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Summary

Until recently, reports on MRSA in livestock weraimly limited to occasional detections in
dairy cattle mastitis. Since 2005 however, studiesn the existence of an MRSA clone,
CC398, which has been reported colonizing pigsl, e@l&es and broiler chickens and
infecting dairy cows. Many aspects of its prevagemcpigs are not yet understood. In other
livestock, colonizing capacity and reservoir states still unclear.. MRSA CC398 has also
been detected in meat but, like for other MRSA rible this might pose is rather unclear. For
now, the most worrying aspect of MRSA CC398 seemisetits capacity to spread to humans.
This might complicate MRSA control measures in harhaalthcare, posing for urgent
research into risk factors and transmission ro@eerall, infections with MRSA CC398 are
much less reported than carriage. More investigatito its pathogenic potential is though

required. Also the origin and evolution of thisrmdoremain to be revealed.



I ntroduction

The European conference on MRSA, organised lasthyethe Federation of Veterinarians of
Europe, concluded that it was time to tackle MR3A Ten years before, a conference on
MRSA organised by veterinarians would have seeratfeer peculiar. However, the ever
emerging recognition of a new type of MRSA, beligve be of animal origin, and the
expanding number of reports on transfer of MRSAveeh animals and humans, has led to
the growing awareness that MRSA is now a probletrotih human and veterinary medicine.
Looking into the epidemiological aspects of anif&SA, food production animals (cattle,
pigs and poultry, further referred to as livestoatg of particular concern. Not only are they
recorded as the primary source of the newly emgmiRSA type, studies also suggest that
they are involved in transfer of MRSA strains begwa&nimals and humans (and vice versa).
Indeed, as livestock they are in close contact pattt of the human population (farmers, farm
co-workers, veterinarians etc.) on the one hand canthe other, once they have actually
entered the food chain, they might serve as coemenenhicles for bacterial transfer, possibly
threatening food handlers and consumers.

In this review, the current knowledge on the premak, epidemiology, evolution and medical
importance of MRSA in both livestock and deriveddgroducts is summarized. As an
introduction, the most relevant facts 8naureusand methicillin resistance are listed,
followed by a short description of the most fregiyensed typing methods for both

methicillin-susceptiblés. aureugMSSA) and MRSA.

MRSA: methicillin-resistant S. aureus
S. aureuss the best characterized species among the dtaqoitgi, a genus of Gram-positive,
A-T rich cocci comprising over 50 species and sabgs according to the NCBI Taxonomy

browser (2). It forms part of the normal staphyloca flora of humans and various animal



species (3,4)S. aureuss also the most important human pathog&taphylococcuspecies,
with clinical conditions ranging from common mirskin infections to severe, often life-
threatening infections (5).

In animals,S. aureuss one of the three major pathoge8itaphylococcuspecies, together
with S. (pseud)intermediwndS. hyicug6). The scale of infections it may be involvedsn

as broad as the number of animal species suffénangit, ranging from pneumonia, joint
infections, osteomyelitis and septicaemia in pgUut;8,9), subcutaneous abscesses, mastitis
and pododermatitis in rabbits (10,11), dermatitid eellulitis in horses (12,13) to septicaemia
in pigs (4). HoweverS. aureugplays its most significant animal pathogenic radecause of
intramammary infections in cattle and small rumiisgs,14,15,16), leading to considerable
economic losses in cattle farming (6,17,18).

S. aureuwes its strong pathogenic capacities to the poesef a large number of various
virulence factors (5,19,20,21,22,23,24). In additian important impediment in the control of
S. aureusnfections is its tendency to gain resistancdrwoat all classes of antimicrobial
agents which it is subjected to (25). Of particdancern is the acquired resistance topthe
lactamase stablglactam antibiotics, historically known as metHinilresistance. Indeed,
methicillin resistance is caused by the expressfan alternative penicillin-binding protein,
called PBP2a or PBP2’ (26,27). Since PBP2a shovesyalow affinity for almost alp-

lactam antibiotics (27), methicillin-resista®t aureu§MRSA) is resistant to almost all
antibiotics of this very comprehensive group, ofashhmany members are still widely used in
both human and veterinary medicine.

PBP2a is encoded by theecAgene (28,29). This gene is localized in a mobéediic

element, named the Staphylococcal Cassette Chransosec(SCAneq. According to their
structural composition, SGfkecelements are categorized into different typeshBgge is

marked with a capital number. While initially iteseed that there were only a few different



SCQameectypes, it has become clear that more exist, aachtimenclature is rapidly evolving.
For the moment, eight different types are recogh{@able 1). These types are all based on

SCOmecelements found in human MRSA strains.

Molecular typing of (MR)SA

PFGE

Pulsed-Field Gel Electrophoresis, assigning iselat® pulsotypes, is presently considered
as the gold standard method for typingsofaureusof both human and animal origin. As a
standard fofS. aureusthe enzymé&mad is used for the macro restriction (36,37,38).

MLST

In MultiLocus Sequence Typing &. aureusinternal fragments of seven housekeeping genes
are amplified and sequenced (39,40). ViaShaureusVILST database (41), a sequence type
(ST) is assigned (40). Strains that differ in omhe or two loci are called Single Locus
Variants (SLVs) and Double Locus Variants (DLV®spectively. With ‘Based Upon Related
Sequence Types’ (BURST) analysis, STs, SLVs and £an grouped into Clonal
Complexes (CCs). In a CC, the ST that has the bighember of different SLVs and DLVs is
called the ancestral ST, and the CC is numbered igdtancestral ST (42).

spa-typing

The polymorphic X-region of the staphylococcal pintA (spa) gene contains a variable
number of different repeats of mostly 24-bp (48)spatyping, this repeat region is amplified
and sequenced. The total number of repeats argktheence of each repeat determine a
repeat profile, thepatype (44,45).

Recently, the Panel on Biological Hazards of theoRean Food Safety Authority (EFSA) has

recommendegpatyping for discrimination between MRSA strainsrfréivestock (46). It



should be noted that most of these strains aréypable with PFGE followinggma digestion
and that they generally belong to the ST398 sequgme (see below).

SCCmec-typing

An SCOnecelement is composed of two essential gene comgléekemeccomplex,
containingmecAand its direct regulatory genes, andt¢hecomplex, responsible for the
mobility of SCGnec(30,47,48,49,50). According to their structuratngmsition, variants of
these complexes are distinguished (51). The asgghaf SCnectypes is essentially based
on which variant of each complex is present (Tablelhis is mostly investigated using PCR
techniques. Both simplex PCRs (49,52) and multipi©&Rs (53,54,55,56) have been
developed.

While themee andccr-complexes show some limited variation, the othetgpof SC@neg
called J-regions, can vary greatly within and bemv8C@nectypes (51). Based upon
differences in the J-regions, subtypes of &@Care distinguished (e.g. 57,58,59), and these
can also be detected by PCR (53,54,55,60).

An important impediment of the abovementioned meshis that they are all based on
SCameesequences found in MRSA strains from human origecent studies have shown
that these methods fail to identify some S@&elements found in MRSA strains from
livestock origin (61,62) and many S@f@celements found in methicillin-resistant nSn
aureusstaphylococci (MRNaS) (63,64). As it can thus keeeted that additional S@te
types will be described in the near future, thespne methods will need continuous updating.
Indeed, the recently identified S@@ctypes VII and VIl for example (34,35) are not

included in the current methods.

History of MRSA



The history of MRSA is mainly situated in human rieete and started in 1961, when MRSA
was first isolated in a UK hospital (65,66). Frdmen onwards, MRSA began to spread in
hospitals all around the world, but at the enchef1980’s and during the 1990's its
prevalence truly exploded in many countries (688d,0). In the beginning of the present
century, it was shown that the majority of thehattttime known international epidemic
hospital strains, named Hospital-Acquired MRSA (NHRSA), belonged to only five CCs:
CC5, CC8, CC22, CC30 and CC45 (42), and that teeelly possessed one of the larger
SCQmeectypes I-ll (71), partly explaining their resistato most clinically used
antimicrobial agents (5,72,73). As it is assumed th humans, the use of large quantities of
antimicrobial agents can lead to selection and gerere of organisms resistant to these
agents (74), prolonged antimicrobial therapy hanlesignated a risk factor for the
acquisition of HA-MRSA (75,76), as have prolongedpitalization, care in an intensive care
unit, surgical procedures, and close proximity fmadient in the hospital who is infected or
colonized with MRSA (77,78).

While the problems with HA-MRSA were not at thaifl fwidth yet, a second phase in the
history of MRSA dawned halfway the 1990s, when MRB#&ctions involving strains
different from HA-MRSA were increasingly documentachon-hospitalized patients
(79,80,81,82,83). Such cases, called Community-#iated or Community-Acquired MRSA
(CA-MRSA), have since been reported worldwide. Aligh there has been some discussion
about the origin of several (early) cases (84)|ysmof the genetic background of CA-
MRSA strains has shown a clear distinction fromdgpHA-MRSA, as they predominantly
belong to ST1, ST8, ST30, ST59, ST80 and ST93 (B®ddition, CA-MRSA mostly
possess the smaller S@€ctypes IV and V (32,52,86), which is assumed tablkeast partly
explanative for the generally more antimicrobiacptible phenotype of CA-MRSA. The

carriage of the genes encoding Panton-Valentinelgdin (PVL), a cytotoxin believed by



many authors to be responsible for severe infestidrihe skin and soft tissues (90,91) and
highly lethal necrotizing pneumonia (92,93,94);amsidered to be typical for certain CA-
MRSA strains (85,87). The pathogenic role of PVEhigugh still under discussion (88,89).
Compared to HA-MRSA, CA-MRSA also seems to posdéssrent risk factors for
acquisition, as it has been most often reportgabpulations of intravenous drug users, men
who have sex with men, prison inmates, contacttépams, military recruits and children
(80,95,96,97,98,99,100,101).

Although MRSA was first isolated in animals already1 972, from Belgian cows with
mastitis (102), animals seemed not to play a rblgmificance during most part of the
history of MRSA. Based on the results of at thaietiavailable biotyping methods, it was
concluded that those first isolates were from huoragin (103). Also in occasional later
reports on MRSA isolated from animals (mainly comipa animals) the strains were mostly
human genotypes (104,105,106,107,108). This seawteslirprising, seen the increasing
prevalence of MRSA in non-hospitalized communitymbers at the time. Although since,
the problem of (human) MRSA in companion animals reher expanded, whole new
concerns raised in 2005, when MRSA was found aatatiwith pig farming in the
Netherlands (109).

This third phase in the history of MRSA was inigédt'accidentally’, by the unexpected
isolation of MRSA from a family of pig farmers ande of their pigs (109). Results of
subsequent investigations showed that pig farmmers the same geographical region were
carrying MRSAIn a >760 x higher carriage rate thi@ngeneral Dutch population..
Remarkably, PFGE analysis of the MRSA strains shibthat they were all resistant to
digestion with restriction-endonucleaSmad, butspatyping and Randomly Amplified
Polymorphic DNA (RAPD) analysis proved that allstis were closely related to each other

(209). When a few months later a pig farmer frorather region together with an unrelated



veterinarian mostly working with pigs, that vetenian’s son and a nurse treating this boy

were found also to be colonized with a related MR®AIn , it was concluded that pig

farming might pose a significant risk for MRSA dage in humans (109).

At that time, the importance of specifically thypé of MRSA was not clear, and also the

extent of the problem concerning farming, of pigsaeell as other animals, could only be

guessed at. In the following months and years hewevmultitude of reports, from the

Netherlands as well as many other countries, shalsdVIRSA of this type not only had

spread among pigs, other animal species (veal sadickens, horses, dogs, rats) and

humans related to farming

(61,110,111,112,113,114,115,116,117,118,119,12(M221123,124,125,126), but was also

capable of causing disease, in animals (62,1151279128,129) as well as humans

(116,119,130,131,132,133,134). It is now understhatithis MRSA is disseminating

clonally, possessing some typical features:

- non-typability with standard PFGE wima-digestion; this was shown to be due to the
presence of a new restriction/methylation systeaditeg to protection fror&ma
digestion (135). It is not clear how this noveltsys was achieved. The specific system
was thus far unknown f@&. aureusand even for the gen@®aphylococcuél35).

- being mainly MLST ST398. Very seldom, SLVs or DLVM&e ST752 and ST753 have
been reported (116). All strains thus belong toséwme CC, CC398 (41,116,130).

- variousspatypes; the authors have knowledge of 25 diffeyettrelatedspatypes that
have been reported to belong to CC398 (Table Zrabte 3). The majority of these types
are combinations of repeat sequences r02, r08r246r25 and r34 (Table 2). Some other
repeats are present less frequent but are closlalyd to some of the common repeats
(Table 3). As nevgpatypes have continuously been reported so fagatss likely that

more types will be described in the future.



- carriage of SC@ectype IVa or V; some studies also found St&ztype Ili
(61,116,122). However, the method they used, aiphext PCR described by Zhang et al.
(54), is under debate concerning its reliability thgpping SCCGnectype 111 (139). Also,
several studies have stated that §@GCtype IV was present (116,123,127,136,140). No
subtyping was performed by these authors, soibislear whether their strains belonged
to IVa. To date, no other subtype than IVa has lieend in this MRSA clone.
Remarkably, the SQ@ecelements also often appear to be non-typable Wwélcommon
SCQmeectyping techniques (61,62,116).

- general absence of Panton-Valentine leukocidin (PWifferentiating these strains from
typical CA-MRSA strains. Also many other virulenae{sociated) factors, known to be
present in typical HA- or CA-MRSA strains, have beshown to be absent in MRSA of
ST398 (141,142). Despite this large absence ofenne(-associated) factors, MRSA
ST398 strains have been found causing diseasetliramimals (62,115,119,127,128,129)
and humans (116,119,130,131,132,133). It is aarygear which factors are involved.
More investigations are urgently needed to elueidais.

- resistance against tetracycline, and frequentteagie against macrolides, lincosamides,
aminoglycosides and trimethoprim. Also fluoroqumu-resistance has been reported
(61,62,112,119,123,127,132).

Some different descriptions have been proposereferring to these MRSA strains. Because

of their typical resistance ®ma digestion, they are sometimes called Non-TypableSMR

NT-MRSA. However, there are arguments against #geai this description. First, it is

obvious that these strains are not non-typable. yMsimer techniques have proven to be

useful for typing the so-called NT-MRSA (109,11131¥44). Moreover, when using other
restriction enzymes, positive results can be obthimith PFGE (138,144). Second, from

bacteraemia blood samples from a Hong Kong hospitédcted in 2000-2001, two MRSA
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were isolated with a clonal background formerly mmkn for Hong Kong, ST398 (145).
They however proved to be digestible®iypd, and were assigned to pulsotype |I.

It seems reasonable that the clonal backgrounddisettle the name. ST398 is a type that
was virtually absent from the human population betbe initial reports in the early 2000s,
and typing data seems to support that its reca&siemce in humans is a direct result of its
emergence in livestock, and more specifically, gig6,146,147). This supports a livestock
origin of these MRSA strains. Consequently, livektassociated MRSA (LA-MRSA)
appears to be the most appropriate descriptionfrastame designation will be used in the

further text.

MRSA in livestock

Although LA-MRSA is the most important MRSA clonesiding in livestock, it is not the
only MRSA type that has been reported in livest@®@#dow a general overview is given of

MRSA in livestock.

Pigs

LA-MRSA seems to be the predominant MRSA straipigs, as among numerous recent
studies only two mention the detection of non-LA-8¥Rin pigs. In Singapore, one ST22-
MRSA-IV was isolated from pigs (115). ST22-MRSA-h4d been found before to be
increasingly important in the hospital populatidrBingapore and is also known as UK-
EMRSA-15, one of two major hospital clones in th€ (132), indicating human
contamination of the pigs. In Canada, 14% MRSAatd from pigs appeared to belong to
the human epidemic CMRSA-2 clone, while 74.4% efidolates were LA-MRSA (121).

The remaining strains belonged to rare clonestaiated to LA-MRSA or CMRSA-2 (121).
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Most reports on LA-MRSA in pigs come from the Netaeds (111,127,131,136). In Europe,
LA-MRSA has further been found in pigs in Germah$94,129), Denmark (112) and
Belgium (117,120), while outside Europe, in Canéld4l,148), Singapore (115) and the
United States (149).

Several studies have described colonization oftinegigs. At pig level, the reported
carriage-rates vary considerably between countiriesy 1% in Denmark (112), 18.6% in
Canada (121), to approx. 40% in Belgium and théndiddnds (111,117). Farm level rates are
generally higher: 66% in Denmark (112), 68% in Baig (117) and 45% in Canada (121).
However, these figures have to be interpreted alyefis the number of farms included in
the studies varied considerably, from 3 in Denn{ad), 20 in Canada (121) to 50 in
Belgium (117). In the Netherlands two studies fouad, different farm level prevalences,
81% positive farms (44 out of 54 farms) (131) complao 23% positive farms (7 out of 31
farms) (136). Both studies however used differastiuce techniques. In addition, the result of
the former study could have been increased by @ostamination in the slaughter house,
where the sampling was done (131). In the lattetysbn the other hand, the majority of
farms belonged to the ambulatory clinic of the Vietry Faculty of Utrecht, and in these
farms the antimicrobial use is generally more ret&td than in other farms, implying a
possible underestimation of the farm-level-prevede(i36).

Limited other investigations have been performeeltwidate factors possibly influencing
LA-MRSA prevalences in pigs. In one study, diffeararm management systems showed
significant differences in LA-MRSA prevalences, lwitA-MRSA being detected in 94% of
open farms (fattening farms) compared to 56% isedifarms (farrow-to-finish farms) (117).
In another study however, LA-MRSA prevalence seetoatiffer greatly when comparing
among two closed farm systems; one production systas highly MRSA positive and the

other system appeared MRSA negative (149). As sectar this, differences in other aspects,
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such as breed and herd size, were suggested aytiners (149). A third factor they
suggested was the origin of the sows. The sowshartdoth production systems had been
repopulated shortly before the date of samplingitA&s, part of the sows of the MRSA
positive system had been imported from Canada,evbigs have been found to be affected
by LA-MRSA (121). The sows from the other systermedrom Michigan, U.S. (149).
Although the authors could not give epidemiologeadence, LA-MRSA was thus possibly
brought into the positive farm via import of affedtlive swine or pork products. This
however should not mean Canada is the origin oMRSA in the U.S., as at that time the
presence of LA-MRSA in other regions of the U.8¢glsas Michigan, had possibly not been
investigated.

Although certainly more studies are required t@l#y assess the influence of farm
management and related aspects on LA-MRSA preva)eéhese studies suggest an important
role for national and international pig tradingfie dissemination of LA-MRSA in pig
farming. This was also suggested by a Dutch stimdyhich indications were found that
finishing and farrowing farms may get colonizedU#* MRSA through the purchase of
colonized pigs from their supplier farms (136).ekent study also showed that piglets from
an LA-MRSA positive sow were 1.4 times more likedybe colonized with LA-MRSA than a
piglet from a negative sow (148). Purchase of LASMRpositive sows will thus facilitate the
spread of LA-MRSA in a farm.

Another factor that might be implicated in LA-MR$#®evalence in pigs is age. In a Belgian
study, the probability of being MRSA positive wagrsficantly higher for piglets than for
both sows and fattening pigs (117). The influericage was also investigated by a recent
Canadian study, in which the dynamics of MRSA caation in piglets was investigated
over time (148). All MRSA appeared to be LA-MRSAdahe colonization rates were found

to be low initially (below 10%) but increased otiene, to 35% positive piglets prior to
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weaning and a peak of 64% positive piglets at geed 42 days. At the last day of sampling
(age 70 days) 41% of piglets carried MRSA. Howeaerearlier Canadian study contrarily
found no significant difference in MRSA prevalermween three different age groups of
pigs, i.c. suckling pigs, weanlings, and grower#irer hogs (121). More investigations are
thus required to elucidate any possible influerfcage.

LA-MRSA has also been isolated, albeit rarely, friofiections of pigs. These involved skin
infections such as exudative epidermidis (127)tbers (115,129) but also infections of the
urogenital tract (129) and the uterus and mammianydy(129). For the moment it is unclear
which virulence factors are involved. Yet, considgrthe far higher number of unaffected

carriers, LA-MRSA seems to be rather a coloniziingis of pigs.

Cattle

In cows,S. aureusplays a significant role as a major cause of rtiag6) and most studies on
MRSA in cattle concern isolation of MRSA from maistiUnlike the development in
humans, the first detection of MRSA in mastitis{L&as not the beginning of a steady
increase in MRSA prevalence. Although more MRSA detected in some of the originally
positive farms on several occasions in the twos/aéter the first isolation (103) and in the
subsequent years MRSA was still detected in Belgdatine antibiotic susceptibility tests
(150), the prevalence fell and in 1982-1983 MRSA wa longer detected in Belgium, an
absence which remained for nearly 25 years (62,1889 in other countries no MRSA was
reported in mastitis for a long time. Reports canwe frequently from the early 2000s on.
From these reports, it is hard to estimate an dverevalence of MRSA in mastitis. First,
there are often inconsistencies in laboratory nagthio different studies, making it difficult to
make viable comparisons. The most important examiplleis is the lack of control on the

presence of thmmecAgene in many studies, which can result in unrédialata (151), for
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example because of the heteroresistan&agihylococcus aurews methicillin (152).

Several studies reporting MRSA in mastitis not liygartially verified the presence of the
mecAgene (153,154,155,156), and should thus be tredtadhe greatest care when
estimating the prevalence of MRSA in mastitis. Alse isolation procedures tend to differ
considerably between different studies.

Second, when considering studies in which presehoecAwas confirmed (= true MRSA),
other essential data can be missing. In FrancessAdy al. recently detected true MRS/SIn
aureusstrains collected from mastitic milk and from theres of cows. They did however not
mention from which body site the MRSA strains aragied (157).

Third, prevalence of true MRSA in mastitis can beessed at different levels, i.e. quarter-,
cow- and farm-level. Some studies do not provid&cent data to know on which level their
data should be interpreted. For example, a Hungatizdy found true MRSA in milk samples
from subclinical mastitis originating from only ofeem, but it was not elucidated whether all
samples originated from different cows or from eliéint quarters. Moreover, it was a
longitudinal study, with samples being taken ovewvaryear period (158). In South Korea
true MRSA was found in bovine milk specimens. Hoarethe total number of milk
specimens was not given and not all samples otigghom mastitis (159). In another report
the same author found true MRSA in a specific nunatbenilk samples from different cows
but also in this case the number of milk samplésrmating from mastitis cases was not
specified (160).

Only two studies, from South Korea, give adequattermation, and they show that the
quarter-level prevalence of MRSA in mastitis isyw, ranging from 0.18% (58) to 0.4%
(161).

A factor that not so much influences a correchestion of the MRSA prevalence in mastitis

but is important from an epidemiological point éw is the origin of the MRSA strains.
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Using biotyping methods the first detection of MRBAmastitis was found to be presumably
of human origin (103). Yet, from the other aboventimned studies, many did not include
information or hypotheses on origin of the strgitfs4,155,156,161). Those that did mostly
found a likely human origin (58,158,159,160), aligb the presence of bovine specific
MRSA strains was also suggested (153,157). Reckatiyever, LA-MRSA has been found to
be present in Belgian cases of clinical and sulpalmmastitis (62). It was shown that nearly
10% of Belgian farms suffering fro®. aureusnastitis was affected by LA-MRSA and that
the farm-level prevalence of LA-MRSA in positiveiizs varied between 3.9% and 7.4%
(62). Also in Germany LA-MRSA has been found in ties(141).

As the colonization capacity of LA-MRSA in dairysiaot yet been investigated and the
current data on LA-MRSA are still sparse, the exarctlen of LA-MRSA for dairy cattle
farming is not yet clear. Yet, it can be reasonabigpected that the infection of dairy cattle
with LA-MRSA will expand in the future. The manyespes in which it has been found
shows that LA-MRSA is relatively unspecific in lisst colonisation and might thus very well
find a host in cows. In addition, although this has been substantiated by evidence, the
small timescale in which LA-MRSA has attained thds&erent species and has spread to
different countries suggests that LA-MRSA can sgreasily. A$3-lactam antibioticsp-
lactamase-sensitive as well as -stable, are anfemost frequently used antibiotics for
treatment of mastitis and also tetracyclines, mats and aminoglycosides are often
included in the treatment or prevention schedui? (1163,164), the typical resistances LA-
MRSA exhibits against these antibiotics might case@ous problems for treatment of
mastitis. Because risk factors (repeated or enduwamtact with a contaminated source) and
transmission routes (the milking machine and haridlse farmer) for the spread of normal
mastitis-causing. aureusare likely to be the same for spread of LA-MRSutufe research

might want to focus on these topics.
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While we have found no real evidence that non-LA3ARhas ever been isolated from
another body part of living cattle than the udd€y;MRSA has been found in the nose of
beef calves. In the Netherlands, in one farm 50%h@feef calves appeared to be carrying
LA-MRSA in their nose (114). As for dairy cattlepne research is still needed to elucidate

whether LA-MRSA has a true reservoir in veal calves

Poultry

The first report on MRSA in poultry came from So#tbrea, where MRSA was isolated from
chicken arthritis cases. With RAPD typing the MR&#ains appeared highly similar to each
other, and they were suggested to share a comnoastan with MRSA strains isolated from
humans and bovine milk (160). Three years lateretMRSA were reported again in South
Korea (159). On the basis of a comparison of tipesece of theneckgene with human
strains, one strain was suspected to be humanotfilee had anectsequence that was
previously undetected in humans suggesting theasmstwere animal specific.

More recent reports concern the detection of LA-MRi$or associated with poultry. First, a
LA-MRSA strain was isolated from chicken droppirigshe Netherlands (113). Then, LA-
MRSA was detected in Belgian poultry, where LA-MR®as found in a collection of recent
S. aureussolates from nares and cloaca of industrial breiin Belgium (61). In another
Belgian study LA-MRSA was found in broiler chickemst not in laying hens (124). For the
moment the reasons for it are unclear. Thoughntbiatics are seldom used in layers,
differences in antibiotic use may account for it.

The amount of data is currently too sparse to dramsistent conclusions on LA-MRSA in
poultry. It is unclear whether LA-MRSA has an impan animal and poultry farmer health.

More investigations are needed to further elucitiagespidemiology.
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MRSA on livestock-derived food products

Besides its importance as hospital and communityqagen,S. aureuss also a well-known
cause of food intoxication (165,166). aureusood poisoning is the result of the production
of staphylococcal enterotoxins, of which many typase been found in strains $f aureus
(166,167). Although these enterotoxins functios@serantigens, i.e. they cause
immunosuppression and trigger nonspecific proltferaof T-cells, leading to high fever, the
clinical outcomes 08. aureugood poisoning are mostly relatively mild (165hérefore, it is
estimated that the actual number of foodborneshes caused I§. aureuss much higher
than the reported number (165).

In contrast, MRSA food poisoning is very rare. Timy report on MRSA food poisoning
comes from the United States, where three aduttarbe mildly ill after they had eaten
coleslaw contaminated with an MRSA producing entedo C (168). This strain probably
came from a food handler in the market place wheeoleslaw was bought and was
possibly of hospital origin (168).

MRSA of human origin can also be found on meathinNetherlands, an MRSA strain
isolated from raw pork appeared upon genotypirgetadentical to a well-known human
clone, USA300 (ST8-MRSA-IV) (169). Also in the Usit States MRSA clone USA300 was
found on raw pork (170). In that study also anothielespread human clone, USA100 (ST5-
MRSA-II), was found on raw pork and on a sampleasi beef. Further, in South Korea
MRSA of a likely human origin was found twice onaiten meat (160,171). Also in Jordan
MRSA of suspected human origin was found on chickeat (172). All these studies did not
report whether the detected strains were capalgeoofucing enterotoxins. In Japan however,
an MRSA strain of human origin isolated from ravicken samples appeared capable of

producing enterotoxin C (173).
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The aforementioned studies did not elucidate tliecgoof contamination of the meat. The
investigated meat was selected from retail shopseat markets. However, no research was
done on presence of MRSA in the people workindn@seé places. There is though one study
from Taiwan in which 18 meat market workers werevah to carry MRSA in their nose
(174). Yet, in this study no meat was examined.

As humans are capable of contaminating meat, ihse@easonable that human MRSA on
meat can also contaminate persons handling orgeedintaminated meat. This could be an
important route for transmission of MRSA in the coonity or the hospital. The risk this
could pose was illustrated by a Dutch hospital ek of MRSA in two hospital units. The
outbreak was likely initiated by transmission of BiRvia food contaminated by an MRSA
positive healthcare worker involved in food prepara(175). In total, fourteen healthcare
workers and 27 patients were attained and of 22matthat subsequently developed clinical
disease, four died. The initial food specimen imed| could however not be revealed (175).
Indeed, in this regard, it needs to be kept in ntivad proving a food specimen was a source
of MRSA contamination is likely to be a difficulty studies investigating this. Per definition,
food is sold or bought to eat. Consequently, unfeldsical) results follow immediately upon
eating or handling contaminated food specimengaroimation is likely to pass unnoticed
initially and by the time it is noticed, if it eves, the contaminated specimen will often be
sold, eaten or thrown away. Hence, contaminated éould hitherto have been much more
involved in cases of MRSA colonization or infectitvan has been reported until now. Thus,
even though of the above mentioned studies on hiMiR®BA strains on meat, none reported
contamination events due to contact with the comtated meat, it is perhaps premature to
suggest that meat contaminated with human MRSAlose or no risk for consumers. More
investigations, for instance under experimentdlrggt, are needed to gain more insight in the

actual risks. Opposite, it also seems unnecessanake too much commotion about the risks
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of contaminated food. Performing the normal hygieneasures when handling foods should
suffice until thorough research proves otherwise.

Of special interest in these matters is the emesgand wide spread of LA-MRSA in
livestock, which raises the question whether tlstisens are also present on derived meat and
via this way could find an entry key for a largpresad in the human population. A Dutch
study proved relatively early that LA-MRSA could peesent on pork (169). A very recent
and much larger Dutch study confirmed this, andv&tbin addition a very wide spread of
LA-MRSA on many different meat products. In thedstu2217 raw meat products were
investigated and MRSA strains were isolated frontess than 264 samples (11.9%). An
overwhelming 85% of the strains were LA-MRSA (13)e highest isolation percentages
were found in turkey, chicken and veal meat. Ndy @this clear proof that LA-MRSA has
found its way into the food chain, it is also rekedrle because LA-MRSA was present in
turkey, lamb and sheep meat while currently namgvcarriage of LA-MRSA has been
reported in these animals. Despite this relatiyéiyn number of meat contaminated with LA-
MRSA, so far there are no signs that this has dmuterd significantly to the dissemination of
LA-MRSA to humans. This may be at least partly tuéhe very low numbers in which LA-
MRSA was found present on the meat (137). Howdhiercomments concerning the
difficulties of proving this, as in the case of amMRSA on meat, also count for LA-
MRSA.

In addition to meat, another livestock derived fgodduct that could lead to MRSA food
intoxication or serve as vehicle for MRSA transnaegs raw milk, when contaminated raw
milk is used for the production of cheese. This vegorted in Italy, where two MRSA strains
of unknown origin were found in dairy cheese pradi&76). As these strains were found to
harbour genes for expression of common staphyl@@&sterotoxins, they had the potential

to cause food poisoning (176).
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Origin and molecular evolution of LA-MRSA

LA-MRSA seems to be primarily associated with pigewever, since little is known on
healthy carriage 0&. aureusn pigs and the staphylococcal species dominatimgfections
of pigs isS. hyicug4,6), the emergence of LA-MRSA in pigs was fairlyexpected, and

brings up questions on origin and evolution of MRSA398.

From MSSA ST398 to MRSA ST398

As both MRSA ST398 and MSSA ST398 have been demtribcan be assumed that MRSA
ST398 evolved from MSSA ST398 by acquisition of 3@ Two issues relate to this event:
the origin of MSSA ST398 and the circumstances eoring the acquisition of SG@ecby
MSSA ST398. Unfortunately, very little data are iéadale to elucidate both these issues.
Until now, MSSA ST398 has only been described imans (41,147,177) and in pigs
(112,147), suggesting one of these species isripmal host of MSSA ST398. Although it
has been more often and way earlier (already iM)1@81) described in humans than in pigs
(first time in 2005) (147), the results of an edfhench study support the idea that MSSA
ST398 is primarily pig-associated. In that study3$8 was found among certain MSSA
clones that were prevalent in healthy pig farmertsiot in healthy non-farmer controls. As
ST398 MSSA strains were also present in infectfom® pigs, animal to human transmission
of this clone was suggested (147). Furthermorelathenumber of detections and the
relatively late date of the first description igpican easily be due to the fact that, following
from the low pathogenic relevance®faureusn pigs, there has been little reason for MSSA
(ST398) isolates to be detected in pigs. Nonetkeleseems that more data are necessary to

reliably conclude that MSSA ST398 is essentialty-gpecific. Unfortunately, contrarily to

21



humans, very few databasesSofaureusstrains isolated from pigs over time are available
making it hard to assess the prevalence of MSSA8Ti8pigs before the recent reports.
The issue of SCecacquisition by MSSA ST398, evolving then into MRSA398, is
equally hard to address. In general, little is kndw date on the origin of S@@&candmecA
and on the epidemiology and mechanisms of E€acquisition. Apart from the very origin
of mecAin S. aureuswhich is assumed to have involvechacAhomologue present in the
coagulase-negative speckmphylococcus sciufll78,179,180,181), it is generally assumed
that the presence of S@@cin a certain MRSA clone has been preceded, sonrevihé¢he
evolution of that clone, by a horizontal transfe6€ Omecfrom another source (71). This
source could then be another MRSA strain carryiregspecific SC@ecelement or, which is
often suggested, a methicillin-resistant i®raureusStaphylococcufMRNaS), in which
various SC@ecelements are known to be present (182,183,184ywaich thus could
function as a reservoir for S@&c Very little is however known on such transmission
events. Although the cassette chromosome recondfsjasontained in thecr-complex of
SCamecare known to be responsible for integration antséan of the entire SQ@Gec
(31,32), actual transmission events of whole 8@€elements are very hard to prove, and the
few reports on such events largely depend on irg&afon of indicative epidemiological and
typing data. For example, using such data, a Slwestiigly recently suggested horizontal
transfer of an SCQectype V between clinical isolates of methicillinsigtantS.
haemolyticusand MSSA ST45 (185). Yet, without further evidenibe role of MRNaS in the
horizontal transfer of SQ@ecto MSSA and the frequency of S@@ctransmission events
between staphylococcal strains remains merely @ @faspeculation.

The same accounts for explaining how LA-MRSA evdl#®®m MSSA ST398 strains. With
the assumption that MSSA ST398 is originally pigeasated, it can be proposed that

SCQamectransmission occurred in pigs, with MRNaS or MR&Adonor species. However,
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very little literature is available on presenceMiRNasS in pigs, leaving any such donor
species to the guess. Also, to date, MRSA straimsrdahan LA-MRSA have rarely been
reported in pigs (see above). Nonetheless, as LAARNRIostly harbours SQ@ectypes IVa
and V and the smaller S@&ctypes IV and V are considered to be typically iearby CA-
MRSA, human CA-MRSA strains could very well havebhehe donor species. Indeed,
human MRSA strains could be present more frequémtbygs, because, similarly to MSSA
in pigs, the availability of few reports could beedto a lack of studies investigating MRSA in
pigs. However, an interesting idea is that the stiipn of SCGnecby ST398 MSSA did not
occur in pigs but in humans. This would agree \thth earlier detection of ST398 MRSA in
humans than in pigs. Indeed, before the first repoiLA-MRSA in pigs (109), ST398

MRSA was detected in a Dutch woman (41,131) aradfinench pig farmer (147). A possible
course of events could thus have been that aétesfier to one or more humans, most likely
farmers, an ST398 MSSA strain from pigs acquire@€®€cfrom a CA-MRSA strain, and
after recolonization of one or more pigs, such SIBIRSA strain started to spread among
other pigs. That the first detections of MRSA ST®&@8urred in the Netherlands and France
does not necessarily imply that these events ttaatepn one of those countries. Especially
the Netherlands seem an unlikely country, as th&&RMRrevalence in both the hospital and
the community is one of the lowest of the world.

Regardless of the exact facts of these mattergathehat multiple SC@ectypes have been
identified in LA-MRSA indicates that LA-MRSA mustkie arisen on multiple occasions
from MSSA ST398 strains. This brings along othezgjions. It is for example not clear
whether the two most frequently detected types,dN@ V, were already present from the
very beginning, or whether one element was resptmgir the first cases and the other was
acquired later on. The very first reports of STBERSA did not include information on the

SCQmectype present (41,109,131,147). Moreover, sevarglpable SC@ecelements have
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been found in LA-MRSA but it is unknown exactly howany different elements LA-MRSA
carries. In addition, since LA-MRSA has been detédh a large geographical area and in
many different species, the acquisition of $@ccould have occurred in different species
and different countries. However, until now ST3988A has only been reported from the
Cape Verde islands (41), France (147), the UnitateS and the Dominican Republic (177)
and was found only in humans (41,147,177) and ({i¢3).

In conclusion, the origin and evolution of LA-MRS8éllowing acquisition of different
SCQmecelements by different MSSA ST398 strains involwesy unanswered questions,
which for the moment can only be addressed witlewpdons. The lack of long-term data on
the presence @. aureusn pigs - MSSA as well as MRSA and human as wehan-human

strains - makes it reasonable to fear many of thasstions will remain unanswered.

Acquisition of Panton-Valentine leukocidin

In addition to the SCecissues, another event that deserves considesakien trying to
unravel the molecular evolution of LA-MRSA is thegaisition by certain strains of the genes
encoding the Panton-Valentine leukocidin (PVL)aBts of CC398 MRSA that did possess
the PVL genes have been found causing human iofecin China (140) and Sweden (186).
However, the large majority of CC398 MRSA strainatthave been investigated appeared
not to possess these genes, even when the strajmated from infections (e.g.
116,119,130,134,149,187).

It is not clear how the aforementioned LA-MRSA Bisaacquired PVL. The genes encoding
PVL are carried on mobile genetic elements (MGES8BJ. As both cases reported no link
between the patients and animal contact but indteatd medical histories of the patients

that are typical for HA-MRSA (140) and CA-MRSA (1486), perhaps it concerned LA-
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MRSA strains that resided already for a longerqzem the hospital or the community
environment and acquired PVL from human MRSA stain

Despite the fact that the importance of PVL asleimge factor is still controversial
(88,89,91,94), these cases illustrate the potenitibBA-MRSA to take up virulence factors on
MGEs. A further spread of such MGEs in LA-MRSA nimpose a serious risk for both
human and animal health, seen the wide spread efIBSA in some animals and its

potential to colonize and infect humans.

LA-MRSA in humans

Since the medical significance of LA-MRSA for veterry medicine is currently rather low,
perhaps the most worrying aspect of LA-MRSA isaipparent capacity to transfer between its
animal carriers and people in close contact widmthThis has been extensively shown in pig
farming. Several studies, from many different caest found that living or working on a
farm with colonized pigs were risk factors for LARBA carriage
(109,116,121,123,132,133,149). In the Netherlaadsncreased risk of LA-MRSA carriage
has also been shown in veal calf farming (114,18%,190), even though actual carriage of
LA-MRSA by veal calves has been reported only diidel). An increased risk has not yet
been shown for dairy or meat cattle farmers. Tesadr extent, also poultry farmers have
been found colonized as a result of LA-MRSA caridg their animals (113). In addition,
also veterinarians working with pigs and cattle evierund to be at higher risk for carriage of
LA-MRSA (109,110,116,122,123).

Despite the fact that its transferring capacity waetty clear from the first reports on LA-
MRSA (109,131), until today, many features conaggrit remain unclear. For example, as
such an extensive transfer between humans and srii@sinot been reported for any other

clone of MRSA, it can be assumed that LA-MRSA peses special mechanisms or
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characteristics. However, this assumption has ebbgen verified, and consequently,
possible mechanisms have not yet been elucidatethdfmore, only little information is
available on actual risk factors and associatetstrassion routes. Equal to other HA-MRSA
and CA-MRSA, the most obvious risk factor and raafteransmission of LA-MRSA is direct
contact with colonized patients, i.c. animals. Tias been proven in pig and veal calf
farming (116,190). Yet, though it can be assumeaktamportant also in other animal

farming activities, so far this has not been sutigited with evidence. Further, the duration
of animal contact and the percentage of MRSA pasiinimals were shown to be risk factors
in veal calf farming. In addition, contact with antaminated environment has been suggested
(174). Such environment could also include theasrstudies have shown that air in pig and
cow stables may contain considerable amounts éhfamobial resistant) bacteria (191,192).
This has however not been investigated for LA-MRSA.

In general, more research is urgently needed tofgaiher information on risk factors and
transmission routes of LA-MRSA. This is an esseéméguirement for efficient control
measures to be implemented. This is of particahgnoirtance, since, in addition to its capacity
to colonize humans, LA-MRSA has also been foundbbgpto cause infections in humans.
LA-MRSA has been isolated from (severe) infectiohpeople in close contact with pigs
(116,132,134,187,193,194) and poultry (130) (T@blerhere seems to be no association of
LA-MRSA with certain clinical conditions, as it hbsen found in both invasive and skin
related infections (Table 4). In addition, it istear whether a decreased human health
condition predisposes to development of LA-MRS/Aertfons. Further, as has been noted for
animal infections with LA-MRSA, it is currently tally unclear which virulence factors are of
importance in human LA-MRSA infections. Howevern;, fow, it seems that the virulence

capacity and associated medical importance of LASARs much lower compared with

26



traditional human HA- and CA-MRSA strains. None#ss, future research should urgently
bring more insight in these matters.

Another important aspect of LA-MRSA in humans iatitalthough infrequently reported and
not (yet) substantiated by epidemiological data;MRSA appears to be capable to transfer
between humans. In the Netherlands, a six-monthsialghter of pig farmers, who
presumably had not had direct contact with pigpeaped colonized (109). In that same
study, the son of a veterinarian and the nursditigethe son in the hospital to which he was
admitted also appeared to be carrying LA-MRSA (10%)s could create very dangerous
situations, especially when personnel of medictiinggs carry LA-MRSA. In a Dutch
hospital, a case was reported in which five healthevorkers and three patients appeared to
carry LA-MRSA and two other patients were infecbdLA-MRSA (133). Recently, also in
a residential care facility for visually and inttually disabled people a resident was
diagnosed with dermal abscesses caused by LA-MB8Bsequent research revealed two
other residents and three personnel members tarbgng LA-MRSA (138).

Contrary to what these cases suggest, LA-MRSA seait® be able to spread widely in the
community or in hospital settings. LA-MRSA has bé&aown in hospitals for several years
but still no large spread has been reported. Netesh, it is clear that LA-MRSA could
complicate the MRSA control measures for hospi#irsgs, particularly in countries that
perform strict control measures, such as the Nethes (195). Not only will the group of risk
patients expand considerably, implying a higher benof screenings to be done on
admission to a hospital, a higher number of scregmis also likely to lead to more people
that need to be kept in isolation, implying a sesiburden for hospital accommodations and
healthcare means. That this problem is very relewas shown by a recent Dutch study, in
which it was found that the inclusion of the neskrgroup of animal farmers had lead to a 3-

fold increase in the annual MRSA incidence (189).
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Conclusions

MRSA in livestock should be regarded from two side€398 MRSA and non-CC398
MRSA. The few reports of non-CC398 MRSA in pigs gadltry concerned MRSA of
human origin. There are no indications that thesmals play a role as reservoir for
reinfection of humans nor that this will changehe near future. The situation in cattle is
more complex. Non-CC398 MRSA is detected more featly than in pigs and poultry,
almost solely from mastitis, indicating a probleon &nimal health. However, the size of the
problem is hard to assess. Quarter-level prevalseems to be very low but cow-level and
farm-level prevalence cannot be estimated duddokaof consistent data.

Meat and milk are occasionally found to be contatad with (human) non-CC398 MRSA
strains. Although these food products have nobgeh found to contribute to the
dissemination of such strains in the communitye caust be taken when drawing
conclusions, due to a lack of thorough researcthil bore studies have been performed
normal hygiene measures and adequate preparattbe édods should suffice to contain this
situation. This also counts regarding the recetead®n of CC398 MRSA on various meat
products.

CC398 MRSA or LA-MRSA seems primarily associatethvgigs but its origin is still largely
unclear. Strains of this clone have spread arob@dvorld. In livestock, besides pigs also
cows and poultry are affected. However, the oragid relevance of LA-MRSA in the latter
animals remains unknown to date. The implicatiohAfMRSA in animal infections may
pose a burden on veterinary medicine but to whigrgxs still unclear, as are the factors
responsible for the pathogenic potential of LA-MRSA

An essential aspect of LA-MRSA is its remarkablgrde of host unspecificity, transferring

also between animals and humans. Possible mechagigofaining this host unspecificity are
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yet to be revealed. In comparison to the extewtloér types of MRSA, the impact on human
healthcare is still small. However, the demonstradf the capacity of LA-MRSA to take-up
toxin genes should urge the medical world to takasares to control transmission and
spread as quickly as possible. This will requirdligh research to be performed to elucidate

transmission routes and risk factors.
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Table 1. Summary of SGfed-types currently described in methicillin-resistSniaureus

Class ofmeccomplex Type otcr-complex SC@hectype Approx. size Reference
B Al/B1 I 34 kbp 30
A A2/B2 Il 53 kbp 30
A A3/B3 Il 67 kbp 30
B A2/B2 v 21-24 kbp 31
C2 C \% 28 kbp 32
B A4/B4 VI 24 kbp 33
c1 C VII 27 kbp 34
A A4/B4 VI 32 kbp 35

*SCQmec staphylococcal cassette chromosamee
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Table 2. Repeats of 2pd-types reported to belong to CC398 MR:3Arains.

spatype Repeats Reference
t011 08-16--------- 02-25---------- 34 24-25 110
t034 08-16--------- 02-25--------- 02-25-34---------- 24-25 110
t108 08-16--------- 02 -—-- ---34 24-25 109
t567 08------------- 02-25-----------mmeme- 24-25 109
t571 08-16--------- 02-25--------- 02-25-34-------------- 25 116
t779 08---- -—-- 137
t898 08-16--------- (L — 02-25-34------34-24-25 116
1943 08-16--------- 02-25------------- 25-mmme e 24-25 109
t1197 08-16--------- 02-25 ---46 24-25 119
t1250 08-16--------- 02-25 -02-25 131
11254 106-16--------- 02-25--------==n=mn- 34— 24-25 111
t1255 08-16------------- S Y 24-25 121
t1451 08-16--------- 02-25 —-34 25 137
t1456 08-16--------- V7 SORR—— 124
t1457 08-16--------- 02-25-----34-02-25-34----—- 24-25 137
t2346 08-16--------- (0] RN 34-24------24-25 134
t2383 08-16------------- 138
t2970 08-16--------- 02-25 ---34--—-34-24-25 137
t3015 08---neemmmmmav 02-25---------- 24------24-25 137
t3119 08-85--------- 02-25 ---34 24-25 137
t4208 08-16--------- 02 | — pJoTcY — 24-25 137
t4872 08-16--------- (021 F— 34-245234-24-25 125
t337 07-16-23-23-02-12-23---+-02+--+-34-----—mmenn- 116
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t899 07-16-23+----02-----mmrmmee 34

t1939 SN S NN, R—— V.|

122

136

' spa gene encodingt8phylococcuprotein A

2 MRSA: methicillin-resistanStaphylococcus aureus
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Table 3. Sequence of ancestral repeats (*) andippsterived repeats.

Repeat

Sequence

r106

rog*

ro7

GAGCAAGACAACAACAAGCCTGGT

i
GAGGAAGACAACAACAAGCCTGGT

J
GAGGAAGACAACAACAAACCTGGT

r16*

r85

AAAGAAGACGGCAACAAACCTGGT

¥
AAAGAAGACGGCAATAAACCTGGT

r12

r25*

r31

AAAGAAGACAACAACAAGCCTGGT
T 7
AAAGAAGATGGCAACAAACCTGGT

¥
AAAGAAGATGGCAACAAACCTGGC

r34*

r46

AAAGAAGACAACAAAAAACCTGGT

¥
AAACAAGACAACAAAAAACCTGGT
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Table 4. Human infections caused by LA-MRSA

Site of infection  Type of infection Reference
Heart Endocarditis 130
Wound Diabetic foot ulcer 133
Infection of pig bite wound 187,193
Unspecified 119
Skin Abscess 138,143,194
Cellulitis 194
Unspecified 119,132
Respiratory tract  Sinusitis 132
Ventilator-associated pneumonia 119
Muscles Pyomyositis 194
Unspecified Invasive infection with multiorgan faié 132
Various Various 134

" LA-MRSA: livestock-associated methicillin-resisté8taphylococcus aureus
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