRSA clones have spread
worldwide since the 1990s, currently; more than 20 distinct
genetic lineages of CA-MRSA have been reported.
This is greatly higher than HA-MRSA lineages, suggesting
that more MRSA lineages have evolved to CA-MRSA
compared with HA-MRSA."" The majority of the CA-MRSA
isolates harbor SCCmec type IV, V or VI, however,
several studies have observed CA-MRSA isolates
that harbor SCCmec type I, Il or lIl.*"® At present,
five predominant PVL-positive CA-MRSA clones have
disseminated around the world including ST1-IV (WA-1,
USA400), ST8-IV (USA300), ST30-IV (South West Pacific
clone), ST59-V (Taiwan clone), and ST80-IV (European
clone).”® Among these clones, ST8-IV and ST30-IV may
be considered pandemic."

Cases of ST8-IV or USA300 cases were first
recognized in a college football team in Penisynvania,
the United States. This clone have been circulating in
the community among particular health risk groups such
as military men, prisoners, athletes and intravenous drug
users and afterward become primary cause of skin and
soft tissue infection among general population in the
United States. USA300 harbors a SCCmec-like element
named “arginine catabolic mobile element (ACME)” that
have not been detected in other CA-MRSA clones. The
ACME encodes for an arginine deiminase pathway and
an oligopeptide permease system; thus, it has been
suggested to be involved in growth and survival as
well as its virulence in pathogenicity.** ® This clone has
replaced the USA400 (ST1-IV) that dominated earlier in
healthcare facilities. Previously, a study by the emergency
departments in 11 cities of the United States concluded
that 78% of the isolates were MRSA. Of these, 98% were
associated with the CA-MRSA USA300 clone.” Recently,
high frequencies of multidrug-resistant (MDR) USA300
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strains harboring conjugative plasmids conferring
high-level mupirocin resistance have been reported in
San Francisco.”' The ST8-IV has also been increasingly
isolated from hospitals in Taiwan and now exceeded those
of HA-MRSA clone. Cases of USAS00 outside the United
States have been documented in many countries including
Canada (CMRSA-10), Japan, Australia, as well as some
of the European countries.”" These evidences have
posed major concern to public health worldwide.'" In
2006, the USA300-like strains designated “USA300-LV”
(Latin American variant), the AMCE-negative SCCmec IVc
circulating in South America, Europe and Australia have
emerged in both community and hospital in Colombia.”

ST30-IV or South West Pacific clone (WPS)
currently predominate around the world including
Asia. This clone was the descendent of the pandemic
phage-type 80/81 penicillin-resistant S. aureus or ST30
MSSA.” This pvi-positive ST30 clone disappeared after
the emergence of the first MRSA clone in the 1960s and
re-emerged in the community as ST30-IV MRSA. In addition,
it was suggested that this clone shares the same ancestor
(ST30 MSSA) with ST36-Il HA-MRSA or epidemic
EMRSA-16 in the United Kingdom. ST30-IV was
first reported in 2003 in Greece, the country with the
highest cases of CA-MRSA infection in Europe. Although
ST30-IV strains often cause severe diseases, however,
they are generally susceptible to more antibiotics than
other CA-MRSA strains. "'

The epidemiology of MRSA, especially CA-MRSA,
in Asia is relatively limited. However, reports of CA-MRSA
cases from Taiwan have been increased during the past
decade. In Taiwan, significant increase of CA-MRSA
carriage and infection among healthy subjects was
observed. More than 50% of pediatric S. aureus infections
associated with community were caused by MRSA.”
The rate of healthy adults carrying S. aureus is around
30-50%. In 2000, the MRSA prevalent rate was 3-83%
of all S. aureus isolated in 12 major hospitals in Taiwan.
The most frequently isolated CA-MRSA clones were
ST59-IV and ST59-VT. The first one is PVL-negative and

usually isolated from healthy carriers of MRSA. However,
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the latter carries a variant of type-V SSCmec called
“SCCmec type VT” and pvi genes. This clone is more
prevalent among patients.” These clones are also the
most prevalent CA-MRSA strains in China, and several
other Asian countries, but are also found in Europe,
Australia, and the United States (USA1000).”

As well as in many countries in South East Asia,
little is known about MRSA carriage and CA-MRSA
infection among Thai population. In Thailand, the study
of the antibiotic susceptibility of common community-
and hospital-associated bacteria in Thailand (from years
2002-2003) in 24 hospitals was first recognized in 2005.
This revealed that the community-associated bacteria
(CAB) accounted for 54.9% of a total of 9,091 isolates
of target bacteria (eight common bacterial pathogens
including S. aureus), which is higher than HA-bacteria
(45.1%). It was found that CA-MRSA strains were more
susceptible to antimicrobials compared to hospital
acquired strains. However, decreased susceptibility to
antimicrobials was found in all CAB tested indicating the
widespread resistant bacteria to the community.” The
prevalence of CA-MRSA infections was first reported
in 2006. The rate of MRSA-infected patients at Sirirgj
Hospital was 41.5% (186 of 488 studied patients).
However, the CA-MRSA strains were found to be rare
(0.9% of total MRSA isolates), only three isolates from
two patients were detected.” In 2010, the SCCmec
types, MLST and antimicrobial susceptibilities of HA-
MRSA isolated from 237 patients treated at Srinagarind
Hospital, Khonkan, Thailand, between September 2002
and August 2003, have been investigated. Of the 81
isolates tested,”® MRSA isolates were found to carry
SCCmec type Ill and two isolates were found to carry
type-Il SCCmec. Of these, non-mecA MRSA strains
was detected in three isolates and 67 of 78 isolates
carried the mercury-resistant operon. All MRSA isolates
were susceptible to vancomycin, but only 0.4% to 8.9%
was susceptible to the remaining antimicrobial agents.”
In addition, the first study of MRSA nasal colonization
among healthy young adults in 2011, suggesting that
MRSA was present in the Thai community. Whereas 15%

(80 of 200) were nasal carriages of MSSA, only 1% of
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university students carried MRSA strains. However, two
MRSA isolates were found to carry type-Il SCCmec,
which are not any of SCCmec elements typically acquired
by CA-MRSA strains. All MRSA isolates were susceptible
to non-bata-lactam antibiotics.”

A recent survey, nevertheless, reported the
prevalent rate of CA-MRSA in Asian countries including
Thailand from September 2004-August 2006.* This
prospective surveillance study conducted by the Asian
Network for Surveillance of Resistant Pathogens (ANSORP)
with 17 participated hospitals in Asian countries, including
two hospitals from Thailand. The results showed that
MRSA infections in the community have been increasing
in Asian countries. Of 4,117 isolates from patients,
MRSA accounted for 25.5% of community-associated
infections by S. aureus and 67.4% of hospital-associated
infections. The most prevalent genotypes of CA-MRSA
isolates were ST59-IV-t437 (spa type), ST30-IV-t019
and ST72-IV-t324. The highest prevalence of CA-MRSA
and HA-MRSA was observed in Sri Lanka at 38.8% and
86.5% of total S. aureus isolates, respectively.

High rates of CA-and HA-MRSA also found in
Taiwan and Vietnam, where the CA-MRSA rate was
more than 30% and HA-MRSA rate was more than 65%.
The relatively low rate of CA-MRSA isolates among Thai
patients was found at approximately 2.5% (3 of 122) of
all S. aureus identified, in contrast with 57% (180 of 316)
prevalence rate of HA-MRSA. Interestingly, CA-MRSA
isolates were classified into two SCCmec types. Of three
CA-MRSA isolates, two were SCCmec type Il (66.7%)
and one was SCCmec type Il (33.3%). This was similar
to what found among HA-MRSA isolates from Thailand
that comprised of only two types of SCCmec.
Of 29 HA-MRSA isolates, 14 were SCCmec type |l
(82.8%) and 5 were SCCmec type Il (17.2%). The spa
type t037 appeared to predominate among SCCmec
type Il MRSA from Thailand. However, spa type t654
were also identified, at a lower rate, in both CA- and
HA-MRSA stains containing SCCmec type lll. In addition,
one SCCmec type I CA-MRSA isolate had spa type
t2879. The ST239-I-t037 clone was found to be the
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most prevalent clone among CA-and HA-MRSA iso-
lates from Thailand. Intriguingly, ST239 was previously
established as nosocomial MRSA clones was also detected
in the CA-MRSA isolates.® This evidence was also observed
in other Asian countries that ST5 clone was found in
CA-MRSA isolates whereas MRSA clones such as ST59,
ST30 and ST72 were isolated from patients with HA
infections. These data imply the spread of various MRSA
clones between the community and hospitals.®’ Furthermore,
a recent work by Nickerson et al. in 2011 reported
that ST834 clone were predominant (91%) among
Cambodian children. ST834 was identified previously
as a cause of CA-MRSA infection in the same population.
Other ST clones including ST121, ST188, ST45 and
ST9 was also identified, at lower rates, around 1 to
3% of all 93 MRSA isolates. Although, a relatively low
rate of MRSA carriers was found at 3.5% (87 of 2,485
children who came to the outpatient department,
the Angkor Hospital for Children, Siem Reap), further
characterization of ST834 should be carried out to
elucidate its competitive advantage over other ST clones

found among Cambodian population.?’

Emergence of LA-MRSA in Thailand

The emergence of human LA-MRSA infections in
all continents of the world has also been reported and the
bi-directional transmission of LA-MRSA between livestock
and human has recently been established.” The CC398
is the most prevalent lineage among LA-MRSA isolated
from pigs followed by CC9.* However, other clones
including CC1, CC5, CC8, CC9, CC30, and CC97 have
also been reported.” # # Unlike CA-MRSA, LA-MRSA
clones have unique molecular genetic trait and could not
be typed by PFGE method using Smal restriction.”® *

Nevertheless, their genotypes can be examined
by using other molecular tools. In addition, most of them
carry genes that confer co-resistance to non-beta-lactam
antibiotics and heavy metals, but their carriage of genes
encoding toxin such as PVL and enterotoxins have been
reported to be rare.”® The latest published whole genome
sequences of S. aureus CC398 revealed heterogeneity

between human and livestock-associated lineages.
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This has alleviated differentiation of S. aureus CC398 in
human and animals based on the presence or absence
of specific resistance and virulence-related genes. The
CC398 stains typically carry tet(M) conferring tetracycline
resistance, but not pvi genes encoding for PVL toxin,
generally found in CA-MRSA strains.”

Recently, LA-MRSA isolates originally from Thailand
have been discovered. The first literature documented the
nasal colonization of MRSA of Thai veterinarian participated
an International conference in Denmark in 2007.%°
Only one isolate of MRSA was recovered and it was
identified as spa type t034 and ST398, a typical clone
of LA-MRSA. In 2011, Anukool, et al. firstly reported
LA-MRSA isolated from pigs in Thailand.®* Our survey
of MRSA in pig farms located in Lamphun Province,
Northern Thailand, discovered five MRSA isolates from

four nasal swabs and one rectal swab of four weaning
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pigs. All of these were characterized as ST9-t337, which
are closely related to pig MRSA strains reported in other
Asian countries including Hong Kong (ST9-t899)*" and
Malaysia (ST9-t899)* as well as that latest reported in
Taiwan (ST9-t899-V).® The ST9 strains were classified
as type-1 ccr complex (ccrA1B1) and mec class C2
(1IS431mecA-AmecRI-1S431), which is now known as the
novel SCCmec type IX (Table 1, Figure 2).“ Interestingly,
the J regions of type-IX SCCmec element carries genes
and operons associated with resistance of many heavy
metals, including cadmium, copper and arsenate (Figure
2). The 18-kb J1 region of type-IX SCCmec harbors
a cadDX operon, a copB gene, and two arsenate
resistance operons, arsRBC and arsDARBC. It was also
found that all 20 open reading frames (ORFs) in the J1
region were highly homologous to the SCCmec elements
in S. haemolyticus JCSC1435, with nucleotide identities
of 83.8 to 100%.

13 12 1
< > -+ > -+ >
The ccr complex The mec complex
vpe 1 Class C2
— I arsR arsR
mecA arsB arsg  arsD
arsA

ccrB1 ccrAl

e e— s — e — T
orfX

15431

43.7 kb

AmecRI copB arsC

arsC DR2

1S431 cadD

cadX

Figure 2 The structure of the SCCmec type IX identified in CC398 MRSA strains (adapted from Li et al., 2011). *°

The SCCmec type IX carries type 1 of the ccr complex and class C2 of the mec complex. J1, J2 and J3 stand for

the junkyard regions 1, 2 and 3, respectively. The 18-kb J1 region harbors various genes and operons conferring

resistance to heavy metals, including copper (copB), cadmium (cadD, cadX) and arsenate (arsRBC and arsDARBC).*

DR, direct repeat. Red arrow heads indicate the locations of integration site sequences (ISS) for the SCC element.
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In 2012, two studies, one conducted in the north
and another in the middle part of Thailand, reported the
discovery of the CC9-t337-IX clones in pig and pork in
Thailand.® ® Larsen et al. isolated MRSA strains from
pig nasal swabs from three (in the same village) out of 30
farms located in Chiang Mai Province. All isolates were
identified as ST9-t337-IX LA-MRSA.® The screening of
MRSA in pigs and pork at Samut Songkhram Province
by Vestergaard et al. revealed that all 11 MRSA isolates
belong to single spa type, t337. Three sequence types
were found in isolates from pork samples including ST2136
(n=3), ST9 (n=1) and ST2278 (n=1). Two sequence
types were found in isolates from pigs including ST2136
(n=5) and ST9 (n=1). However, all of these sequence
types are classified as the same clonal complex, CC9.%
To date, the carriage of SCCmec type IX in pigs, pork
and human have only observed in Thailand. These data
suggest the presence and plausible spread of a unique
LA-MRSA lineage in Thailand. Although, these isolates
are PVL-negative, which is typical in LA-MRSA, some
of them were found to harbor other toxin genes that
may increase their risk as human infection. Furthermore,
the highly antibiotic resistance profiles observed among
these strains are of public health concern of their spread

in the community.

Conclusion

In Thailand, as well as many resource-limited
countries, the knowledge of CA- and LA-MRSA s still
limited. Information of CA-MRSA has been dominated by
extensive publications of USA400 and USA300 clones
from the United States whilst the majority of LA-MRSA
information, particularly, CC398 clone harboring SCCmec
type IV and V, have arrived from European countries.
Recent reports of human and animal colonization and
contamination of animal food product with CA- and
LA-MRSA clones in Thailand should stimulate attention
to this important human pathogen which is possibly
disseminating in the community. Extensive research to

investigate the prevalence and genetic backgrounds of
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MRSA lineages in Thailand have to be conducted. The
medical technologists will play a crucial role to promptly
identify these pathogens. Although, the definition of
different MRSA categories has been described by the
CDC, the classification of these groups based on their
epidemiological data is almost inapplicable. Current
molecular methods used to distinguish MRSA clones are
still expensive and not suitable for routine laboratory in
hospital. Rapid and cost effective technique for detection
and identification of MRSA lineages is required to lessen
public health and economic burdens caused by these
highly adapted bacteria, particularly, in resource-limited
countries like Thailand.

Interestingly, the localization of novel SCCmec
type IX in ST9 and ST398 LA-MRSA isolates so
far has been found only in Thailand. This might
suggest recent acquisition of type-IX SCCmec
element by these lineages. The particular
CCO-t337-IX clone found in pigs and pork might have
evolved for sometimes to survive under particular
environmental conditions. Selective pressure and
co-selection of resistance determinants might be accounted
for the high antimicrobial resistance profile among these
isolates. Thus, it may reflect the superfluous usage of
antimicrobial treatment and prophylaxis as well as a high
contamination of heavy metals in animal feeds used in
animal food production in Thailand. Future appropriate
control and management of these substances used in
livestock must be implemented to avoid development of
highly resistant bacteria, especially those that have been
known as potential pathogens in human and animals.
The acquisition of virulent factors such as PVL of the
MDR LA-MRSA strains, which are now pandemic and
widely distributed in animal reservoirs, would result in
life-threatening diseases in human. Unawareness of CA- and
LA-MRSA spread may bring about unmanageable public
health crisis. Active surveillances of MRSA infection and
colonization, both in human and animals, and future control
measures are needed to prevent the (now occurring?)
epidemic spread of CA- and LA-MRSA in Thailand.

WATANITLANS @ NBATINLINTA » AANTTNLNTA © S9FmALA 199




Bulletin Chiang Mai Associated Medical Sciences Vol. 46, No. 3 September 2013

Acknowledgements
The author is grateful to the Asem-Duo Thailand fellowship 2010 and the UK-Asean Mobility Scheme
2013 for the opportunity to work with proficient scientists at School of Life Sciences, the University of Warwick,
the United Kingdom. Special appreciation goes to Prof. E.M.H. Wellington for her perpetual support and
encouragement. Any assistance from my colleagues and students at Division of Clinical Microbiology,
Department of Medical Technology, Faculty of Associated Medical Sciences, Chiang Mai University

are also much appreciated.

References

Tomasz A, Drugeon HB, de Lencastre HM, Jabes D, McDougall L, Bille J. New mechanism for
methicillin resistance in Staphylococcus aureus: clinical isolates that lack the PBP 2a gene
and contain normal penicillin-binding proteins with modified penicillin-binding capacity.
Antimicrob Agents Chemother 1989; 33: 1869-74.

Cosgrove SE, Sakoulas G, Perencevich EN, Schwaber MJ, Karchmer AW, Carmeli Y.
Comparison of mortality associated with methicillin-resistant and methicillin-susceptible
Staphylococcus aureus bacteremia: a meta-analysis. Clin Infect Dis 2003; 36: 53-9.

Klevens RM, Morrison MA, Nadle J, Petit S, Gershman K, Ray S, et al. Invasive methicillin-resistant
Staphylococcus aureus infections in the United States. JAMA 2007;298: 1763-71.

Centre for Disease Control and Prevention (CDC). HIV/AIDS in the United States. Centre for Disease
Control and Prevention (CDC), 2008.

Goetghebeur M, Landry PA, Han D, Vicente C. Methicillin-resistant Staphylococcus aureus: A public
health issue with economic consequences. Can J Infect Dis Med Microbiol 2007; 18: 27-34.
Lodise TP, Jr., McKinnon PS. Burden of methicillin-resistant Staphylococcus aureus: focus
on clinical and economic outcomes. Pharmacotherapy 2007; 27: 1001-12.

European Center for Disease Prevention and Control (ECDC). The bacterial challenge: time to react.
Stockholm (Sweden): The Center, 2009.

Neely AN, Maley MP. Survival of enterococci and staphylococci on hospital fabrics and plastic.
J Clin Microbiol 2000; 38: 724-6.

Udo EE, Pearman JW, Grubb WB. Genetic analysis of community isolates of methicillin-resistant

Staphylococcus aureus in Western Australia. J Hosp Infect 1993; 25: 97-108.

10. Kayaba H, Kodama, K., Tamura H., Fujiwara, Y. The spread of methicillin-resistant

11.

Staphylococcus aureus in a rural community: will it become a common microorganism colonizing
among the general population? Jpn. J. Surg. 1997; 27: 217-219.

Mediavilla JR, Chen L, Mathema B, Kreiswirth BN. Global epidemiology of community-associated
methicillin resistant Staphylococcus aureus (CA-MRSA). Curr Opin Microbiol 2012; 15: 588-95.

‘200 Medical Technology @ Physical Therapy @ Occupational Therapy® Radiologic Technology




21sASINATANMSIWNEIBEIIKLU

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Otter JA, French GL. Community-associated meticillin-resistant Staphylococcus aureus strains
as a cause of healthcare-associated infection. J Hosp Infect 2011; 79: 189-983.

David MZ, Daum RS. Community-associated methicillin-resistant Staphylococcus aureus:
epidemiology and clinical consequences of an emerging epidemic. Clin Microbiol Rev 2010;
23: 616-87.

Miller LG, Diep BA. Clinical practice: colonization, fomites, and virulence: rethinking the patho
genesis of community-associated methicillin-resistant Staphylococcus aureus infection. Clin Infect
Dis 2008; 46: 752-60.

Naimi TS, LeDell KH, Como-Sabetti K, Borchardt SM, Boxrud DJ, Etienne J, et al. Comparison
of community- and health care-associated methicillin-resistant Staphylococcus aureus
infection. JAMA 2003; 290: 2976-84.

Centers for Disease Control and Prevention (CDC). Community associated MRSA
information for clinicians. Infection control topics. Atlanta, GA: Center for Disease Control and
Prevention (CDC), 2005.

David MZ, Rudolph KM, Hennessy TW, Boyle-Vavra S, Daum RS. Molecular epidemiology of
methicillin-resistant Staphylococcus aureus, rural southwestern Alaska. Emerg Infect Dis 2008;
14: 1693-9.

Deurenberg RH, Stobberingh EE. The evolution of Staphylococcus aureus. Infect Genet Evol
2008; 8: 747-63.

Otter JA, French GL. Community-associated meticillin-resistant Staphylococcus aureus: the
case for a genotypic definition. J Hosp Infect 2012; 81: 143-8.

Chua K, Laurent F, Coombs G, Grayson ML, Howden BP. Antimicrobial resistance:
Not community-associated methicillin-resistant Staphylococcus aureus (CA-MRSA)! A clinician’s
guide to community MRSA - its evolving antimicrobial resistance and implications for therapy.
Clin Infect Dis 2010; 52: 99-114.

Pichereau S, Rose WE. Invasive community-associated MRSA infections: epidemiology and
antimicrobial management. Expert Opin Pharmacother 2010; 11: 3009-25.

Price LB, Stegger M, Hasman H, Aziz M, Larsen J, Andersen PS, et al. Staphylococcus aureus
CC398: host adaptation and emergence of methicillin resistance in livestock. mBio 2012; 3:
€00305-11. doi:10.1128/mBio.00305-11.

Devriese LA, Van Damme LR, Fameree L. Methicillin (cloxacillin)-resistant Staphylococcus aureus
strains isolated from bovine mastitis cases. Zentralbl Veterinarmed B 1972; 19: 598-605.
Armand-Lefevre L, Ruimy R, Andremont A. Clonal comparison of Staphylococcus aureus isolates
from healthy pig farmers, human controls, and pigs. Emerg Infect Dis 2005; 11: 711-4.

Voss A, Loeffen F, Bakker J, Klaassen C, Wulf M. Methicillin-resistant Staphylococcus aureus
in pig farming. Emerg Infect Dis 2005; 11: 1965-6.

Verkade E, Kluytmans J. Livestock-associated Staphylococcus aureus CC398: Animal
reservoirs and human infections. Infect Genet Evol 2013; xxx: xxx-xxx. doi: 10.1016/.
meegid. 2013.02.013.

WATANITWANS @ NNEATINLINTA » AANTTNLNTTA © S9FmAta 201

UA 46 auun 3 Nuenau 2556




Bulletin Chiang Mai Associated Medical Sciences

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

49,

Kravitz GR, Dries DJ, Peterson ML, Schlievert PM. Purpura fulminans due to
Staphylococcus aureus. Clin Infect Dis 2005; 40: 941-7.

Adem PV, Montgomery CP, Husain AN, Koogler TK, Arangelovich V, Humilier M, et al.
Staphylococcus aureus sepsis and the Waterhouse-Friderichsen syndrome in children.
N Engl J Med 2005; 353: 1245-51.

Gordon RJ, Lowy FD. Pathogenesis of methicillin-resistant Staphylococcus aureus infection.
Clin Infect Dis 2008; 46 Suppl 5:S350-9.

Dufour P, Gillet Y, Bes M, Lina G, Vandenesch F, Floret D, et al. Community-acquired
methicillin-resistant Staphylococcus aureus infections in France: emergence of a single clone
that produces Panton-Valentine leukocidin. Clin Infect Dis 2002; 35: 819-24.

Bubeck Wardenburg J, Bae T, Otto M, Deleo FR, Schneewind O. Poring over pores:
alpha-hemolysin and Panton-Valentine leukocidin in Staphylococcus aureus pneumonia.
Nat Med 2007; 13: 1405-6.

Kaneko J, Kamio Y. Bacterial two-component and hetero-heptameric pore-forming
cytolytic toxins: structures, pore-forming mechanism, and organization of the genes.
Biosci Biotechnol Biochem 2004; 68: 981-1003.

Diep BA, Otto M. The role of virulence determinants in community-associated MRSA
pathogenesis. Trends Microbiol 2008; 16: 361-9.

Kaneko J, Kamio, Y. Bacterial two-component and hetero-heptameric pore-forming
cytolytic toxins: structures, pore-forming mechanism, and organization of the genes.
Biosci Biotechnol Biochem 2004; 68: 981-1008.

Mongkolrattanothai K, Boyle S, Kahana MD, Daum RS. Severe Staphylococcus aureus
infections caused by clonally related community-acquired methicillin-susceptible and
methicillin-resistant isolates. Clin Infect Dis 2003; 37: 1050-8.

Genestier AL, Michallet MC, Prevost G, Bellot G, Chalabreysse L, Peyrol S, et al.
Staphylococcus aureus Panton-Valentine leukocidin directly targets mitochondria and induces
Bax-independent apoptosis of human neutrophils. J Clin Invest 2005; 115: 3117-27.
Boyle-Vavra S, Daum RS. Community-acquired methicillin-resistant Staphylococcus aureus:
the role of Panton-Valentine leukocidin. Lab Invest 2007; 87: 3-9.

Deurenberg RH, Stobberingh EE. The molecular evolution of hospital- and community-associated
methicillin-resistant Staphylococcus aureus. Curr Mol Med 2009; 9: 100-15.

Ito T, Okuma K, Ma XX, Yuzawa H, Hiramatsu K. Insights on antibiotic resistance of
Staphylococcus aureus from its whole genome: genomic island SCC. Drug Resist Updat 2003;
6:41-52.

Ito T, Katayama Y, Hiramatsu K. Cloning and nucleotide sequence determination of the entire
mec DNA of pre-methicillin-resistant Staphylococcus aureus N315. Antimicrob Agents
Chemother 1999; 43: 1449-58.

Miragaia M, Thomas JC, Couto |, Enright MC, de Lencastre H. Inferring a population structure
for Staphylococcus epidermidis from multilocus sequence typing data. J Bacteriol 2007;
189: 2540-52.

‘202 Medical Technology @ Physical Therapy @ Occupational Therapy® Radiologic Technology

Vol. 46, No. 3 September 2013



21sASINATANMSIWNEIBEIIKLU

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Chongtrakool P, Ito T, Ma XX, Kondo Y, Trakulsomboon S, Tiensasitorn C, et al.
Staphylococcal cassette chromosome mec (SCCmec) typing of methicillin-resistant
Staphylococcus aureus strains isolated in 11 Asian countries: a proposal for a new nomenclature
for SCCmec elements. Antimicrob Agents Chemother 2006; 50: 1001-12.

Shore A, Rossney AS, Keane CT, Enright MC, Coleman DC. Seven novel variants of the
staphylococcal chromosomal cassette mec in methicillin-resistant Staphylococcus aureus isolates
from Ireland. Antimicrob Agents Chemother 2005; 49: 2070-88.

International Working Group on the Classification of Staphylococcal Cassette Chromosome
Elements (IWG-SCC). Currently identified SCCmec types in S. aureus strains, 2013.
Robinson DA, Enright MC. Multilocus sequence typing and the evolution of methicillin-resistant
Staphylococcus aureus. Clin Microbiol Infect 2004; 10: 92-7.

Li S, Skov RL, Han X, Larsen AR, Larsen J, Sorum M, et al. Novel types of staphylococcal
cassette chromosome mec elements identified in clonal complex 398 methicillin-resistant
Staphylococcus aureus strains. Antimicrob Agents Chemother 2011; 55: 3046-50.
Garcia-Alvarez L, Holden MT, Lindsay H, Webb CR, Brown DF, Curran MD, et al.
Meticillin-resistant Staphylococcus aureus with a novel mecA homologue in human and bovine
populations in the UK and Denmark: a descriptive study. Lancet Infect Dis 2011; 11: 595-603.
Couto |, de Lencastre H, Severina E, Kloos W, Webster JA, Hubner RJ, et al. Ubiquitous
presence of a mecA homologue in natural isolates of Staphylococcus sciuri. Microb Drug Resist
1996; 2: 377-91.

Schnellmann C, Gerber V, Rossano A, Jaquier V, Panchaud Y, Doherr MG, et al. Presence
of new mecA and mph(C) variants conferring antibiotic resistance in Staphylococcus spp.
isolated from the skin of horses before and after clinic admission. J Clin Microbiol 2006;
44: 4444-54.

Wu S, de Lencastre H, Tomasz A. Genetic organization of the mecA region in
methicillin-susceptible and methicillin-resistant strains of Staphylococcus sciuri. J Bacteriol 1998;
180: 236-42.

Wu SW, de Lencastre H, Tomasz A. Recruitment of the mecA gene homologue of
Staphylococcus sciuri into a resistance determinant and expression of the resistant
phenotype in Staphylococcus aureus. J Bacteriol 2001; 183: 2417-24.

Tsubakishita S, Kuwahara-Arai K, Sasaki T, Hiramatsu K. Origin and molecular evolution of
the determinant of methicillin resistance in staphylococci. Antimicrob Agents Chemother
2010; 54: 4352-9.

de Lencastre H, Oliveira D, Tomasz A. Antibiotic resistant Staphylococcus aureus: a paradigm
of adaptive power. Curr Opin Microbiol 2007; 10: 428-35.

Groom AV, Wolsey DH, Naimi TS, Smith K, Johnson S, Boxrud D, et al. Community-acquired
methicillin-resistant Staphylococcus aureus in a rural American Indian community. JAMA
2001; 286: 1201-5.

Tenover FC, Arbeit RD, Goering RV, Mickelsen PA, Murray BE, Persing DH, et al. Interpreting
chromosomal DNA restriction patterns produced by pulsed-field gel electrophoresis: criteria
for bacterial strain typing. J Clin Microbiol 1995; 33: 2233-9.

WATANITLANS @ NIBATNLNTA e AANTTNLNTTA » F9@mATA 203

UA 46 auun 3 Nuenau 2556




Bulletin Chiang Mai Associated Medical Sciences Vol. 46, No. 3 September 2013

56. Stefani S, Chung DR, Lindsay JA, Friedrich AW, Kearns AM, Westh H, et al. Meticillin-resistant
Staphylococcus aureus (MRSA): global epidemiology and harmonisation of typing methods.
Int J Antimicrob Agents 2012; 39: 273-82.

57. Stegger M, Price LB, Larsen AR, Gillece JD, Waters AE, Skov R, et al. Genome sequence of
Staphylococcus aureus strain 11819-97, an ST80-IV European community-acquired
methicillin-resistant isolate. J Bacteriol 2012; 194: 1625-6.

58. Oliveira DC, de Lencastre H. Multiplex PCR strategy for rapid identification of structural
types and variants of the mec element in methicillin-resistant Staphylococcus aureus.
Antimicrob Agents Chemother 2002; 46: 2155-61.

59. Zhang K, McClure JA, Elsayed S, Louie T, Conly JM. Novel multiplex PCR assay for
characterization and concomitant subtyping of staphylococcal cassette chromosome mec
types | to V in methicillin-resistant Staphylococcus aureus. J Clin Microbiol 2005; 43: 5026-33.

60. Ito T, Katayama Y, Asada K, Mori N, Tsutsumimoto K, Tiensasitorn C, et al. Structural
comparison of three types of staphylococcal cassette chromosome mec integrated in the
chromosome in methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother 2001;
45: 1323-36.

61. Okuma K, Ilwakawa K, Turnidge JD, Grubb WB, Bell JM, O’Brien FG, et al. Dissemination of
new methicillin-resistant Staphylococcus aureus clones in the community. J Clin Microbiol 2002;
40: 4289-94.

62. Kondo Y, Ito T, Ma XX, Watanabe S, Kreiswirth BN, Etienne J, et al. Combination of multiplex
PCRs for staphylococcal cassette chromosome mec type assignment: rapid identification
system for mec, ccr, and major differences in junkyard regions. Antimicrob Agents Chemother 2007; 51:
264-74.

63. Boye K, Bartels MD, Andersen IS, Moller JA, Westh H. A new multiplex PCR for easy
screening of methicillin-resistant Staphylococcus aureus SCCmec types I-V. Clin Microbiol Infect
2007; 13: 725-7.

64. Anukool U, O’Neill CE, Butr-Indr B, Hawkey PM, Gaze WH, Wellington EM. Meticillin-resistant
Staphylococcus aureus in pigs from Thailand. Int J Antimicrob Agents 2011; 38: 86-7.

65. Larsen J, Imanishi M, Hinjoy S, Tharavichitkul P, Duangsong K, Davis MF, et al.
Methicillin-resistant Staphylococcus aureus ST9 in pigs in Thailand. PLoS One 2012; 7(2): e31245.

66. Vestergaard M, Cavaco LM, Sirichote P, Unahalekhaka A, Dangsakul W, Svendsen CA, et al.
SCCmec type IX element in methicillin resistant Staphylococcus aureus spa type t337 (CC9)
isolated from pigs and pork in Thailand. Front Microbiol 2012; 3: 103.

67. Wannet WJ, Spalburg E, Heck ME, Pluister GN, Tiemersma E, Willems RJ, et al. Emergence of
virulent methicillin-resistant Staphylococcus aureus strains carrying Panton-Valentine leucocidin
genes in The Netherlands. J Clin Microbiol 2005; 43: 3341-5.

68. Chung M, Dickinson G, De Lencastre H, Tomasz A. International clones of methicillin-resistant
Staphylococcus aureus in two hospitals in Miami, Florida. J Clin Microbiol 2004; 42: 542-7.

69. Nimmo GR. USA300 abroad: global spread of a virulent strain of community-associated

methicillin-resistant Staphylococcus aureus. Clin Microbiol Infect 2012; 18: 725-34.

‘204 Medical Technology @ Physical Therapy ® Occupational Therapy® Radiologic Technology




215a1SNATAMSIWNEBEDIRL UA 46 auun 3 Nuenau 2556

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

Moran GJ, Krishnadasan A, Gorwitz RJ, Fosheim GE, McDougal LK, Carey RB, et al.
Methicillin-resistant S. aureus infections among patients in the emergency department.
N Engl J Med 2006; 355: 666-74.

Cadilla A, David MZ, Daum RS, Boyle-Vavra S. Association of high-level mupirocin resistance
and multidrug-resistant methicillin-resistant Staphylococcus aureus at an academic center in the
midwestern United States. J Clin Microbiol 2011; 49: 95-100.

Reyes J, Rincon S, Diaz L, Panesso D, Contreras GA, Zurita J, et al. Dissemination of
methicillin-resistant Staphylococcus aureus USA300 sequence type 8 lineage in Latin America.
Clin Infect Dis 2009; 49: 1861-7.

DelLeo FR, Kennedy AD, Chen L, Bubeck Wardenburg J, Kobayashi SD, Mathema B, et al.
Molecular differentiation of historic phage-type 80/81 and contemporary epidemic
Staphylococcus aureus. Proc Natl Acad Sci U S A 2011; 108: 18091-6.

Huang YC, Chen CJ. Community-associated meticillin-resistant Staphylococcus aureus in children
in Taiwan, 2000s. Int J Antimicrob Agents 2011; 38: 2-8.

Monecke S, Coombs G, Shore AC, Coleman DC, Akpaka P, Borg M, et al. A field guide
to pandemic, epidemic and sporadic clones of methicillin-resistant Staphylococcus aureus.
PLoS One 2011; 6(4): e17936.

Danchaivijitr S, Dhiraputra C, Rongrungruang Y, Worajitr M, Jintanothaitavorn D. Antimicrobial
susceptibility of community and hospital acquired bacteria. J Med Assoc Thai 2005;
88 Suppl 10: S14-25.

Mekviwattanawong S, Srifuengfung S, Chokepaibulkit K, Lohsiriwat D, Thamlikitkul V. Epidemiology
of Staphylococcus aureus infections and the prevalence of infection caused by
community-acquired methicillin-resistant Staphylococcus aureus in hospitalized patients at
Siriraj Hospital. J Med Assoc Thai 2006; 89 Suppl 5: S106-17.

Lulitanond A, Chanawong A, Sribenjalux P, Wilailuckana C, Kaewkes W, Vorachit M, et al.
Preliminary report of SCCmec-types and antimicrobial susceptibilities of methicillin-resistant
Staphylococcus aureus isolates from a university hospital in Thailand. Southeast Asian J Trop
Med Public Health 2010; 41: 920-7.

Kitti T, Boonyonying K, Sitthisak S. Prevalence of methicillin-resistant Staphylococcus aureus
among university students in Thailand. Southeast Asian J Trop Med Public Health 2011; 42:
1498-504.

Song JH, Hsueh PR, Chung DR, Ko KS, Kang Cl, Peck KR, et al. Spread of methicillin-resistant
Staphylococcus aureus between the community and the hospitals in Asian countries: an ANSORP
study. J Antimicrob Chemother 2011; 66: 1061-9.

Nickerson EK, Wuthiekanun V, Kumar V, Amornchai P, Wongdeethai N, Chheng K, et al.
Emergence of community-associated methicillin-resistant Staphylococcus aureus carriage in
children in Cambodia. Am J Trop Med Hyg 2011; 84: 313-7.

Fluit AC. Livestock-associated Staphylococcus aureus. Clin Microbiol Infect 2012; 18: 735-44.
van Belkum A, Melles DC, Peeters JK, van Leeuwen WB, van Duikeren E, Huijsdens XW,
et al. Methicillin-resistant and -susceptible Staphylococcus aureus sequence type 398 in pigs
and humans. Emerg Infect Dis 2008;14: 479-83.

WADANITLANS @ NBATINLINTA » AANTTHLNITA © S9dmAtA 205




Bulletin Chiang Mai Associated Medical Sciences Vol. 46, No. 3 September 2013

84. Hasman H, Moodley A, Guardabassi L, Stegger M, Skov RL, Aarestrup FM. Spa type
distribution in Staphylococcus aureus originating from pigs, cattle and poultry. Vet Microbiol
2009; 141:3 26-31.

85. Smith TC, Pearson N. The emergence of Staphylococcus aureus ST398. Vector Borne
Zoonotic Dis 2010; 11: 327-39.

86. Wulf MW, Sorum M, van Nes A, Skov R, Melchers WJ, Klaassen CH, et al. Prevalence of
methicillin-resistant Staphylococcus aureus among veterinarians: an international study.
Clin Microbiol Infect 2008; 14: 29-34.

87. Guardabassi L, O’Donoghue M, Moodley A, Ho J, Boost M. Novel lineage of methicillin-resistant
Staphylococcus aureus, Hong Kong. Emerg Infect Dis 2009; 15: 1998-2000.

88. Lo YP, Wan MT, Chen MM, Su HY, Lauderdale TL, Chou CC. Molecular characterization and
clonal genetic diversity of methicillin-resistant Staphylococcus aureus of pig origin in Taiwan.
Comp Immunol Microbiol Infect Dis 2012; 35: 513-21.

89. Ma XX, lto T, Tiensasitorn C, Jamklang M, Chongtrakool P, Boyle-Vavra S, et al. Novel type of
staphylococcal cassette chromosome mec identified in community-acquired methicillin-resistant
Staphylococcus aureus strains. Antimicrob Agents Chemother 2002; 46: 1147-52.

90. Ito T, Ma XX, Takeuchi F, Okuma K, Yuzawa H, Hiramatsu K. Novel type V staphylococcal
cassette chromosome mec driven by a novel cassette chromosome recombinase, ccrC. Antimicrob
Agents Chemother 2004; 48: 2637-51.

91. Berglund C, Ito T, lkeda M, Ma XX, Soderquist B, Hiramatsu K. Novel type of staphylococcal
cassette chromosome mec in a methicillin-resistant Staphylococcus aureus strain isolated in
Sweden. Antimicrob Agents Chemother 2008; 52: 3512-6.

92. Zhang K, McClure JA, Elsayed S, Conly JM. Novel staphylococcal cassette chromosome mec type,
tentatively designated type VI, harboring class A mec and type 4 ccr gene complexes in a
Canadian epidemic strain of methicillin-resistant Staphylococcus aureus. Antimicrob Agents
Chemother 2009; 53: 531-40.

‘206 Medical Technology @ Physical Therapy @ Occupational Therapy® Radiologic Technology




