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ABSTRACT

Methicillin-resistant (MRSA) and multidrug-resistgiMDR) Staphylococcus aureuand
the serotype (ST) 398 have been associated witlahwamnd livestock infections, being also
detected in retail meat. The aim of this study twadetermine the prevalence and molecular
types ofS. aureustrains from animals, retail raw meat, deli meatl humans, determining the
genetic similarity between the strains.

A two-step selective enrichment followed by seleetplating were used to isold®e aureus
from animals (=167), retail raw meanhg145), and deli meah€46). In additionS. aureugrom
healthy peoplen=550) was isolated by culture method. Positiveaitgd and MRSA isolates
from clinical casesnE108) were subjected to multiplex PCR (16S rRIN#&cA and PVL
genes), molecular typing and antimicrobial sustdpy testing. In addition, a real-time PCR
assay was developed in order to decrease the finetection of target genes $f aureusn
animal and meat samples, comparing the resultsthwalstandard culture/PCR method.

The prevalence &. aureusvas 34.7% in animals, 47.6% in meat, and 13.0%elnmeat.
ThemecAgene was detected $ aureussolated from five pork meat samples and exhibited
penicillin resistance. The ST398 was found in sheays, and pork meat. Ttg& aureusasal
carriage in healthy people was 7.6%. A total of MIBSA strains (97.2%) from clinical cases
harbored thenecAgene and 11 (10.2%) the PVL gene. The rate of MRR W% in humans. A
genetic similarity between strains from animals ereht, and from humans and meat was
observed. Total agreement between the culture/PE€Rad and real-time PCR for detectionSof
aureuswas 68.9 to 97.8%£0.68-0.88), and themecAgene, 86.7 to 98.7%=%£0-0.49).

Therefore, the real-time PCR assay may be recomadeaisla rapid method for the

detection ofS. aureuswith confirmation of MRSA using the standard cuét method. The



presence of emergirfg} aureusstrains in the meat production chain and the gesehilarity
between strains of different origin, suggests th@amination of meat, and a potential risk of

transmission to humans.
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1. GENERAL INTRODUCTION

The emergence and spread of multidrug-resistantRMaathogens have increased public
health concerns worldwide. The emergence of antohial-resistant (AR) bacterial strains in
animals has been related to the use of antibiotiagimal husbandry (de Neeliegal, 2007).

A large number of antimicrobials have been incoapent in the animal diets for prevention and
growth promotion, which has frequently exposed atsnto subtherapeutic concentrations of
antibiotics (Dupont and Steele, 1987; Frartal, 1990). Therefore, genes related to
antimicrobial resistance may be transferred todsactn humans, which represent a potential
risk for decreasing the efficacy of antibiotics dige human health (Smitkt al, 2002).

Contaminated meat with AR enteric pathogens has fegmrted, includingSalmonella
CampylobacterEnterococcusandEscherichia col(FDA, 2010). In addition, methicillin-
resistant (MRSA) and MDRtaphylococcus auretmve been found in animals and meat (de
Neelinget al, 2007; Waterst al, 2011; Buyukcangaz et al., 2013). However, thiere
sufficient information about the prevalence of MR&#&d MDRS. aureusstrains in food of
animal origin, and the route of transmission tavals and humans.

In humanssS. aureusan cause a wide variety of diseases, such ag:gooning,
pneumonia, wound, and nosocomial infections (Tiesmeet al, 2004; Kennedgt al, 2008).
This opportunistic pathogen can be transmittechlydirect contact among animals and humans
with an infectious disease. Moreover, the transimissiay occur among people or animals that
are colonized b. aureusaand are asymptomatic carriers (CFSPH, 2011).

Animals may be colonized by MRSA in their nares akith (de Neelinget al, 2007; Moon
et al, 2007; van Belkunet al, 2008; Persoonst al, 2009), increasing the risk of contamination

of carcasses and meat during slaughtering (de &aar, 2009).



In the United States, the prevalenc&otureusaind MRSA nasal carriage in human is
estimated at 29% and 1.5%, respectively (Goreital, 2008). Therefore, humans are also a
potential source of contamination during processing handling food. For this reason,
undercooked food and food that do not need a fulhtbat treatment to be consumed represent a
higher risk to become vehicles in the spread af plaithogen (CFSPH, 2011).

In previous studies, the prevalence and genotypimgethicillin-susceptiblé&. aureus
(MSSA) and MRSA strains isolated from animals arehtrhave been determined (Watetral.,
2011; de Neelingt al, 2007). Other past reports have characterizegd M8ISA and MRSA
strains from humans (Tiemersmagal, 2004; Kennedwt al, 2008). Therefore, the source of
emergingS. aureusstrains that could cause infections and the gesenilarities betweef.
aureusstrains isolated from different type of sourcess ot totally clear.

1.1. Characteristics of Staphylococcus aureus

Previously, the genuStaphylococcubad been classified within tiMdicrococacead-amily.
However, further studies of genetic homology denrated that the gene&taphylococcuand
Micrococcushave an insufficient relationship. For that rea&taphylococcuwas included in
the Staphylococcacedeamily, within the OrdeBacillales(Euzéby, 1997). The name
Staphylococcusomes from the Greedtaphyle meaning a bunch of grapes, due to the spherical
shape (cocci with diameter between 0.5 anduin) arranged in a grapelike clusters.

Staphylococci are Gram-positive, non-motile, noarsdorming, and facultative anaerobes.
The main criterion to differentiatétaphylococcufom StreptococcuandEnterococcuss the
synthesis of the enzyme catalase, which hydrolligdsogen peroxide (}0.) into oxygen (Q)
and water (KHO). In addition, staphylococci exhibit a fermentatand oxidative metabolism of

glucose, which can also be used to differentiaimfmicrococci (de Cueto and Pascual, 2009).



On non-selective medi&, aureugorms smooth and raised colonies, pigmented creamy
yellow, due to the synthesis of a carotenoid pigme€hnis species has resistance to heat and
drying, and exhibits halotolerance (7.5% of NaOlj blood agar, most strains cause lysis of red
blood cells mediated b§-hemolysin B-hemolysis), resulting in a clear halo surroundimg
colonies.Staphylococcus aurewsin be differentiated from other species (with s@xceptions)
by the synthesis of coagulase, which enables theersion of fibrinogen to fibrin, causing the
clotting of plasma (Lowy, 1998; de Cueto and Pals@@99). In additionS. aureusynthesizes
a thermostable DNase which hydrolyses the phosphktatibonds. This characteristic also
allows for the identification o. aureugde Cueto and Pascual, 2009).

Staphylococcus aure@xpresses many potential virulence factors. Theeahial surface
components recognizing adhesive matrix moleculéSGRAMM) mediate the initial
attachment to and invasion of host cells and tsserasion of immune responses and biofilm
formation. The main MSCRAMM are: clumping factahrbnectin-binding proteins, and bone
sialoprotein-binding protein (Lowy, 1998; de Cuatal Pascual, 2009; Fostdral, 2014). In
addition,S. aureusynthesizes a polysaccharide intercellular adhegiich is involved in the
biofilm formation that provides protection and stance to cells within the biofilm (de Cueto
and Pascual, 2009; Fostdral, 2014). The immune evasion is promoted by profeian
extracellular adherence protein and cytotoxins {&aialentine leukocidin [PVL]a-toxin).
Moreover, the bacterium expresses enzymes thabgdssues and facilitate the spread of the
infection (lipases, hyaluronidases, and proteas@#)er virulence factors are related to food
poisoning and toxic shock syndrome: enterotoximsictshock syndrome toxin 1, exfoliative
toxins A and B, and-toxin (Lowy, 1998; de Cueto and Pascual, 2009) oAthese virulence

factors inS. aureugpromote the colonization and invasion, resultimgevere damage to the host.



1.2. Mechanisms of methicillin resistance

There are several antistaphylococcal agents, haw8vaureuhas developed mechanisms
to neutralize them. Therefore, MDRR aureusstrains have been found in a variety of sources an
hosts (McDougaét al, 2003; Aydinet al, 2011; Waterst al, 2011).

In the early 1960s, MRSA associated with nosocomfakttions emerged rapidly in Europe
after the introduction of methicillin (the firstreésynthetic penicillinase-resistant penicillinst A
the end of the 1990s decade, community-associaREAACA-MRSA) emerged worldwide
(Lowy, 1998, 2003; Deurenberg and Stobberingh, 200&us, the global spread of MRSA has
increased the public health concern (Voss and Doehld995), due to the growing emergence
of health care-associated (HA-MRSA) (Tiemersehal, 2004), CA-MRSA (Kennedgt al,
2008) and livestock-associated (LA-MRSA) infectig@®ldinget al, 2010).

Methicillin is ap-lactam antibiotic, as well as penicillin G, ox&ail ampicillin, amoxicillin
and cephalosporins. In methicillin-susceptiBleaureugfMSSA), these antibiotics cause the
inhibition of the last reaction of the cell wallrgiiesis called transpeptidation, where N-
acetylmuramic acid is attached to the peptidoglyddme transpeptidation is mediated by
transpeptidases and carboxypeptidases called perinding proteins (PBPs) due to their
affinity for penicillin. Thep-lactam ring is covalently attached to a serinafed in the active
site of PBPs, causing the inactivation of transigepibn and cell wall disruption. In addition,
there are PBPs that inhibit autolytic cell-wall hyises, therefore, the attachment of penicillin
to PBPs results in cell lysis (Marin and Gudiolp20Romero, 2007).

One of the mechanisms of resistancB-tactam antibiotics is the activity of the enzyfiie

lactamase, which hydrolyzes tRdactam ring. Penicillinase isf&lactamase, which confers



resistance to penicillin and is encoded bylile&Z gene, located on a transposon within a plasmid
with other genes associated with antimicrobialstasice (Lowy, 2003).

Methicillin-resistance in MRSA strains confers stance to cephalosporins and
penicillinase-resistant penicillins (Lowy, 1998hi3 is attributed to the low-affinity penicillin-
binding protein 2a (PBP2a) (Hartman and Tomasz11B#n and Strynadka, 2002). Unlike the
other PBPs, the PBP2a has an active site in wteatam antibiotics cannot bind. Therefore,
the transpeptidation reaction can occur normalhusl the synthesis of the cell wall causes the
survival of staphylocci that are exposed to highasmtrations of these antimicrobials (Lim and
Strynadka, 2002). The PBP2a is encoded byrtbeAgene, located in a mobile genetic element
called the staphylococcal cassette chromosmieeg(SCOneqg (Hartman and Tomasz, 1981).
Transcriptional regulation of theecAgene is accomplished by two proteins: Mecl, regoes
encoded by theneclgene; and MecRl, signal transducer encoded bgn#eRIgene. In the
absence of-lactam antibiotics, Mecl binds the operator regi@pressing the RNA
transcription of botmecAandmecl-mecRgenes. Binding of-lactam antibiotics to MecRI
stimulates its autocatalytic activation. Active NR¢cleaves Mecl into inactive fragments,
allowing the transcription of botimecAandmecl-mecRbenes (Lowy, 2003).

In recent years, a novelecAhomolog genenjecAcazs1 renamed asecQ has been
detected irS. aureusstrains isolated from humans and animals, whidhbéxmethicillin
resistance but test negative for thecAgene. TheanecCgene has 70% sequence homology to
themecAgene and is located on the staphylococcal casdatbenosomenectype Xl (Garcia-

Alvarezet al, 2011; ltoet al, 2012; Laurenet al,, 2012; Peterseet al, 2012).



1.3. Genotyping of M SSA and MRSA

Genotyping ofS. aureusstrains is not completely standarized, and diffeneolecular
methods have been used for many years (Tered\adr, 1994). Among the molecular methods to
type MRSA strains are: pulsed-field gel electrogsts (PFGE), that considers the macro-
rectriction of genomic DNA; multilocus sequenceitgp(MLST), based on the allelic profile of
seven housekeeping genes; andsiietyping, based on sequencing of the polymorphiegion
of thespagene that encodes the protein ASinaureugMcDougalet al, 2003). For this reason,
one strain can have multiple names (CFSPH, 201 .0enters for Disease Control and
Prevention (CDC) established a nomenclature sy&te®. aureubased on the PFGE patterns
that were common in the US, listing eight origirsalates, USA100 to USA800 (McDougsl
al., 2003). The MLST types are named according tsédrrience types (ST) with a number (e.g.
ST398), whilespatypes are named with a 't' followed by a numbeag. @11) (Cunyet al, 2010).
Usually, PFGE and MLST classify isolates in simgarsters (Catret al, 2010), which could
contain differenspatypes. Therefore, one of the disadvantages ofplad¢yping is that the
unrelated clonal lineages could have sinsiatypes (Van den Broek ¥t al, 2009; Golding
et al, 2008). This discrepancy with the results obtdibg PFGE and MLST is due to the small
fraction of the genome comprised by 8patyping (Goldinget al, 2008). The PFGE method
has proven to have a greater discriminatory poten MLST andspatyping methods. These
techniques could be used to assess major changkmal lineages over time (McDougatl al,
2003). Therefore, a combination of two methods l@yecommended in order to achieve a high
accuracy in typing isolates (Tenowdral, 1994).

The PFGE technique has been used for differentiddetween CA-MRSA (USA300 and

USA400), and HA-MRSA strains (USA100 and USA200cbugalet al, 2003). Vandenesch



et al (2003) determined that the CA-MRSA strains frémee different continents harbored two
genes: a type IV SQ@eccassette and the PVL locus, that carries the PMlo@&ing gene. The
PVL locus is carried on a bacteriophage that isf8ctaureuswhereas the distribution of other
toxin-encoding genes seems to be specific to tlagmstfrom each continent. Most CA-MRSA
strains harbored the PVL locus (Badtaal, 2002; Dufoutet al, 2002), which is a virulence
factor related to severe skin infections, pneumaamal tissue necrosis (Ebettal., 2009).

Some sequence types related to HA-MRSA have baeni@ed by MLST, such as: ST5,
ST8, ST22, ST36, ST45, among others (Deurenéead, 2007), whereas ST30 and ST80 have
been associated with CA-MRSA (Stenhetral, 2010); and ST398 to LA-MRSA, particularly
in pigs (Lewiset al, 2008; van Belkunet al, 2008; Krziwanelet al, 2009). Initially, the
serotype ST398 was associated with pigs, howevesitalso been detected in humans, primarily
pig farmers (van Belkurat al, 2008; Krziwanelet al, 2009; Paret al, 2009; Goldinget al,
2010). Moreover, MRSA ST398 has been recently aastwith infections in humans that had
contact with dairy cattle affected by sub-clinioastitis (Soavet al, 2010). Nevertheless, in
Sweden two cases of ST398 t038 were reported iaratwith no previous contact with animals
(Welinder-Olssoret al, 2008). This suggests the spread and colonizafitimese strains, to
people that are not involved in animal husbandnpl§&et al, 2006).

Methicillin-resistantS. aureusST398 is non-typeable by PFGE since its DNA carveot
digested by the enzyn&md, due to the methylation of tl&mad recognition site caused by a
methylation enzyme (Beret al, 2006). Comparative assessment of PFGE fingdspaimdspa
types of MRSA ST398 strains obtained from patiemiifferent countries have reported
variations that suggest a molecular and geograpbesity (Goldinget al, 2010). In addition,

novel MRSA strains, such as ST9 t899 associatdd pigt farming, have also emerged



(Guardabassat al, 2009). Therefore, the emergence of novel MRS$&irss in swine, highlights
the importance of creating strategies for permasenteillance, and assessing the risk of
transmission to humans related to pig farming.

1.4. Prevalence of MSSA and MRSA in animals, meat, and humans

The method used for isolation of MSSA and MRSAa$s completely standarized.
Therefore, the use of different methods may affieetresults with regards to prevalence. Some
analyzes have included solely plating using mamsadt agar (MSA) with 21g/mL oxacillin
(Weeseet al, 2006) or Baird Parker media (BP) (Aydihal, 2011). Other studies, have used
enrichment steps preceeding plating. Wertheiral (2001) developed a selective broth
containing phenol red, mannitol, aztreonam, antizzefime (PHMB), increasing the sensitivity
of the detection of MRSA twofold. Broees al (2011) used a two-step enrichment protocol,
Mueller-Hinton broth with 6.5% NaCl (MHB+6.5NaClhd PHMB', followed by a
chromogenic MRSA screening agar. Other authors hagd: enrichment broth containing 7.5%
NaCl, 1% mannitol and 2.5% yeast extract followgalchromogenic medium (Zhaegal,
2011); trypticase soy broth supplemented with 108€Nand 1% sodium pyruvate followed by
BP medium (Pt al, 2009; Pet al, 2011); PHMB followed by plating on sheep blood agar
and two selective agar media (Tenhageal., 2009). These methods suggest that adding an
enrichment step followed by selective plating iases the sensitivity of detection.

Most animals can be colonized 8yaureusn the nares and skin (de Neelietgal, 2007,
Moonet al, 2007; Lewiset al, 2008; van Belkuret al, 2008; Guardabasst al., 2009;
Persoongt al, 2009), therefore, there is a risk of contamoratf carcasses and meat with
MSSA and/or MRSA during slaughtering (de Begal, 2009). Recently, MRSA strains have

been isolated from pigs, cows and chicken (de Ngeli al, 2007; Mooret al, 2007; Lewiset



al., 2008; van Belkuret al, 2008; Guardabasst al, 2009; Persoorst al, 2009). In the
Netherlands, de Neelirgt al (2007) have detected a high prevalence of MRSB98T39%) in
pigs and a high rate of resistance to differenibastics (tetracycline, erythromycin, clindamycin,
kanamycin, gentamicin, and tobramycin). In addititvey suggested the transmission of MRSA
among animals within the pens in slaughterhouseardabasset al (2009) found a prevalence
of 16% in pigs in Hong Kong, which is lower tharm forevalence reported in the former study.
This could be due to a smaller sample size andhiétbod of detection used. Since pigs have
been found as a likely source of MRSA infectioh$s necessary to study the epidemiology of
this emerging zoonosis, determining the rate afgnaission of MRSA from animals to humans,
and person to person (Levasal, 2008).

In recent years, MRSA strains have been isolatad fietail meat (pork, chicken, beef,
turkey and lamb). Hansaet al. (2011) assessed different types of meat fromrsoguéets
located in lowa, USA. They detected two samplgsask meat contaminated with MRSA, with
a prevalence around 1%. In Louisiana (USA)gePal (2009) reported a prevalence of 45.6% of
S. aureusn pork meat and 20% in beef, of which 5.6% arg@¥@were MRSA in pork meat and
beef, respectively. A higher rate of MRSA, mainly398, has been found in retail meat in the
Netherlands: 35% in turkey, 16% in chicken, 11%ank, 10% in beef, and 6% in lamb (de
Boeret al, 2009). Therefore, the latter results suggestttteamethod used could improve the
level of detection of MRSA, which included two steqf selective enrichment followed by
selective plating. Finally, the detection of MRSAmMeat has increased the food safety concern
regarding the meat production chain, resultindheartecessity of a surveillance system in
coordination with different entities, such as: dép&nts of health, laboratories of analysis,

institutes of research, and food companies, amtmngr s



In the United States, one in six people becomésasi@ result of foodborne iliness each
year, with a total of 48 million people. Among timain casual agents of foodborne diseas8&s is
aureus with a total of 240,000 cases, correspondingdasirointestinal disease caused by
enterotoxins (CDC, 2012). In contrast, MRSA ar@ associated with skin infections in the
community, and severe cases are related to hagpdgbatients affected by blood, surgical, or
pneumonia infections (CDC, 2011). Nasal carriag8.aureusand MRSA is approximately
29%, and 1.5% of the population in the United Statespectively (Gorwitet al, 2008). A total
of 478,000 cases of infections causedbyureugesulted in hospitalization in 2005, of which
50% were related to MRSA strains. Of 11,406 deafis®ciated witl$. aureus6,639 cases were
MRSA infections (Kleiret al, 2007).

In North Dakota, statistics about the epidemiologMRSA infections in humans are
available. However, there is no information regagdio the prevalence of MRSA in animals and
the contamination of meat. During 2011, a rate®€dses of MRSA infections per 100,000
people were reported. The rate of infections ineeddrom 2000 to 2006, from 15 to 1,880 cases,
respectively, decreasing markedly in 2007 (412 %aséath minor reductions in subsequent
years (North Dakota Department of Health, Diseaseti©l, 2011).

The infections caused by AR microorganisms havh Higect and indirect costs. The
average cost of hospitalization for MRSA infectioan&JS$ 14,000 approximately, which is
considerably high compared with US$ 7,600 for noRSA infections. Therefore, the total cost
of hospitalization for MRSA infections in the Urit&tates is greater than 3 billion dollars
annually (Elixhauser and Steiner, 2007). The totat increases when indirect expenses are

included, such as: sick leave, loss of earningshdiity, and mortality.
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The control and prevention of MRSA infections ie tnited States is led by the CDC,
which provides specific information and stratedmsthe treatment of MRSA infections.
Decreasing MRSA infections in health care settiangd in the community is a high priority to
CDC. Thus, projects about the surveillance of MR&Actions have been developed with the
collaboration of departments of health, hospitag] medical centers, among others (CDC,
2011). However, more information about the gengt@racteristics and similarities of MRSA
strains and the route of transmission to animadshamans is needed. This could facilitate the
development of the corrective actions to decrelasespread of MRSA infections.

1.5. Hypothesis and objectives
1.5.1. Hypothesis

Methicillin-susceptible (MSSA) and methicillin-resantStaphylococcus aureMRSA)
strains are present in meat-producing animalsil rai& meat, and humans, with a genetic
relationship between them.

1.5.2. General objective

To determine the prevalence, molecular typing &edantimicrobial susceptibility of
MSSA and MRSA in meat-producing animals, retail ragat, deli meat, and humans, assessing
the genetic relationship between isolates.

1.5.3. Specific objectives

- To determine the prevalence®faureustrains in animals, meat, deli meat, and humans.

- To determine the molecular characteristics and typhay of MSSA and MRSA strains.

- To determine the antimicrobial resistance profieMSSA and MRSA strains.

- To compare areal time PCR assay with the cultwethod and conventional PCR technique,

for detecting MSSA and MRSA in animals, meat, aali mheat.
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2.MOLECULAR TYPING OF STAPHYLOCOCCUS AUREUSAND METHICILLIN-
RESISTANT S. AUREUS (MRSA) ISOLATED FROM ANIMALSAND RETAIL MEAT
IN NORTH DAKOTA, UNITED STATES
2.1. Abstract
Several studies have reported the presené&e afireusand MRSA in food animals and

meat, suggesting the potential risk for humans. dthjective of this study was to determine the
prevalence and molecular typing of methicillin-sesitble Staphylococcus aure iMSSA) and
methicillin-resistant. aureugMRSA) in food-producing animals and retail meaFargo,
North Dakota. A two-step enrichment followed bytavé methods were used to isol&teaureus
from 167 nasal swabs from animals, 145 samplestail raw meat, and 46 samples of deli meat.
Positive isolates were subjected to multiplex payase chain reaction in order to identify the
genes 16S rRNAnecA and Panton-Valentine Leukocidin. Pulsed-fieldgettrophoresis and
multilocus sequence typing were used for moledyiaing of S. aureusstrains. Antimicrobial
susceptibility testing was carried out using thetlvmicrodilution method. The overall
prevalence 08. aureusvas 37.2%1{=133), with 34.7%1{=58) of the animals positive for the
organism. The highest prevalence was observed)s(pD.0%) and sheep (40.6%%0.05).
Also, 47.6% (=69) of raw meat samples were positive, with tlghast prevalence in chicken
(67.6%) and pork (49.3%p<£0.05); and 13.0%nE6) of deli meat was positive. Five pork
samples (7.0%) were positive for MRSA, of whichetawere ST398 and two were ST5. All
exhibited penicillin resistance and four were ndrlig-resistant (MDR). The Panton-Valentine
Leukocidin gene was not detected in any sample lijiplex polymerase chain reaction. The
most common clones in sheep were ST398 and STA3BY$ and pork both ST398 and ST9,

and in chicken ST5. Most antimicrobial-susceptBlaureustrains were ST5 isolated from
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chicken. The MDR isolates were found in pigs, pomat, and sheep. The presence of MRSA,
MDR, and the subtype ST398 in the meat producti@ircand the genetic similarity between
strains from pork meat and pigs suggest the passitiitamination of meat during slaughtering
and its potential transmission to humans.
2.2. Introduction

Outbreaks caused by antimicrobial-resistant (AR}dy&a is an established problem
worldwide (DeWaakt al, 2011). One of these AR pathogens is methicriisistant
Staphylococcus aureMRSA), which causes health care-associated MREXNMRSA)
(Tiemersmeet al, 2004), community-associated (CA-MRSA) (Kennetal, 2008), and
livestock-associated (LA-MRSA) MRSA infections (@oig et al, 2010).

Most animals can become colonized withaureugde Neelinget al, 2007; Mooret al,
2007; Lewiset al, 2008; van Belkunet al, 2008; Guardabasst al, 2009; Persoorst al,
2009), and contamination of carcasses may occumgiglaughtering (de Boet al, 2009).
Recently, MRSA strains have been isolated from isg¢¥eod-producing animals (de Neeliag
al., 2007; Mooret al, 2007; Lewiset al, 2008; van Belkunet al, 2008; Guardabasst al,
2009; Persoonet al, 2009); and from retail meat worldwide (de Betal, 2009; Piet al,
2009; Limet al, 2010; Weeset al, 2010; Bhargavat al, 2011; Hansoet al, 2011),
representing a potential risk for its transmisgmhumans.

Methicillin resistance is attributed to the altepehicillin binding protein (PBP2a), encoded
in themecAgene, which has a reduced affinity ftactam antibiotics (Hartman and Tomasz,
1981; Van De Griendt al, 2009). The CA-MRSA strains are more likely teaede a virulence

factor called Panton-Valentine leukocidin (PVL) itoxBabaet al, 2002; Dufouet al., 2002),
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associated with skin infections and tissue necr@hertet al, 2009). Therefore, the PVL toxin
has been identified as a genetic marker for CA-MR8Ains (Vandenesdat al, 2003).

Different molecular techniques have been usedyfuing MRSA strains, such as pulsed-
field gel electrophoresis (PFGE) based on macnocéeh patterns of genomic DNA; multilocus
sequence typing (MLST) that determines the allglafile of seven housekeeping genes; and
spatyping based on the sequencing of the polymorjiregion of the protein A gene. It has
been demonstrated that the discriminatory pow®&HGE is greater than MLST asgatyping
(McDougalet al, 2003; Malachowat al, 2005). Tenoveet al (1994) suggest that a
combination of two methods may provide more precish epidemiological studies.

It has been demonstrated that MRSA strains cadhdyIRSA infections (USA300 and
USA400) are different from those causing HA-MRS#£entions (USA100 and USA200)
(McDougalet al, 2003). The sequence type ST398 has been agzbuidh livestock-associated
MRSA (LA-MRSA) (Lewiset al, 2008; van Belkuret al, 2008; Welinder-Olssoet al, 2008;
Krziwaneket al, 2009), however, the presence of ST398 and tleggance of infections in
humans with livestock exposure, mostly pig farmbes increased the public health concern
(van Belkumet al, 2008; Krziwanelet al, 2009; Paret al, 2009; Goldinget al, 2010).

The aim of this study was to determine the prexademolecular typing, and genetic
similarity of S. aureusand MRSA isolated from animals and retail medtango, ND.

2.3. Materialsand methods
2.3.1. Samples

A total of 167 nasal swabs (sheaepf4; pigs,n=60; cowsnh=43) were collected from food-

producing animals immediately after stunning atNteat Lab (Department of Animal Sciences).

Of these samples a total of 57 (sheefl,4; pigs,n=18; cowsn=25) were obtained from sick
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animals at the Veterinary Diagnostic Lab (North BakState University). Moreover, 145 raw
meat (porkn=71; chickenn=37; beefn=37) and 46 deli meat (hams21; turkey,n=16;
chicken,n=9) samples were randomly purchased from four sopgeet chains in Fargo, ND.

Samples were collected between May 2010 and Apfil2immediately stored at 4°C, and
processed within 6 h of collection.

2.3.2. | solation of S. aureusand MRSA

The isolation was carried out by enrichment (dereal, 2009) followed by plating steps
on selective agar. Briefly, for the primary enriacdmh, 25 g of meat and 225 mL of Mueller-
Hinton broth (Becton, Dickinson and Company [BDpagks, MD) with 6.5% sodium chloride
(VWR International, West Chester, PA) (MHB+6.5% Niafere placed in a sterile stomacher
bag and homogenized using a stomadh@® circulator (Seaward, England) at 230 rpm fos 90
The suspension was incubated for 18 to 20 h at.3@%@ milliliter of primary enrichment was
inoculated into 9 mL of phenol red mannitol broBDY) containing ceftizoxime (pg/mL, US
Pharmacopeia, Rockville, MD) and aztreonam{@6mL, Sigma Chemical Co., St. Louis, MO)
(PHMB") (Wertheimet al, 2001), followed by incubation for 18 to 20 h3arC.

Nasal swabs were placed directly in 9 mL MHB+6.5%0Nand incubated for 18 to 20 h at
37°C. Then, the procedure described above wasdaotit.

A loopful of secondary enrichment was struck disett Baird-Parker medium with egg
yolk tellurite supplement (BP) (according to mamtd@er’'s recommendations) (BD) and
incubated for 48 h at 37°C. Two presumpt8/eaureusolonies on BP (black colonies
surrounded by 2- to 5-mm clear zones) were traresfdo Trypticase soy agar with 5% sheep
blood (TSAII 5% SB) (BD) and incubated for 18 tot2@t 37°C. Presumptiv&. aureuson

TSAII 5% SB (presence @@hemolysis) was confirmed using Sensititre GramitRes|D
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(GPID) plates (Sensititte TREK Diagnostic Systems Ltd., Cleveland, OH). firamed colonies
were stored frozen at -80°C in brain-heart infusiosth (BD) containing 20% glycerol until use.
2.3.3. Multiplex polymerase chain reaction (PCR)

All S. aureusstrains were recovered from frozen stock to TS#tgd and incubated at 37°C
for 18 to 24 h. DNA extraction was carried out lggending one colony in 30 of
DNase/RNase-free distilled water, heating the susipa (99°C, 10 min) and then centrifugation
(30,000x g, 1 min) to remove cellular debris. The remainingMwas transferred to a new tube
and stored frozen at - 20°C until use.

Multiplex PCR assay for detection of 16S rRNAecAand PVL genes included|2. of the
DNA template (described above) added to auB@inal reaction mixture: 1X Go TagReaction
Buffer (Promega, Madison, WI), 0.025W/ of Go Tad' DNA polymerase (Promega), 2pM
dNTP (Promega), anddM of primers (16S rRNAmecA LukS/F-PV, Table 2.1) (Integrated
DNA Technologies, Inc., Coralville, IA) (McCluret al, 2006).

Multiplex PCR settings were carried out accordimd/takgotlhoet al. (2009), using a
thermocycler (Eppendorf, Hamburg, Germany).

Ten microliters of the PCR amplicons were loaded &1.5% (wt/vol) agarose gel
(Agarose ITM, Amresco, Solon, OH) in 1X TAE bufiesing EzVision One loading dye
(Amresco), and run at 100V in 1X TAE buffer for LAmolecular weight marker 100-bp ladder
(Promega) and a positive control (ATCC 33591) wecituded on each gel. Bands were

visualized using an Alpha Innotech UV imager (Fioeni™).
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Table 2.1 Nucleotide sequence of the primers used in mukipldymerase chain reaction for
detection of 16S rRNAnecA and Panton-Valentine leukocidin genes; and noglié sequence
typing analysis for detection afcC, aroE, glpF, gmk pta, tpi, andyqiL genes.

Amplicon
Primer Oligonucleotide sequence Size (bp)
Staph 756 F 5-AAC TCT GTT ATT AGG GAA GAA CA-3’ 256
Staph 750 R 5-CCA CCT TCC TCC GGT TTG TCA CC-3’
mecAl F 5-GTA GAA ATG ACT GAA CGT CCG ATA A-3
mecA2 R 5-CCA ATT CCACAT TGT TTC GGT CTA A-3’ 310
luk-PV-1 F  5-ATC ATT AGG TAA AAT GTC TGG ACATGA TCC A-3’ 433
luk-PV-2 R 5-GCA TCA AGT GTA TTG GAT AGC AAA AGC-3
arcCF 5-TTG ATT CAC CAG CGC GTATTG TC-3' 456
arcCR 5-AGG TAT CTG CTT CAA TCA GCG-3'
aroEF 5-ATC GGA AAT CCT ATT TCA CAT TC-3'
aroER 5-GGT GTT GTATTA ATA ACG ATATC-3 46
glpF F 5-CTA GGA ACT GCAATC TTAATC C-3' 465
glpFR 5-TGG TAA AAT CGC ATG TCC AAT TC-3'
gmKF 5-ATC GTT TTATCG GGA CCATC-3' 429
gmKR 5-TCATTA ACT ACA ACG TAATCG TA-3'
ptaF 5-GTT AAA ATC GTA TTA CCT GAA GG-3'
ptaR 5-GAC CCT TTT GTT GAA AAG CTT AA-3' e
tpi F 5-TCG TTC ATT CTG AAC GTC GTG AA-3'
tpi R 5-TTT GCA CCT TCT AAC AAT TGT AC-3' 402
yqiL F 5-CAG CAT ACA GGA CAC CTATTG GC-3' E16
yqiL R 5-CGT TGA GGA ATC GAT ACT GGA AC-3'

16S rRNA,mecA and Panton-Valentine leukocidin genes (McCkiral, 2006).
arcC, aroE, glpF, gmk pta, tpi, andyqiL genes (Enrigh¢t al, 2000).

2.3.4. PFGE
The PulseNet protocol with slight modifications weed (McDougaét al, 2003). Briefly,
frozen isolates were struck in TSA plates and iatedh at 37°C for 18 to 24 h. A single colony

was inoculated into a second TSA plate and incubatt&7°C for 18 to 24 h. Colonies were
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transferred to 5-mL polystyrene round-bottom tubastaining 2 mL of cell suspension buffer
(100 mM Tris HCI [pH 8.0], Invitrogen; and 100mM BB [pH 8.0],Gibco), adjusting the
concentrations to an absorbance of 0.9 to 1.1sipeatrophotometer (Smart SPéplus, Bio-
Rad Laboratories, USA) at 610 nm. After that, theparation, lysis, and washes of plugs, and
then theSmd enzyme restriction digestion were performed adicwy to the PulseNet protocol.
SalmonellaBranderup H9812 was used as a DNA marker (Rebat, 2006).

The electrophoresis was carried out in a Chef Maffpie-Rad Laboratories) PFGE rig,
with initial switch time of 5 s, final switch timef 40 s, and total running time of 17 h 45 min.

After staining the gels with ethidium bromide (1.&/'mL), they were visualized using a
UVP imager (UVP, Upland, CA). Macrorestriction pggitts were compared using the
BioNumerics Fingerprinting software (Ver 6.5 Applidlath, Austin, TX). The similarity index
was calculated using the Dice coefficient, a bapsitpn tolerance of 1%, and an optimization
of 0.5%. The unweighted-pair group method withhemietic averages was used to construct a
dendrogram, and clusters were selected using & etit®0% (McDougakt al, 2003).

2.3.5. Multilocus sequence typing (ML ST)

Briefly, S. aureussolates were struck to TSA plates and incubat&¥ &C for 18 to 24 h.
Colonies were picked to 441 of single cell lysing buffer (5Qg/mL of Proteinase K, Amresco;
in TE buffer [pH= 8]), and then lysed by heating@C for 10 min followed by 55°C for 10
min in a thermocycler. The final suspension wastdd 1:2 in sterile water, centrifuged to
remove cellular debris, and transferred to a stéube (Marmur, 1961).

The housekeeping genescC, aroE, glpF, gmk pta, tpi, andyqiL, were amplified (Table
2.1) (Enrightet al, 2000). All PCR reactions were carried out infgOvolumes: 1uL of DNA

template, Tag DNA polymerase (Promega) (1.25 U)PLR buffer (Promega), primers (0.1
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uM) (Integrated DNA Technologies, Inc.), and dNTR8QuM) (Promega). The PCR settings
were adjusted according to Enriggttal. (2000) using a thermocycler (Eppendorf). Ten
microliters of the PCR products were loaded intoddgarose gels in 1X TAE with EzVision One
loading dye, and run at 100V in 1X TAE for 1 h. lyea were captured using an Alpha Innotech
imager.

After PCR, each amplicon was purified of amplifioatprimer using the QIAquickPCR
Purification Kit (Qiagen, Valencia, CA) as per méauiurer’s instructions. Purified DNA was
sequenced at lowa State University’'s DNA Faciliynes, IA) using an Applied Biosystems
3730xI DNA Analyzer (Applied Biosystems, FosteryCICA). Sequence data were imported
into DNAStar (Lasergene, Madison, WI), trimmed, afigned to the control sequences (from
the MLST site) and interrogated against the MLS#base (http://saureus.mist.net/). Sequence
types were added to the strain information for ysialin BioNumerics software.

2.3.6. Antimicrobial susceptibility testing

Minimum inhibitory concentrations (MICs) and the ARofiles ofS. aureussolates were
determined using the broth microdilution method (Z3GPF, Sensititre, Trek Diagnostics),
according to the manufacturer’'s and the Clinicdddratory Standards Institute guidelines
(CLSI, 2009).

A total of 16 antimicrobials belonging to 13 classeere tested. Resistance to at least three
classes of antibiotics was considered as multidesgstance (MDR) (Aydiret al, 2011).

2.3.7. Statistical analysis

Fisher's exact test was used to assess signifiaarevalence o§. aureusand MRSA

between animal and meat types (Moore et al., 2008)gnificance level 0p<0.05 and two-

sidedp-values were assessed using SAS software 9.2 (&gtfBute Inc., Cary, NC).
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2.4. Results
Table 2.2 shows the prevalenceSfaureusn animals (34.7%)=58), with a higher rate in
swine and sheep<€0.05); in raw meat (47.6%=69), with a higher rate in chicken and pork
(p<0.05); and in deli meat (13.0%%6). The MRSA was detected in meat (five pork saspl
representing a low prevalenge<(Q.05). The PVL gene was not detected in any sample
Table 2.2. Identification of 16S rRNAgecAand Panton-Valentine leukocidin (PVL) genes in

Staphylococcus aure@nd methicillin-resistarStaphylococcus aureusolates from animals
and retail meat.

No. of  Samples positive fdB. Isolates with the specific gene

Source samples aureus 16S rRNA mecA PVL
Animal e NO. (%0)--------=-  ==mmmmmmmmmmoeee- No. (%)--------------------

Sheep 71 26 (40.6) 26 (40.6)

Pig 37 30 (50.0) 30 (50.0)

Cow 37 2(4.7) 2(4.7)

Total 145 58 (34.7) 58 (34.7) 0 (0.0) 0 (0.0)
Raw meat

Pork 21 35 (49.3) 35 (49.3) 5(7.0)

Chicken 16 25 (67.6) 25 (67.6)

Beef 9 9 (24.3) 9 (24.3)
Total 46 69 (47.6) 69 (47.6) 5(3.4) 0 (0.0)
Deli meat

Ham 4 (19.0) 4 (19.0)

Turkey 0 (0.0) 0 (0.0)

Chicken 2 (22.2) 2(22.2)
Total 6 (13.0) 6 (13.0) 0 (0.0) 0 (0.0)

Most of theStaphylococcus aureusolates from animals were resistant to penigillin
tetracycline, and lincomycin; and from raw meathose antibiotics and erythromycin. All
MRSA strains were resistant to penicillin, and mafshem showed resistance to erythromycin,

tetracycline, and lincomycin (Table 2.3).
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A total of 47.7% (=41) of the penicillin-resistar8taphylococcus aurewsrains exhibited
MICs between 0.5 andjdg/mL. However, MRSA strains had higher MICs for jgdhn (1 -
>16 ug/mL) (Table 2.4).

The rate of MDR strains was 41.4%=65); in animals was 51.7%<30), and in meat was
36.2% (=25). Among MRSA strains, only one was not MDR, #melrest showed MDR to four
classes of antimicrobials (Table 2.5).

Figure 2.1 shows a dendrogram displaying the mastoction patterns d. aureustrains
and the sequence types (STs). The largest cludtestdr 4) containe8. aureuf porcine origin
(animals and meat), all of which were SB#aphylococcus aureusolates included in the
second largest cluster (cluster 3) were obtaineah fooultry meat, and all but one was ST5. Two
MRSA isolates were clustered in cluster 5, all frpank and ST5. The rest of the MRSA isolates
were ST398 (not included in the dendrogram). Altot&4 S. aureussolates (25.6%) were not
included in the dendrogram because they could @oéstricted wittsmad or Xmd during PFGE
analysis and were ST398, isolated from sheep, pigspork meat (data not shown).

2.5. Discussion

Both methods used for the confirmationSofaureusSensititre identification plates and
detection of the 16S rRNA gene by multiplex PCRead with the results (Table 2.2). These
results confirmed that the isolation method of emoichment steps preceding plating is an
appropriate method for recovering b&haureusand MRSA from meat and animals. de Beker

al. (2009) used the same two-step enrichment, reygpatihigher detection rate of MRSA.
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Table 2.3. Antimicrobial resistance $faphylococcus aureasnd methicillin-resistar$. aureugMRSA) isolates from animals and
retail meat.

Antimicrobial Animal (=58) Raw meatn=69) Deli meat1f=6) Pork meatr{=5)
Subclass Agent Resistant. aureussolates MRSA isolates
------------------------------------ NO. (%6)-----=---=-=-mmmmmmm oo --------No. (%)----—--
Macrolides Erythromycin 3(5.2) 28 (40.6) 1(16.7) 4 (80.0)
Tetracyclines Tetracycline 47 (81.0) 29 (42.0) 4 (80.0)
Fluoroquinolones Ciprofloxacin 2 (2.9)
Phenicols Chloramphenicol 3.2 2 (2.9)
Penicillins Penicillin 49 (84.5) 35 (50.7) 2 (33.3) 5 (100.0)
Aminoglycosides Gentamicin 1(.7) 1(1.4)
Kanamycin 2 (2.9) 1 (20.0)
Streptomycin 6 (10.3)
Streptogramin Quinupristin/dalfopristin 2 (2.9)
Lincosamides Lincomycin 38 (65.5) 29 (42.0) 1(16.7) 4 (80.0)

The following antimicrobials were tested using Megional Antimicrobial Resistance Monitoring Syst@dARMS) panel: tigecycline (range
0.015-0.5ug/mL); tetracycline (1-32); chloramphenicol (2-38gptomycin (0.25-16); streptomycin (512-2048)o$yh tartrate (0.25-32);
quinupristin/dalfopristin (0.5-32); linezoid (0.5:&itrofurantoin (2-64); penicillin (0.25-16); kamycin (128-1024); erythromycin (0.25-8);
ciprofloxacin (0.12-4); vancomycin (0.25-32); limagcin (1-8); and gentamicin (128-1024). All isoltgere susceptible to vancomycin,
daptomycin, nitrofurantoin and linezolid.
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Table 2.4. Minimum inhibitory concentrations (MIGs)resistanStaphylococcus aureand methicillin-resistar$. aureussolates
from animals and retail meat.

Antimicrobial Agent Resistans. MIC (ng/mL)
(breakpoints) aureusisolates 0.5-1 2 4 >4 8 >8 16 >16 32 >32 256 >256
----NoO.---- No. (%)
Erythromycin £8 pg/mL)* 32 32
(100.0)
Tetracycline £16 ug/mL)? 76 11 15 50
(14.5) (19.7) (65.8)
Ciprofloxacin &4 pg/mL)? 2 2
(100.0)
Chloramphenicol%32 5 3 2
ug/mL)y? (60.0) (40.0)
Penicillin &0.25ug/mL)? 86 41 9 14 10 7 5
(47.7) (10.5) (16.3) (11.6) (8.1) (5.8)
Gentamicin £16 ug/mL)? 2 2
(100.0)
Kanamycin £64 ug/mL)? 2 2
(100.0)
Streptomycin £#8 pug/mL)° 6 6
(100.0)
Quinupristin/dalfopristin 2 1 1
(=8 pug/mL)? (50.0) (50.0)
Lincomycin &4 pg/mL)° 68 4 3 61
(5.6) (4.4) (89.7)

3 evels of MIC values against tested antibiotics 8G12009) "Levels of MIC values against tested antibioticsl@leet al, 1997) ‘Levels of MIC values
against tested antibiotics (Nematial, 2008).
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Table 2.5. Antimicrobial resistance profilesStaphylococcus aureand methicillin-resistars. aureufMRSA) isolates from

animals and retail meat.

Antimicrobial resistance profile

No. of antimicrobial

Animal Raw meat Deli meat

(n=58)

(n=69) (n=6)

Raw meat

(n=5)

subclasses resistant to

MRSA isolates

S. aureussolates with the specific  with the specific

profile profile
----------------- No. (%)-----------------  ------Na (%)------

ERY-PEN-TET-LINC-CHL-GEN-CIP-QUI 8 1( 1.4
ERY-PEN-TET-LINC-CHL-CIP-QUI 7 1( 1.4)
ERY-PEN-TET-LINC-CHL-STR 6 2( 3.4

ERY-PEN-TET-LINC-KAN 5 1( 1.4

PEN-TET-LINC-CHL-STR 5 1(17)

PEN-TET-LINC-GEN 4 1(1.7)

PEN-TET-LINC-KAN 4 1( 1.4) 1 (20.0)
PEN-TET-LINC-STR 4 2( 3.4)

ERY-PEN-TET-LINC 4 1(17) 13(18.8) 3 (60.0)
PEN-TET-LINC 3 22 (37.9) 1( 1.4)

PEN-LINC-STR 3 1(1.7)

ERY-PEN-LINC 3 2( 2.9)

ERY-TET-LINC 3 5( 7.2)

Ciprofloxacin (CIP); chloramphenicol (CHL); erytimgcin (ERY); gentamicin (GEN); kanamycin (KAN); tamycin (LINC);
quinupristin/dalfopristin (QUI); penicillin (PENgtreptomycin (STR); and tetracycline (TET).
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Table 2.5. Antimicrobial resistance profilesStaphylococcus aure@nd methicillin-resistars. aureufMRSA) isolates from
animals and retail meat (continued).

Animal Raw meat Deli meat Raw meat
(n=58) (n=69) (n=6) (n=5)
MRSA isolates

S. aureussolates with the specific  with the specific

No. of antimicrobial

Antimicrobial resistance profile subclasses resistant to
profile profile
----------------- No. (%)-----------------  ------Na (%)------
PEN-LINC 2 4( 6.9) 1(1.4) 1(16.7)
PEN-TET 2 12 (20.7) 2( 2.9)
TET-LINC 2 3(5.2
ERY-LINC 2 3( 4.3)
ERY-PEN 2 2( 2.9 1 (20.0)
LINC 1 1( 1.7)
PEN 1 3(52) 10(14.5) 1(16.7)
TET 1 3(5.2) 4( 5.8)
ERY 1 1 (16.7)
Susceptible to all tested 0 2 (34) 22(31.9)3(50.0)

Ciprofloxacin (CIP); chloramphenicol (CHL); erytingcin (ERY); gentamicin (GEN); kanamycin (KAN); tamycin (LINC);
quinupristin/dalfopristin (QUI); penicillin (PEN¥treptomycin (STR); and tetracycline (TET).



It is well known that animals are natural reserv@fS. aureusin this study, positive nasal
swabs were obtained from sheep, pigs, and cowsr@thdies have detected a higher
prevalence 08. aureusn sheep (57%) and cow (14%) (Markal, 2012); however, the
prevalence in pigs has been reported to vary wifel7%) (Khalidet al, 2009; Loweet al,
2011). The recovery @&. aureusn meat in our study was higher than previousisgi(B9.2%
and 14.4%) (Pet al, 2009; Aydinet al,, 2011). The prevalence 8f aureusn ham was 19%,
which was considerably lower than the prevalenpented by Atanassowt al (2001). There is
limited information about the prevalence@faureusaand MRSA in processed retail meat
products, and this study provides some informadi®to the potential exposure of consumers
through consumption of deli meat that typicallyrdu need heating prior to consumption.

In this study, MRSA was not detected in animalsyéeer, a prevalence of MRSA in swine
ranging from 10% to 71% has been detected prewidisick et al, 2009; Smitket al, 2009;
Tenhageret al, 2009). The low rate of MRSA in pork raw mea#{®) determined in this study
agreed with the low prevalence reported by othédtas (de Boeet al, 2009; Piet al, 2009).

Most of theS. aureusstrains isolated from animals exhibited resistandée same
antimicrobials reported by other authors (Nereatl, 2008; Hubeet al, 2010) (Table 2.3).

The AR bacteria in animals have increased over tioeesto the frequent use of antimicrobial
agents at the farm level (de Neelietgal, 2007; Nematet al, 2008). Therefore, controlling the
use of antibiotics in farming could limit the risk transmission of AR pathogens among animals

and potentially to humans (Hubetral, 2010).
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PFGE Smal PFGE Smal

Isolate # ST Meat/Animal
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Fao
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Deli Meat Chicken
Deli Meat Ham

Bovine Meat

Porcine Meat

Porcine Meat 1
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Poultry Meat

Porcine Meat
Porcine Meat
Bovine Meat
Poultry Meat
Poultry Meat
Poultry Meat
Bovine Meat
Bovine Meat
Bovine Meat
Bovine Meat
Bovine 2
Bovine Meat
Bovine

Bovine Meat
Porcine Meat

Deli Meat Ham
Deli Meat Chicken
Deli Meat Ham
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat 3
Poultry meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
Poultry Meat
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Porcine
Porcine
Porcine
Porcine
Porcine
Porcine
Porcine
Porcine

Porcine
Porcine 4
Porcine
Porcine
Porcine
Porcine
Porcine
Porcine
Porcine
Porcine

Porcine
Porcine
Porcine
Porcine
Porcine Meat
Porcine Meat
Porcine Meat

Porcine
Porcine

Porcine

Porcine Meat
Porcine Meat
Porcine Meat
Porcine Meat

Porcine

Porcine
Porcine Meat
Porcine Meat
Porcine Meat 5
Porcine Meat

Porcine Meat

Porcine Meat
Porcine Meat
Deli Meat Ham

Pocine 6

Bovine Meat

Figure 2.1. Dendrogram showing the genetic sintilasf 100S. aureussolates. The scale
indicates levels of similarity, numbers represéetsamples codes, followed on the right by the
sequence type (ST) and the type of the samptecApositiveS. aureusstrains in pork meat.
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Other authors have also determined a higher oaweeref resistance to penicillin,
tetracycline, and erythromycin B. aureusstrains isolated from retail meat and differemdo
samples (Aydiret al, 2011; Pwet al, 2011). Penicillin resistance has been repodexptead
rapidly amongS. aureustrains being facilitated by plasmids and is thesnfiequently reported
resistance detected in foodbo®eaureugAydin et al, 2011).

Antimicrobial-resistant. aureugexhibited a MIC for erythromycin and lincomycing(>
png/mL) lower than the MIC determined by Nemgitial (2008). The MIC of tetracycline (>32
pg/mL) and penicillin (0.5-Jug/mL) concurred with the results reported by Neratdl (2008).

All S. aureussolates examined in this study were susceptbbaptomycin, linezolid,
nitrofurantoin and vancomycin, concurring with tlesults reported by Ret al. (2011).

The clustering of isolates obtained by PFGE agregltiwith the MLST types (i.e., the identical
restriction patterns or patterns that differedaat to six bands had an identical ST) (Fig. 1).
Restriction patterns with the same numbers of basplesent the same strain; patterns that
differ up to three fragments represent strainsdhatlosely related; and isolates that differs at
four to six bands may have the same genetic lin€bgeoveret al, 1995).

The major clones identified corresponded to ST9%NM8. The emergence of ST9 in pigs
was first reported in 2008 by Guardabassal (2009) in Hong Kong, disseminating later as
demonstrated in this study. The genetic relatedbetsgeerS. aureustrains ST9 from pigs and
pork meat may suggest the possible contaminationeaft during slaughtering. Previously, ST5
was associated with poultry (Hasmetral, 2010) and poultry meat (Watesal, 2011). In this
study, the majority of strains isolated from chickeere ST5, which can also suggest the

contamination of meat during slaughtering. A higbvalence of MSSA ST398 strains was
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found, which may indicate the potential risk fomfans to acquire this emerging sequence type
that has potential for causing infection.

The MRSA isolates had the same MLST allelic proditel indistinguishable PFGE patterns
than two methicillin-susceptibl®. aureugMSSA) strains, all obtained from pork. The close
genetic similarity of the MRSA and MSSA isolatesyntee due to the acquisition of theecA
gene by horizontal transfer of S@@cfrom MRSA strains to MSSA lineages (Enriggttal,

2000; Wielderset al, 2001; de Neelingt al, 2007; Guardabasst al, 2009).

Most of theS. aureussolates susceptible to all antimicrobial agengsaenobtained from
chicken, of which 76% were ST5. Previously, othghars have reported MDR B aureus
from food samples at a lower rate compared with shudy (Aydiret al, 2011; Nanet al,

2011) (Table 2.4). Multidrug-resistant isolatesrirpork were mainly ST398 (60%) (not
included in the dendrogram) and ST9 (30%). All MBtRains from sheep were ST398 (not
included in the dendrogram). The multidrug resistacan be due to the presence of other
antibiotic resistance genes, suclda¥ (resistance to trimethoprim) (Kadlec and Schwarz,
2009) anccfr (MDR gene) (Kehrenberet al, 2009).

2.6. Conclusion

The genetic relationship between strains isolatewoh fanimals and meat, suggests the likely
contamination of meat during slaughtering. Althodighh MRSA prevalence in raw meat is low,
the prevalence of MDRS. aureusand ST398 is higher; therefore, the risk of trailssian
through the meat production chain cannot be ignored
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3.MULTIPLEX REAL-TIME PCR FOR DETECTION OF STAPHYLOCOCCUS
AUREUS, MECA, AND PANTON-VALENTINE LEUKOCIDIN (PVL) GENES FROM
SELECTIVE ENRICHMENTSFROM ANIMALSAND RETAIL MEAT
3.1. Abstract

The need for rapid detection of MRSA has becomiengortant goal in the microbiological
analysis. The aim of this study was to compareaktimme PCR assay, with a conventional
culture/PCR method, to deteést aureusmecAand Panton-Valentine Leukocidin (PVL) genes in
animals and retail meat, using a two-step seleemnreehment protocol. A total of 234 samples
were examined (77 animal nasal swabs, 112 retaihmaat, and 45 deli meat). The multiplex
real-time PCR targeted the genesc (identification ofS. aureuy mecA(associated with
methicillin resistance), PVL (virulence factor),datine primary and secondary enrichment
samples were assessed. The conventional cultured®giiod included the two-step selective
enrichment, selective plating, biochemical testangl multiplex PCR for confirmation. Of a
total of 234 samples, the conventional culture/R@#Rhod recovered 95 positige aureus
samples. Application of real-time PCR on sampldsdong primary and secondary enrichment
detecteds. aureusn 111 and 120 samples, respectively. For detecifS. aureusthek
statistic was 0.68 to 0.88 (from substantial tocdhperfect agreement) and 0.29 to 0.77 (from
fair to substantial agreement) for primary and sdemy enrichments, respectively, using real-
time PCR. For detection afiecAgene, th&kappastatistic was 0 to 0.49 (from no agreement
beyond that expected by chance to moderate agréefoeprimary and secondary enrichment
samples. Two pork samples wenecAgene positive by all methods. The real-time PCfaas
detected thenecAgene in some samples that were negativ& f@ureusbut positive for

Staphylococcuspp. The PVL gene was not detected in any samypiledbconventional
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culture/PCR method or the real-time PCR assay. Anforaureussolated by conventional
culture/PCR method, the sequence type ST398, atttirug-resistant strains were found in
animals and raw meat samples. The real-time PC&/asay be recommended as a rapid
method for the detection & aureusand themecAgene, with further confirmation of MRSA
using the standard culture method.

3.2. Introduction

Staphylococcus aureus an important cause of a wide variety of dissasdaumans such
as: food poisoning, pneumonia, wound, and nosodaniextions (Tiemersmat al, 2004;
Kennedyet al, 2008). There are many anti-staphylococcal agénisever, the bacterium has
developed mechanisms to neutralize them such aselt@cillin resistance mechanism (Lowy,
2003). Methicillin-resistan®. aureugMRSA) is an increasing cause of health care-aatexgti
(HA-MRSA) (Tiemersmaet al, 2004), community-associated (CA-MRSA) (Kennedll.,
2008), and livestock-associated (LA-MRSA) infecBamorldwide (Goldwinget al, 2010).

The altered penicillin-binding protein (PBP2a orHZB is associated with methicillin
resistance. This protein has a reduced affinity3ftactam antibiotics (Hartman and Tomasz,
1981; Van De Griendt al, 2009), and is encoded by timecAgene, which is carried on the
staphylococcal cassette chromosanmex(SCGOneq (Hartman and Tomasz, 1981). The CA-
MRSA strains are more likely to encode the PantaieMine leukocidin (PVL) toxin, which is
a pore-forming toxin considered as a virulenceda(@abaet al, 2002; Dufouret al, 2002).
The PVL toxin has been related to life-threater@gMRSA infections and deaths, primarily
severe skin infections and tissue necrosis (Eddaat, 2009).

In the United States, approximately 29% (78.9 womllpeople) and 1.5% (4.1 million) of the

population were estimated to be nasal carries. @ureusand MRSA, respectively (Gorwitt
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al., 2008). An estimated 478,000 hospitalizationsesponded t&. aureusnfections, of which
278,000 hospitalizations were attributed to MRS#ations in 2005 (Kleiret al, 2007). In
addition, the carriage of MRSA in meat-producingraals (van Belkunet al, 2008;

Guardabasst al, 2009; Persoorst al, 2009) and the contamination of meat with MRSA (d
Boeret al, 2009; Buyukcangaet al, 2013; O'Brieret al, 2012) have increased the concern that
food may serve as a vehicle to transmit MRSA tohiin@man population (O'Brieet al, 2012).

Different culture methods have been used to d8&S$A. Generally, conventional
microbiological procedures are laborious, since tleguire the isolation d&. aureudefore
assessing methicillin resistance. However, cultnethods are still considered as standard
methods for traditional confirmation 8f aureusWertheimet al (2001) developed a selective
media containing phenol red, mannitol, and antibsofaztreonam and ceftizoxime), increasing
the sensitivity of the detection of MRSA after 48fiincubation, but at the expense of longer
time needed for confirmation. The isolation anchitfecation of MRSA, including selective
enrichment and plating on selective agars, followgdonfirmation using biochemical testing
and/or PCR assays, requi®@to 7 days approximately (de Baaral, 2009; Buyukcangaet al,
2013; Zhanget al, 2011). Therefore, development of a rapid mefioodietection of MRSA has
become an important need in the microbiologicalymm of samples especially those where
there is a potential risk of exposure for humans.

Real-time PCR technology has been used as anatiterio culture methods for the rapid
detection ofS. aureusand MRSA. Real-time PCR may decrease the timaaliyais to 18 h after
consecutive broth enrichment in clinical samplegdgquistet al, 2012); or <2 h in positive
blood cultures (Thomaat al, 2007; Kilicet al, 2010). However, most studies have used real-

time PCR to detect MRSA in clinical samples andatss and a few studies have evaluated the
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application of this method for the detection of MRI& animals (Anderson and Weese, 2007,
Morcillo et al, 2012)and meat (de Boat al, 2009; Weeset al, 2010; Waterst al, 2010).

SinceS. aureusaind MRSA have been found in food-producing aniraal$ retail meat,
increasing the concern about the exposure for harttanugh the food chain, there is a need to
decrease the time of analysis. We analyzed samptesed from animals and retail meat using
primary and secondary selective enrichments inrdaddetechuc (identification ofS. aureuy
mecA(associated with methicillin resistance), and RVitulence factor) genes using a
multiplex real-time PCR assay. The results werepamed with the results from a culture
method, considered as the standard method, whschratluded the two-step selective
enrichment, followed by selective plating, biocheahitesting, and conventional multiplex PCR.
Positive samples obtained with the culture methedeveharacterized by multilocus sequence
typing (MLST) and the antimicrobial resistance gesf were obtained.

3.3. Materials and methods

3.3.1. Samples

A total of 77 nasal swabs (Becton, Dickinson andn@any, Sparks, MD, USA) were
collected from animals (sheaps35; pigs,n=28; cowsnh=14) sampled immediately after
stunning at the Meat Lab (Department of Animal 8ces); and at the Veterinary Diagnostic
Lab at North Dakota State University, Fargo, NDirAal samples were collected during the
period May 2010 to April 2011. The protocol of sdimg was approved by the North Dakota
State University Institutional Biosafety Commiti@10014).

In addition, 112 retail raw meat (pom39; chickenn=37; beefn=36) and 45 deli meat

(ham,n=20;turkey,n=16; chickenn=9) samples were randomly purchased from four whffe
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supermarket chains in Fargo, ND. Sampling visitseweade between June 2010 and January
2011. All samples were immediately stored at 4°@ jarocessed within six hours of collection.
3.3.2. Culture method

Staphylococcus aurewsgere isolated by the two-step selective enrichrpentedure
according to the method described by de Bxexl. (2009) followed by plating steps on selective
agar. Briefly, for the primary enrichment, a 25agnple of retail meat and 225 mL of
MHB+6.5%NaCl (Mueller-Hinton broth [Difco, Bectobjickinson, Sparks, MD, USA] with
added 6.5% sodium chloride [VWR International, Wkekester, PA, USA]) were placed in a
sterile stomacher bag and homogenized using a st@fi400 circulator (Seaward, England) at
230 rpm for 90 seconds. The suspension was inadifatd 8 to 20 h at 37°C. Following primary
enrichment, a secondary enrichment was used bylaiing 1 mL of the primary enrichment
broth into 9 mL of PHMB (D-mannitol in phenol red mannitol broth base [Dif@ecton,
Dickinson, Sparks, MD, USA] containing ceftizoxifffepg mL?*, US Pharmacopeia, Rockville,
MD, USA] and aztreonam [75 pg nilL.Sigma Chemical CO., Louis, MO, USA] according to
Wertheimet al [2001]), followed by incubation for 18 to 20 h3%#°C. Nasal swabs from
animals were placed directly in 9 mL MHB+6.5%Na@tancubated for 18 to 20 h at 37°C.
Then, the secondary enrichment was used followhegtocedure described above.

Following incubation of the secondary enrichmemithy all samples were struck directly to
BP medium (Baird-Parker medium [Difco, Becton, Didon, Sparks, MD, USA|)
supplemented with egg yolk tellurite according tanuafacturer’'s recommendations and
incubated for 48 h at 37°C. Presumpt8/eaureusolonies (black colonies surrounded by 2 to 5
mm clear zones) were transferred to TSA Il 5%SBegléTrypticase soy agar with 5% sheep

blood [Difco, Becton, Dickinson, Sparks, MD, USAd incubated for 18 to 20 h at 37°C.
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PresumptiveS. aureusolonies (presence @khaemolysis) were confirmed using Sensititre
Gram Positive ID (GPID) plates (Sensititre®, TREkKagnostic Systems Ltd., Cleveland, OH,
USA) according to the manufacturer’s instructions.

3.3.3. Conventional multiplex PCR method

ConfirmedS. aureusstrains were recovered from frozen stock to TS#ed (Trypticase
soy agar [Difco, Becton, Dickinson, Sparks, MD, Upand incubated at 37°C for 18 to 24 h.
DNA extraction was carried out by suspending orlergpin 50 pL of DNase/RNase-free
distilled water (Gibco Invitrogen, Grand Island, N¥YSA), heating (99°C, 10 min) and
centrifugation (30,00€g, 1 min) to remove cellular debris. The remainingAwas transferred
to a new tube and stored at -20°C until use.

A multiplex PCR assay for the detection of 16S rR{itfentification ofS. aureul mecA
(associated with methicillin resistance) and PVicaating genes (virulence factor) (Table 3.1)
included 2 pL of the DNA template (described abaaed to a 50 pL final reaction mixture
containing: 1X Go Taq® Reaction Buffer (pH 8.5)26 U pL™* of Go Tag® DNA polymerase,
200 uM dNTP (Promega, Madison, WI, USA) and 1 puMpaiers (16S rRNAmecA LukS/F-
PV) (Integrated DNA Technologies, Inc., Coralvilla, USA).

Multiplex PCR reactions were carried out in a thecycler (Eppendorf, Hamburg,
Germany), and the PCR conditions were adjustedrdicgpto the protocol described by
Makgotlhoet al (2009) as follows: initial denaturation at 94 10 min, followed by 10
cycles of denaturation at 94°C for 45 s, anneaing5°C for 45 s and extension at 72°C for 75 s
followed by another 25 cycles of 94°C for 45 s,G00r 45 s and a final extension step at 72°C
for 10 min. An external positive (DNA from MRSA ATC33591, positive fomecAand PVL

genes) and negative control (DNase/RNase-fredleistvater) were included with each run.
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Table 3.1. Nucleotide sequence of the primers aolgs used in conventional multiplex PCR
and multiplex real-time PCR.

Primer or probe

5' Reporter dye

name Sequence (5>3) 3' Quencher
16S rRNAT

Staph-756F AAC TCT GTT ATT AGG GAA GAA CA

Staph-750R CCACCTTCCTCCGGTTTGTCACC

nuct

nuc For CAA AGC ATC AAA AAG GTG TAG AGA

nuc Rev TTCAAT TTT CTT TGC ATT TTC TAC CA Texas Red
nuc Probe TTT TCG TAA ATG CAC TTG CTT CAG GAC CA lowa Black
mecA

mecA-1Ft GTA GAA ATG ACT GAA CGT CCG ATAA

mecA-2Ft CCAATT CCACATTGT TTC GGT CTAA

mecA Fort GGC AAT ATT ACC GCA CCT CA

mecA Revit GTCTGC CACTTT CTCCTT GT FAMT
mecA Probet AGA TCT TAT GCA AAC TTAATT GGC AAATCC TAMRAT
PVL

luk-PV-1Ft ATC ATT AGG TAA AAT GTC TGG ACATGATCC A

luk-PV-2Rt GCA TCA AGT GTATTG GAT AGC AAA AGC

PVL Fort ACA CAC TAT GGC AAT AGT TAT TT

PVL Revt AAA GCA ATG CAATTG ATG TA Cy5t
PVL Probet ATT TGT AAA CAG AAATTA CAC AGT TAAATATGA lowa Black

tConventional multiplex PCR, according to McCletel (2006).
FMultiplex real-time PCR, according to McDonatlal (2005).

Ten microliters of PCR amplicons were loaded inflo5®6 (wt/vol) agarose gel (Agarose

|TM

) using EzVision One loading dye (Amresco, Solohl, OSA) and electrophoresis was

carried out in 1X TAE buffer at 100 v for 1 h. A faoular weight marker 100-bp ladder

(Promega, Madison, WI, USA) were included on easlhBands were visualized using an Alpha

Innotech UV imager (FluorChet).
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3.3.4. Multiplex real-time PCR assay

The DNA was extracted from the primary and secondarichment broths of the animal
and meat samples using the boiling method descpb®dously by De Medicet al. (2003).

Five microliters of DNA template extracted was usethe real-time i®" Multiplex Powermix
(Bio-Rad Laboratories, Hercules, CA, USA), in afimolume of 2QuL per reaction.

The real-time PCR assay targetedc (identification ofS. aureuy mecA(associated with
methicillin resistance) and PVL-encoding genesufemce factor) (Table 3.1).

The final concentrations in the reaction mixtureeve00 nM of primers (forward and
reverse), 200 nM of fluorogenic probes (Applied 8istems, Foster City, CA, USA), and 1X
iQ™ Multiplex Powermix(Bio-Rad Laboratories, Hercules, CA, USA), accogdio the
manufacturer's recommendations.

The thermal cycling conditions were adjusted targtral denaturation of 3 min at 95°C,
followed by 40 PCR cycles of 95°C for 15 s and 551 min, using an iCycler 1Y real time
PCR system (Bio-Rad Laboratories, Hercules, CA, Y&A external positive control (DNA
from MRSA ATCC 35591, positive fanecAand PVL genes) and an external negative control
(DNase/RNase-free distilled water) were includethwiach plate. Data analysis was carried out
using the iCycler software version 3.0 (Bio-Rad duattories, Hercules, CA, USA).

3.3.5. Characterization of S. aureus strainsisolated by culture method
3.3.5.1. Multilocus sequence typing (ML ST)

Briefly, S. aureussolates were struck to TSA plates and incubat&¥ &C for 18 to 24 h.
Colonies were picked to 441 of single cell lysing buffer (5Qug/mL of Proteinase K, Amresco;
in TE buffer [pH=8]), and then lysed by heatin@g3@’C for 10 min followed by 55°C for 10 min

in a thermocycler. The final suspension was dildtgtin sterile water, centrifuged to remove
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cellular debris, and transferred to a sterile t{iNdarmur, 1961). The housekeeping geraasC,
aroE, glpF, gmk pta, tpi, andyqiL, were amplified (Enrighét al, 2000). All PCR reactions
were carried out in 5L volumes: 1uL of DNA template, Tag DNA polymerase (Promega)
(1.25 V), 1X PCR buffer (Promega), primers (M) (Integrated DNA Technologies, Inc.), and
dNTPs (20QuM) (Promega). The PCR settings were adjusted atuptd Enrightet al. (2000)
using a thermocycler (Eppendorf). Ten microliteirshe PCR products were loaded into 1%
agarose gels in 1X TAE with EzVision One loadingdgnd run at 100V in 1X TAE for 1 h.
Images were captured using an Alpha Innotech imagar PCR, each amplicon was purified
of amplification primer using the QIAquiCRPCR Purification Kit (Qiagen, Valencia, CA) as per
manufacturer’s instructions. Purified DNA was seatpexl at lowa State University's DNA
Facility (Ames, IA) using an Applied Biosystems BXBDNA Analyzer (Applied Biosystems,
Foster City, CA). Sequence data were imported DA Star (Lasergene, Madison, WI),
trimmed, and aligned to the control sequences (fleerMLST site) and interrogated against the
MLST database (http://saureus.mlst.net/). Sequimes were added to the strain information
for analysis in BioNumerics software.
3.3.5.2. Resistance profiles

The antimicrobial resistance (AR) profiles®faureussolates 1(=95) were determined
using the broth microdilution method (CMV3AGPF, Sititre™, Trek Diagnostics), according to
the manufacturer’s and the National Antimicrobiaisi&tance Monitoring System (NARMS)
guidelines for animal isolates (NARMS, 2012). Anttnobials in the panel and their resistance
breakpoints were as follows: erythromyck8(ug/mL), tetracyclinex16 pug/mL), ciprofloxacin
(=4 pg/mL), chloramphenicokB2 pug/mL), penicillin 216 pg/mL), daptomycin (no

interpretative criteria), vancomycie32 pug/mL), nitrofurantoinX128 pg/mL), gentamicin

50



(>500 pg/mL), quinupristin/dalfopristire4 pg/mL), linezolid £8 pg/mL), kanamycin1024
pg/mL), tylosin €32 pg/mL), tigecycline (no interpretative criteriayreptomycin (>1000
pg/mL), and lincomycinX8 pg/mL). Resistance to at least three classestilfi@tics was
considered as multidrug resistance (MDR) (Ayeliral, 2011).

3.3.6. Statistical analysis

The 95% confidence intervals (Cl) for prevalenceenabtained, using the plus four
estimate when positive or negative samples weeethes 15. The Chi-square test was used to
assess the significance in proportion of posita@gles between sample types, only if no more
than 20% of the expected counts were less thaml @ldmdividual expected counts were 1 or
greater (Mooreet al, 2007). On the contrary, Fisher’'s exact test wsesd with two-side@-
values. SAS software version 9.2 (SAS Institute,I@ary, NC) was used to assess significance
with p<0.05.

As there is no true gold standard methodSoaureusand MRSA detection, thestatistic
was calculated to compare agreement between realRCR assay (using primary and
secondary enrichment) and conventional culture/R@Ehod.

3.4. Results

The culture method included a biochemical iderdifien to confirmS. aureuswhich
agreed with the results of the conventional mudPCR that detected the gene 16S rRNA. This
method detected 95 positi® aureusamples from a total of 234 samples collected IErat2).
The multiplex real-time PCR assay using primary arsgcondary enrichments, recoveged
aureus(detection ohucgene) from 111 and 120 samples of 234 samplesctgely.

By the conventional culture/PCR method alone, #te of positiveS. aureusamples was

found to be 41.6% (Gds, 30.6-52.6%) in animals and 51.8% 4434 42.5-61.0%) in raw meat
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samples, and a significantly lower rate of 11.1%4{4; 4.5-24.1%) was observed in deli meat
(p<0.05). Using the primary enrichment samples aatitirme PCR, a significantly higher
recovery ofS. aureugp<0.05) was found in animals 55.8% {634, 44.8-66.9%) and raw meat
57.1% (Céso, 47.9-66.3%) than in deli meat samples 8.9%s%,8B.1-21.4%). However, no
significant difference=0.05) was found between the rate of posifvaureusamples in
animals (53.2%) (Géw, 42.1-64.4%), raw meat (53.6%) (&), 44.3-62.8%) and deli meat
(42.2%) (Chsor, 27.8-56.7%), when the secondary enrichment sawpdee assessed by real-
time PCR. A significantly higher recovery 8f aureugp<0.05) was obtained from deli meat
when the secondary enrichment samples were tegtezhbtime PCR.

ThemecAgene was detected in two pork meat samples (5@%y, 0.7-18.8%) by the
conventional multiplex PCR preceded by the cultuasthod, and by assessing the primary and
secondary enrichment samples by real-time PCRr@&leime PCR analysis detected thecA
gene using both enrichments in samples that wegative by conventional multiplex PCR in
two pork meat and three deli meat samples. Usiagtimary enrichment, the real-time PCR
detected thenecAgene in one sample isolated from a sheep, andramepork meat, which
were negative using the secondary enrichment. Ubmgecondary enrichment, the real-time
PCR detected thmecAgene from one sample isolated from a pig, one fponk meat, and two
from deli meat, which were negative using the pryvenrichment. The PVL gene was not
detected in any sample by the conventional cuRE& method or the real-time PCR assay.

Table 3.3 shows the results of real-time PCR upmgary and secondary enrichments on
the detection 08. aureusompared with a conventional culture/PCR methadalfagreement
and thek statistic for real-time PCR using the primary enment samples were 85.7%0.72,

Clgso, 0.62-0.82), 83.9%k€0.68, Chsy, 0.59-0.76), and 97.8%=0.88, Chsy, 0.78-0.97) for
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animals, raw meat, and deli meat respectively.réaktime PCR using the secondary
enrichment samples, the total agreement and statistic were 88.3%k€0.77, Césys 0.67-

0.86), 87.5%K=0.75, Cbse,s 0.67-0.83), and 68.9%=£0.29, Cbsy, 0.16-0.43) for animals, raw
meat, and deli meat, respectively. Positive agregifsensitivity) was 100% for animal samples
using both enrichments. For animals and raw mdagleer negative agreement (specificity) was
obtained for real-time PCR using the secondarychment.

Table 3.2. Detection @&. aureusmecAand PVL genes from animals and retail meat using a
conventional culture/PCR method and a real-time REfy.

Real-time PCR
Sample No. of Culture/PCR method Primary enrichment Secondary enrichment
type samples S. S. S.
mecA PVL mecA PVL mecA PVL
aureus aureus aureus

Animals No. of positives

Cow 14 0 0 0 4 0 0 3 0

Pig 28 21 0 0 25 0 0 24

Sheep 35 11 0 0 14 1 0 14 0 0
Total 77 32 0 0 43 1 0 41 1 0
Meat

Beef 36 9 0 0 10 0 0 12 0 0

Pork 37 25 2 0 26 6 0 27 6 0

Poultry 39 24 0 0 28 0 0 21 0 0
Total 112 58 2 0 64 6 0 60 6 0
Deli meat

Chicken 9 2 0 0 2 0 0 4 0 0

Ham 20 0 0 2 3 0 11 5 0

Turkey 16 0 0 0 0 1 0 4 1 0
Total 45 5 0 0 4 4 0 19 6 0
Total 234 95 2 0 111 11 0 120 13 0
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Table 3.3. Raw agreement indices among conventauialre/PCR method and real-time PCR
assay, with two-step enrichment procedure for dieteof S. aureugrom animals and retail
meat.

Culture/  Positive Negative
Samples Total kappa
Method/sample type PCR agreement agreement o
(n) e . agreement statistic
method (Sensitivity) (Specificity)
Real-time PCR No.
primary enrichment positive ------------mmneme- No. (%)--------------------
Animals 77 32 32 (100.0) 34 ( 75.6) 86.7) 0.72
Meat 112 58 52 ( 89.7) 42 ( 77.8) 94933. 0.68
Deli meat 45 5 4 ( 80.0) 40 (100.0)44 (97.8) 0.88
Real-time PCR
secondary enrichment
Animals 77 32 32 (100.0) 36 (80.0) 68 (88.3 0.77
Meat 112 58 52 ( 89.7) 46 (85.2) 98 (87.5) .750
Deli meat 45 5 5 (100.0) 26 (65.0) 3198 0.29

Percentages for positive agreement with culture/BF@od number positive as the
denominator. Percentages for negative agreemehntowiture/PCR method number negative as
the denominator. Percentage total agreement isnelot&rom the sum of the positive and
negative agreement frequencies divided by the sataple size within each sample type.

Six samples isolated from animals and six from na@at were deemesl. aureusiegative
by the conventional culture/PCR method, but posiby real-time PCR using the primary and
secondary enrichments. Thieaureusamples isolated from raw meat were positive By th
conventional culture/PCR method, but negative leyrdal-time PCR assay.

The real-time PCR method using the primary enriahinfeled to detect the presenceSof
aureusin four samples: three isolated from raw meat (foon beef, one from poultry) and one
from deli meat (ham) that were positive by the wdtmethod and by the real-time PCR assay
using the secondary enrichment samples. Usingaib@nslary enrichment samples, the real-time
PCR assay failed to detect three samples isolabed faw meat (pork) that wef aureus

positive by the culture method and using the pringaarichment in real-time PCR.
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The results of real-time PCR using primary and sdaoy enrichment on the detection of
themecAgene compared with a conventional culture/PCR atetlre shown in Table 3.4. Total
agreement for real-time PCR using the primary amisdary enrichments ranged from 91.1%
to 98.7% and from 86.7 to 98.7%, respectively. Kistatistic was zero when theecAgene was
not detected by the conventional culture/PCR me#mat0.49 (Gky, 0.39-0.58) for meat.
Positive agreement (sensitivity) of 100% was oladifor meat samples for both methods.
Table 3.4. Raw agreement indices among conventauialre/PCR method and real-time PCR

assay, with two-step enrichment procedure for dieteof themecAgene from animals and
retail meat.

Culture/ Positive Negative
Samples Total kappa
Method/sample type PCR agreement agreement o
( o o agreement statistic
method (Sensitivity) (Specificity)
Real-time PCR No.
primary enrichment positive  ---------m--mmmeeee- No. (%)--------------------
Animals 77 0 - 76 (98.7) 76 (98.7) 0.00
Meat 112 2 2 (100.0) 106 (96.4) 108 (96.4) 0.49
Deli meat 45 0 - 41 (91.1) 41 (91.1) 0.00
Real-time PCR
secondary enrichment
Animals 77 0 - 76 (98.7) 76 (98.7) 0.00
Meat 112 2 2 (100.0) 106 (96.4) 108 (96.4) 0.49
Deli meat 45 0 - 39 (86.7) 39 (86.7) 0.00

Percentages for positive agreement with culture/B@od number positive as the
denominator. Percentages for negative agreementowiture/PCR method number negative as
the denominator. Percentage total agreement isnelot&rom the sum of the positive and
negative agreement frequencies divided by the sataple size within each sample type.

The real-time PCR detected timecAgene in samples that were negativeSoaureusy
the conventional culture/PCR method (one from aqig from a sheep, four from pork meat,
four from deli ham, and one from deli turkey). Aflthese samples were identified as harboring

S. epidermidisS. saprophyticusr S. haemolyticuasing biochemical analysis on isolates
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recovered. However, three of these samples (ome &pig, and two from pork meat) tested
positive for thenuc gene when the primary and secondary enrichments agsessed by real-
time PCR.

Table 3.5 shows the antimicrobial resistance grsfdnd the sequence types of the ninety
five S. aureusstrains isolated from animals and retail meath@ydonventional culture/PCR
method. A total of thirteen antimicrobial resistarprofiles were identified amor& aureus
isolates. Most of th8. aureussolates were resistant to tetracycline and linggm and were
ST9. A total of twenty-twd. aureussolates exhibited multidrug resistance. Suscéipyibo all
antimicrobials tested were found in thirty-fi%e aureussolates, which were mostly recovered
from chicken meat and identified as ST5.

3.5. Discussion

In this study, a high recovery 8t aureusvas found in animals and meat samples by the
culture/PCR method and the real-time PCR assay€TaB). The inclusion of selective
enrichment steps has been found to increase thefaletection 05. aureugde Boeret al,
2009). Wateret al (2011) also found a high prevalenceSofaureusn raw meat (47%) using a
single step selective enrichment protocol, follovegdlating on Baird Parker agar, and

confirmation by real-time PCR targeting teenAgene.
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Table 3.5. Antimicrobial resistance profiles andusnce types d. aureussolated by

conventional culture/PCR method from animals anailreneat.

No. of No. of S. aureus
antimicrobial isolates with the
Antimicrobial resistance profile subclasses  specific profile  Sequence types (n)t
PEN-TET-ERY-TYL-LINC-STR-CHL 6 2 Pig-ST9 (2)
PEN-TET-LINC-STR-CHL 5 1 Pig-ST9 (1)
TET-ERY-TYL-LINC 3 7 Pork-ST398 (5) Pork-ST5 (1)**
Pork-ST9 (1)
PEN-LINC-STR 1 Pig-ST9 (1)
TET-ERY-LINC 3 7 Pork-ST9 (4) Pork-ST15 (2)
Pork-ST8 (1)
TET-LINC-STR 3 1 Pig-ST9 (1)
ERY-TYL-LINC 2 3 Chicken-ST5 (3)
PEN-ERY 2 3 Pork-ST5 (1) Pork-ST5 (1)**
Pork-ST9 (1)
TET-LINC 2 15 Sheep-ST398 (4) Pig-ST9)(11
ERY-LINC 1 Pork-ST9 (1)
TET 1 13 Sheep-ST398 (3) Sheep-ST133 (2)
Sheep-ST2111 (1) Pig-ST9 (1)
Pork-ST1 (2) Pork-ST5 (2)
Pork-ST398 (1) Pork-ST15 (1)
ERY 1 Deli chicken-ST39 (1)
LINC 1 5 Pig-ST9 (3) Sheep-ST133 (1)
Deli ham-ST15
Susceptible to all tested 35 Chicke>$I5) Chicken-ST6 (3)
Chicken-ST508 (1) Chicken-NT
1)+
Pork-ST5 (2) Beef-ST1159 (3)
Beef-ST2187 (1) Beef-ST188 (1)
Beef-ST15 (1) Beef-ST72 (1)
Beef-ST5 (1) Beef-ST1 (1)
Deli ham-ST146 (1)
Deli ham-ST5 (1)
Deli chicken-ST5 (1) Pig-ST9 (1)
Total 95

Chloramphenicol (CHL); erythromycin (ERY); linconmigg LINC); penicillin (PEN); streptomycin (STR);
tetracycline (TET); tylosin (TYL). tSequence ty[®&T]. £Non-typeable (NT). *hecAgene positive.
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Thek statistic for detection d&. aureususing the primary enrichment in real-time PCR was
0.68 to 0.88 (Table 3.3), which indicates a googtagnent (substantial to almost perfect
agreement) with the conventional culture/PCR methtsihg the secondary enrichment and
real-time PCR, th& statistic for detection d. aureusvas 0.29 to 0.77, resulting in a fair
agreement when deli meat was tested. This is dtieetsignificantly higher recovery &.
aureusfrom the secondary enrichment samples by real-B@QR (Table 3.2), and the lower
negative agreement (specificity) obtained with thisthod (Table 3.3). This observation
suggests that small numbers (or levels} odureusould be missed when the primary
enrichment alone is used in real-time PCR, andtheatecovery of potentially injured or non-
viable strains appears to be enhanced when a sagosarichment is applied. The enhanced
detection also suggests that the use of a stawdéitde method or primary enrichment alone
could lead to higher false negative results. Tleesfincluding a secondary selective enrichment
step appears to improve the odds of detection sitige S. aureusamples.

Multiplex real-time PCR could detect md8e aureugositive samples than the
conventional culture/PCR method alone. Possiblsomsfor these discrepant results include:
amplification of DNA by the real-time PCR from vdow levels ofS. aureughat were not
detectable by the bacteriological methods due topatition or non-viabl&. aureusn the
samples, or false-positive real-time PCR results @sult of cross-reaction rather than false-
negative culture results (Anderson and Weese, 26@xXyever, the possibility that these results
are considered as false positives in this stugyabably very low, because the geng which
was targeted by the real-time PCR assay, has ssehfar specific detection and identification
of S. aureugreviously (Costat al, 2005; McDonalct al, 2005; Thomast al, 2007; Kilicet

al., 2010). Unfortunately, it was not possible tofoom these results by performing the cultural
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method as detection was carried out from DNA ex$raaly, and the cells had already been
inactivated. The inability of real-time PCR to detthreeS. aureusamples isolated from raw
meat that were positive by the culture method messhat unsatisfactory, and could be
considered as false-negative results.

For detection omecAgene, the statistic for both enrichments in real-time PCR Wde
0.49 (Table 3.4). Thk=0 indicates no agreement beyond that expectedhéyce, because the
real-time PCR assay detected thecAgene probably from bacteria other ttf&raureusand the
culture/PCR method detected thecAgene from DNA extracted from confirmé&d aureus
strains. However, a femecApositive samples were obtained from animals anat methis
study (Table 3.2). Wees al (2010) detected a low prevalence of MRSA in sanolated
from retail meat (9.6% in pork, 5.6% in beef, an2P4 in chicken), using a single-step selective
enrichment protocol, followed of plating and bioptieal testing.

The detection of thmecAgene by the real-time PCR assay in samples that megative
for S. aureusy the conventional culture/PCR method may betduke fact that either
coagulase-negative staphylococci and Soaureuspecies can also carry tirecAgene (Ryffel
et al, 1990; Hagewet al, 2005; Higashidet al, 2006; Thomast al, 2007). In this study, such
samples were identified &aphylococcuspp. positive by biochemical testing. In addititre
mecAgene has been found in non-staphylococcal gesech, asProteus vulgarisMorganella
morganii Enterococcus faecaliKassenet al, 2008) suggesting that its use in a rapid screeni
technique would need further validation to avoiddgpositive MRSA. In this study, the DNA
extraction was carried out from selective enrichtegwhich could contain DNA from

coagulase-positive or coagulase-negative staphgtbco non-staphylococcal species that may
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carry themecAgene, therefore a positive result for theeandmecAgenes does not necessarily
indicate the presence 8t aureusarrying themecAgene.

None of the samples obtained from animals andl reat were positive for the PVL gene
using both methods the conventional multiplex P@R the real-time PCR. A similar
observation was reported by Weesal (2010), who also failed to detect PVL positivenpées
in raw meat in Canada using the real-time PCR fgclen The PVL gene encodes the Panton-
Valentine leukocidin toxin, which is a virulencecfar that have been found in severe cases of
CA-MRSA (Babaet al, 2002; Dufoueet al, 2002; Eberet al, 2009).

Decreasing the time of detection®faureusand MRSA has become an important goal in
the microbiological analysis of clinical sampleswéver, sincé. aureusST398, multidrug-
resistanS. aureugTable 3.5), and MRSA are present in animals andtifvan Belkunet al.,
2008; de Boeet al, 2009; Guardabasst al, 2009; Persooret al, 2009; O'Brieret al, 2012;
Buyukcangazt al, 2013), decreasing the time of analysis may aftmwprompt action to take
place thus reducing the spread of those straittsetéood chain. The real-time PCR assay can
potentially decrease the total time for detectib® oaureusand the presence of theecAgene in
animal and meat samples. Using the two-step seéeetirichment the total time was <2 days by
the real-time PCR method, compared with a totaétoh6 to 7 days using the culture method
that includes selective enrichments, plating stbgghemical testing and a conventional
multiplex PCR for confirmation. However, the presemf MRSA should be confirmed by a
culture method if isolates are required for furthralysis. Some real-time PCR assays have been
developed for the rapid detection of MRSA from dal samples (Huletskgt al, 2004; Hagen
et al, 2005; Paulet al, 2005; Daniakt al, 2011). Daniaét al (2011) reported that the real-

time PCR assay detected 0.7% more MRSA-positivgokamthan the routine standard Brilliance
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Chromogenic MRSA agar culture method in a totaktwn 8 h. Huletskyet al (2004) detected
MRSA directly from clinical specimens containingnature of staphylococci in less than 1 h,
with a false-positive detection rate of 4.6% for BWRthat was actually MSSA. Pawdéal

(2005) developed a multiplex real-time PCR thaedeetd the gendemAandmecAdirectly

from blood culture bottles in 2-3 h, obtaining adeterminate rate of 0.9% when coagulase-

negative staphylococci strains were included.

In conclusion, the application of real-time PCRnhgsselective enrichments appears to
improve the detection &. aureusand themecAgene in samples extracted from animals, raw
meat, and deli meat. The real-time PCR assay magdmnmended as a rapid method to detect
S. aureusand thanecAgene in samples obtained from the meat producti@m; however, if
further confirmation of MRSA should be requirecb(ate recovery) then the application of the
standard culture method in parallel may be wardante
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4, CHARACTERIZATION OF STAPHYLOCOCCUS AUREUS FROM HUMANSAND A
COMPARISON WITH ISOLATES OF ANIMAL ORIGIN
4.1. Abstract
Different clones of methicillin-susceptible (MSSand methicillin-resistant (MRSA)
Staphylococcus auretmve been found in humans as well as in animalsetail meat.
However, more information about the genetic charastics and similarities between strains is
needed. The aim of this study was to identify amalracterizeStaphylococcus auretiom
humans, and to compare their characteristics walates of animal origin. A total of 550 nasal
swabs were taken from healthy humans, @ndureusvas isolated and identified. Positi8e
aureusisolates were subjected to molecular typing arsgeptibility testing. In total, 108 MRSA
isolates were recovered from clinical patientshim $tate of North Dakota; and 133aureus
isolates from animals and meat previously analyZeeé.nasal carriage &. aureusn healthy
people was 7.6% and, in general, clones were geafigtdiverse. None of th8. aureusstrains
obtained from healthy people wareecA or PVL-positive. A total of 105 (97.2%) MRSA
isolates from clinical cases harbored thecAgene and 11 (10.2%) isolated from blood stream
infections harbored the PVL gene. The most comnasistance profile amortgy aureugrom
healthy people was penicillin, and from clinicatea were erythromycin-penicillin-ciprofloxacin.
The rate of multidrug resistance (MDR) was 70%umlans. Most 0o8. aureudarboringmecA
and PVL genes were identified as ST5 and ST8, ahibiked MDR. Howevers. aureus
isolates of animal origin used for comparison eitatba lower rate of MDR. The most common
resistance profiles in isolates of animal origirrevpenicillin-tetracycline and penicillin-

tetracycline-erythromycin, in animals and raw meagpectively. The ST5 was also found in
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animals and meat, with ST9 and ST398 being the meigoes. The genetic similarity between
clones from humans and meat suggests the riskkeddfS. aureusn the food chain.
4.2. Introduction

In the last few decades, many bacterial species Haveloped resistance to antimicrobial
agents that have been commonly used to treat tBarar{z, 1997)Staphylococcus aureus one
of the pathogens known to rapidly develop resigtdnantimicrobial agents as new antibiotics
are introduced (Lowy, 2003). Within a couple yeatsr the introduction of penicillin to clinical
medicine, the first penicillin-resistaBt aureusvas discovered. The first methicillin-resist&nt
aureus(MRSA) strains were identified from clinical spe@ns in 1961; two years after
methicillin was introduced as an antibiotic (Jevd361; de Lencastr al, 2007).

Methicillin-resistantS. aureusas been implicated in community-associated (CASAR
healthcare-associated (HA-MRSA), and livestock-aisged (LA-MRSA) infections worldwide.
In the United States, the nasal carriag&.céureusn humans was 29% (78.9 million people)
and that of MRSA approximately 1.5% (4.1 millioropée) in 2003-2004 (Gorwitet al, 2008).
In 2005, there were an estimated 478,000 hospatadizs that corresponded $o aureus
infections, approximately 278,000 of those werglaited to MRSA (Kleiret al, 2007). In
addition, an invasive MRSA infection was developgdbout 94,000 people, leading to 19,000
deaths. The distribution of these infections wemgraximately 86% HA-MRSA and 14% CA-
MRSA (Klevenset al, 2007). However, HA-MRSA clones have been pragvedy replaced by
CA-MRSA strains due to the expanding community masie and the increasing influx into the
hospital of individuals who harbor CA-MRSA (D'Agattal, 2009; Nimmaeet al,, 2013).

Meat-producing animals have also been identifiedaasers of MRSA (van Belkuret al,

2008; Guardabassit al, 2009; Persoorst al, 2009). Moreover, it has been found that retail
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meat can also be contaminated with MRSA (de Bbat, 2009; Piet al, 2009; Buyukcanganz
et al, 2013). These findings have increased the cortbatrfood may serve as a vehicle for
transmission of MRSA to the human population (GéBet al, 2012).

Resistance to methicillin i8. aureuss primarily mediated by themecAgene, which
encodes the low-affinity penicillin-binding prote2a (PBP2a) (Hartman and Tomasz, 1981; Van
De Griendet al, 2009). Recently, a novelecAhomolog genenjecAcazs: re-namednec has
been detected i8. aureusstrains from humans and livestock that were phgncally resistant
to methicillin but tested negative for theecAgene. ThenecCgene exhibits about 70%
sequence homology to tiheecAgene and is located on the staphylococcal cassetbenosome
mectype Xl (type-XI SC@neq (Garcia-Alvarezt al, 2011; Itoet al, 2012; Laurenet al,

2012; Peterseet al, 2012). Among the virulence factors, Panton—Viatenleukocidin (PVL)
exotoxin encoding gene has been related to mosVIBSA strains (Babat al, 2002; Dufouret
al., 2002) that cause severe skin infections andotieacrg pneumonia (Ebesdt al, 2009).

Different clones of methicillin-susceptibf& aureugfMSSA) and MRSA have been found
in humans as well as in animals and retail meané€d that cause CA-MRSA infections
(USA300 and USA400) are different than those capblA-MRSA infections (USA100 and
USA200) (McDougakt al, 2003). Some sequence types (ST) associated tMRS8A have
been determined, such as: ST5, ST8, ST22, ST36,%Mong others (Deurenbexgal., 2007).
The sequence types ST30 and ST80 have been asdowsitt CA-MRSA (Stenherat al, 2010)
and ST398 has been linked with animals (van Belktal, 2008; Krziwanelet al, 2009). The
sequence types ST398 and ST9 have been detediethianimals (pigs) and meat (pork meat),

with a genetic similarity betwee®. aureusstrains from these different sources (Buyukcaregaz
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al., 2013). However, the clonal type ST398 has atsnlletected in human patients (van
Belkumet al, 2008; Krziwanelet al, 2009).

The objective of this study was to identify andratderizeStaphylococcus aureusolated
from humans, and to compare the molecular charattsrand antimicrobial susceptibility with
S. aureussolates from animals and meat.

4.3. Materials and methods
4.3.1. Samples

A total of 550 nasal swab samples were obtained fradergraduate students enrolled in
the Department of Veterinary and Microbiologicalé®ces, North Dakota State University, who
were considered as healthy humans. Samples wamettfrom plates used in class studies,
that were discarded at the end of the study, tbug f the isolates obtained were identifiable by
traceback. Samples were collected in the fall sesne$ 2010 (=231) and in the spring
semester of 2011€319). In addition, a total of 108 MRSA isolatesaeered from clinical
cases of MRSA affected by wound and blood stredetiions (sepsis, bone, cerobrospinal fluid
[CSF], synovial fluid, subdural fluid, tissue, latger and pleural fluid) were obtained from the
North Dakota Department of Health (Bismarck, NDjhe summer of 2010.

A total of 133S. aureusstrains isolated from animals (pig;30; sheepn=26; cattlen=2),
raw meat (porkn=35; chickenn=25; beefn=9), and deli meat (hamz=4; chickenn=2) were
used to compare the molecular characteristics atwhi@robial susceptibility witls. aureus
isolates from humans. TI® aureusstrains of animal origin were isolated and analyae

previously described by Buyukcangetzal (2013) (Tables 4.1 and 4.2).
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Institutional Review Board (IRB) approval was soufgin the human isolates and the study
was considered exempt by NDSU IRB. Institutionalmal Care and Use Committe (IACUC)
approval was used for the animal work as descnivediously (Buyukcangaet al., 2013).

Table 4.1. Source and characteristic§ odureussolates of animal origin used in the study.

Source S. aureussolates 16S rRNA mecA PVL
Animals - NO.--m-mm-mmm e NO.-------=--m----
Sheep 26 26 0 0
Pig 30 30
Cattle 2 2
Total 58 58 0 0
Raw meat
Pork 35 35 5 0
Chicken 25 25 0 0
Beef 9 9 0 0
Total 69 69 5 0
Deli meat
Ham 4 4 0 0
Turkey 0 0 0 0
Chicken 2 2 0 0
Total 6 6 0 0

Adapted from Buyukcangaa al (2013).
4.3.2. Culture method

Nasal swabs were taken from healthy humans by w@sstgrile moistened swab inserted
into the nostril, to a depth of approximately 1 @nd rotated five times. For each subject, both
nostrils were sampled using the same swab. Nasddlsswere inoculated onto mannitol salt agar
(MSA) plates (Becton, Dickinson and Company [BDpagks, MD) and incubated at 37°C for
48 h. All colonies surrounded by yellow zones onAVE8ter incubation were selected. Colonies

with pink or red zones on MSA were excluded.
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Table 4.2. Antimicrobial resistance profilesSfaureussolates of animal origin used in this

study.
Antimicrobial resistance Antimicrobial
profile subclasses resistantto  Isolates Source Isolates
---------- NO.---------- --No.-- mmmemm e\ < me e e e
ERY-PEN-TET-GEN- 7 1 Pork meat 1
CHL-CIP-QUI
ERY-PEN-TET-CHL- 6 1 Pork meat 1
CIP-QUI
ERY-PEN-TET-CHL 4 2 Pig 2
ERY-PEN-TET-KAN 4 1 Pork meat 1
ERY-PEN-TET 3 14 Pork meat 11
g
PEN-TET-GEN 3 1 Sheep 1
PEN-TET-KAN 3 1 Pork meat 1
PEN-TET-CHL 3 1 Pig 1
ERY-PEN 2 4 Pork meat 3
T
ERY-TET 2 5 Pork meat 5
PEN-TET 2 39 Pig 19
Sheep 17
Pork meat 2
Chicken meat 1

Ciprofloxacin (CIP); chloramphenicol (CHL); erythmycin (ERY); gentamicin (GEN);

kanamycin (KAN); quinupristin/dalfopristin (QUI);gmicillin (PEN); and tetracycline (TET).
"mecApositive. Adapted from Buyukcangatal (2013), considering the resistance according to
CLSI (2012) criteria.
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Table 4.2. Antimicrobial resistance profilesSfaureussolates of animal origin used in this
study (continued).
Antimicrobial resistance Antimicrobial

profile subclasses resistantto  Isolates Source Isolates

ERY 1 4 Chicken meat 3
Chicken deli meat

PEN 1 21 Pig

1

7

Sheep 1

Pork meat 4

Beef 4

Chicken meat 3

Ham 2

TET 1 10 Sheep 6
Pork meat 3

1

Chicken meat

Ciprofloxacin (CIP); chloramphenicol (CHL); erythmycin (ERY); gentamicin (GEN);

kanamycin (KAN); quinupristin/dalfopristin (QUI);gmicillin (PEN); and tetracycline (TET).
"mecApositive. Adapted from Buyukcangatzal (2013), considering the resistance according to
CLSI (2012) criteria.

All presumptiveS. aureuscolonies were confirmed by biochemical testinghgssensititre
Gram Positive ID (GPID) plates (SensitifreTREK Diagnostic Systems Ltd., Cleveland, OH),
according to the manufacturer's recommendations.

Staphylococcus aureusolates from healthy humans, and MRSA isolatesifclinical
cases, were stored at -80°C in brain—heart infulsioth (BD) containing 20% glycerol until use.
4.3.3. Multiplex polymer ase chain reaction (MPCR)

Staphylococcus aurewsrains from healthy humans and from clinical sastered at -80°C
were recovered to trypticase soy agar (TSA) platesincubated at 37°C for 18 to 24 h. The
extraction of DNA was carried out by suspending coleny in 50 pL of DNase/RNase-free

distilled water (Gibco Invitrogen, Grand Island, N¥YSA), heating (99°C, 10 min) and
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centrifugation (30,008 g, 1 min) to remove cellular debris. The remainingAwas
transferred to a new tube and stored at -20°C usél

A multiplex PCR assay was used to detect: 16S rigiNi@ntification ofS. aureuly mecA
(associated with methicillin resistance) and PVicaating genes (virulence factor) (Table 4.3).
Two microliters of the DNA template (described abpwas added to a 50 pL final reaction
mixture: 1X Go Tag® Reaction Buffer (pH 8.5), 1.@%f Go Taqg® DNA polymerase, 200 uM
dNTP (Promega, Madison, WI, USA), and 1 uM of prisn@d6S rRNAmecA LukS/F-PV)
(Integrated DNA Technologies, Inc., Coralville, IASA). The conditions of the PCR reactions
were adjusted according to the protocol descrilyelidkgotlhoet al (2009) using a
thermocycler (Eppendorf, Hamburg, Germany).

The mPCR products (36L) were loaded into a 1.5% (wt/vol) agarose geldfage 1)
using EzVision One loading dye (Amresco, Solon, O8A) and electrophoresis was carried
out in 1X TAE buffer at 100 v for 1 h. A molecublaeight marker 100-bp ladder (Promega,
Madison, WI, USA) and a negative (DNase/RNase-diistlled water) and a positive contr@.(
aureusATCC 33591; MRSA) were included on each gel. Batwisesponding to each gene
were visualized using an Alpha Innotech UV imadeéa¢rChem™).

All MRSA clinical isolates that were negative fbietmecAgene by mPCR assay were
subjected to the detection of threecCgene (Table 4.3) by PCR according to the protocol
described by Stegget al (2011).

4.3.4. Pulsed-field gel electrophoresis (PFGE)

The PulseNet protocol with minor modifications wased (McDougagt al, 2003). Briefly,

S. aureusstrains were recovered from frozen stock to TS#qd and incubated at 37°C for 18 to

24 h. A single colony was inoculated onto a seCb84 plate and incubated at 37°C for 18 to 24
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h. Colonies were transferred to 5-mL polystyrensntbbottom tubes containing 2 mL of cell
suspension buffer (100 mM Tris HCI [pH 8.0], Ineigen; 100 mM EDTA [pH 8.0], Gibco),
adjusting the cell concentrations to an absorbah@e9 to 1.1 using a spectrophotometer (Smart
SpecTM plus, Bio-Rad Laboratories, USA) at 610 e following steps (plug preparation,
lysis, washing, and th®@malenzyme restriction digestion) were performed atiogy to the
PulseNet protocolSalmonellaBranderup H9812 was used as a DNA marker (Rebat, 2000).

The electrophoresis was carried out in a Chef Maffpie-Rad Laboratories) PFGE rig,
with an initial switch time of 5 s, a final swit¢cime of 40 s, and a total running time of 17 h 45
min. The gels were stained with ethidium bromid& (Ig/mL), and then the macrorestriction
patterns were visualized using a UVP imager (UVplabd, CA).

Macrorestriction patterns &taphylococcus aureusolates from humans, animals and meat
were analyzed using the BioNumerics Fingerprintafjware (Ver 6.6 Applied Math, Austin,
TX). The similarity index was calculated using iee coefficient, a band position tolerance of
1%, and an optimization of 0.5%. The unweighted-gesup method with arithmetic mean
algorithm (UPGMA) was used to construct a dendnogrand clusters were selected using a
cutoff at 80% level of genetic similarity (McDouggtlal, 2003).

4.3.5. Multilocus sequence typing (ML ST)

After the construction of the dendrogram (PFGE)taming S. aureusat least one human
isolate from each cluster was selected as a rapegse of the group for MLST analysis. Strains
of S. aureugrom animals and meat were included for compareswh STs were obtained from
previous work (Buyukcanga al., 2013). Sequencing of MLST PCR products of thecsed

human isolates was carried out at lowa State Usityes DNA Sequencing Facility (Ames, IA).
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Briefly, S. aureussolates were struck to TSA plates and incubat&Y&C for 18 to 24 h. DNA
extraction from cells was carried out using thdibgimethod as described above.

Internal fragments of the following seven housekeggenesarcC, aroE, glpF, gmk pta, tpi,
andyqiL, were amplified (Table 4.3) (Enright al, 2000). All PCR reactions were carried out in
504L volumes: 1pL of DNA template, Taqg DNA polymerase (PromegaRfll), 1X PCR
buffer (Promega), primers (OUM) (Integrated DNA Technologies, Inc.), and dNTROQ M)
(Promega). The PCR conditions were adjusted agugtdi the protocol described by Enrigdtt

al. (2000) using a thermocycler (Eppendorf). Ten olitars of the PCR products were loaded
into 1% agarose gels in 1X TAE with EzVision Onading dye, and electrophoresis was run at
100 Vin 1X TAE for 1 h. Images were captured usangAlpha Innotech imager.

The amplicon purification was carried out using @iédquick] PCR Purification Kit
(Qiagen, Valencia, CA) according to the manufactarastructions. Purified PCR products
were sequenced at lowa State University’s DNA RgdiAmes, IA) using an Applied
Biosystems 3730x| DNA Analyzer (Applied Biosystersster City, CA). Sequence data were
imported into DNAStar (Lasergene, Madison, Winimed, and aligned to the control
sequences (from the MLST site) and interrogatedhagthe MLST database
(http://saureus.mist.net/). Sequence types of && aureussolates were added to the strain

information for analysis in BioNumerics software.
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Table 4.3. Nucleotide sequence of the primers usatlltiplex polymerase chain reaction for
detection of 16S rRNAnecA Panton-Valentine leukocidin, antecAcazs: genes; and
multilocus sequence typing analysis for detectibaroC, aroE, glpF, gmk pta, tpi, andyqiL
genes.

Amplicon
Primer Oligonucleotide sequence Size (bp)
Staph 756 F 5-AACTCTGTTATTAGGGAAGAACA-3’ 256
Staph 750 R 5'-CCACCTTCCTCCGGTTTGTCACC-3’
mecAl F 5'-GTAGAAATGACTGAACGTCCGATAA-3’
mecA2 R 5-CCAATTCCACATTGTTTCGGTCTAA-3’ 310
luk-PV-1 F 5-ATCATTAGGTAAAATGTCTGGACATGATCCA-3’
luk-PV-2 R 5'-GCATCAAGTGTATTGGATAGCAAAAGC-3’ 433
mecAcazsiFP 5'-TCACCAGGTTCAAC[Y]CAAAA-3'
mecAcazs1RP 5'-CCTGAATC[W]GCTAATAATATTTC-3' 356
mecAcazsiMUltiFP  5-GAAAAAAAGGCTTAGAACGCCTC-3'
mecAcazs1RP 5-CCTGAATC[W]GCTAATAATATTTC-3' e
mecAcasiMUltiFP  5-GAAAAAAAGGCTTAGAACGAATC-3' 138
mecAgasiMUltiRP  5-GATCTTTTCCGTTTTCAGC-3'
arcCF 5-TTGATTCACCAGCGCGTATTGTC-3' 456
arcCR 5-AGGTATCTGCTTCAATCAGCG-3'
aroE F 5-ATCGGAAATCCTATTTCACATTC-3' 456
aroE R 5-GGTGTTGTATTAATAACGATATC-3'
glpF F 5-CTAGGAACTGCAATCTTAATCC-3' 465
glpF R 5-TGGTAAAATCGCATGTCCAATTC-3'
gmK F 5-ATCGTTTTATCGGGACCATC-3'
gmK R 5'-TCATTAACTACAACGTAATCGTA-3' 429
pta F 5'-GTTAAAATCGTATTACCTGAAGG-3'
pta R 5'-GACCCTTTTGTTGAAAAGCTTAA-3' 4
tpi F 5-TCGTTCATTCTGAACGTCGTGAA3
tpi R 5'-TTTGCACCTTCTAACAATTGTAC-3' 402
yqiL F 5'-CAGCATACAGGACACCTATTGGC-3'
yqiL R 5'-CGTTGAGGAATCGATACTGGAAC-3' o106

16S rRNA,mecA and Panton-Valentine leukocidin genes (McCkhitral., 2006).
mecAgazs: gene (Stegger et al., 2011).
arcC, aroE, glpF, gmk pta, tpi, andyqiL genes (Enrighet al,, 2000).
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4.3.6. Susceptibility testing

Staphylococcus aureusolates were subjected to antimicrobial suscépyibesting using
the broth microdilution method and the National iAmtrobial Resistance Monitoring System
(NARMS) panels (CMV3AGPF, Sensititre®, Trek Diagheos), according to the manufacturer’s
and the Clinical Laboratory Standards Institute $G12012) guidelines. Antimicrobials in the
panel and their resistance breakpoints were asasllerythromycin¥8 pug/mL), tetracycline
(=16 pg/mL), ciprofloxacinX4 pg/mL), chloramphenicok@2 pug/mL), penicillin £0.25
png/mL), vancomycinX16 pg/mL), nitrofurantoinX128 pg/mL), gentamicire(L6 pg/mL),
quinupristin/dalfopristin¥4 pg/mL), linezolid ¥8 pg/mL), kanamycinx64 pg/mL), and
daptomycin (susceptibkel pg/mL). Multidrug resistance (MDR) was consideasdesistance to
at least three classes of the antimicrobials tggtgdin et al, 2011).

4.4. Results

The results for identification &. aureug16S rRNA),mecAand PVL genes in samples
obtained from humans are shown in Table 4.4. Thegbence of nasal carriage®faureusn
healthy people was 7.6%. None of these isolatdsohed themecAor PVL genes. Clinical
isolates were identified as MRSA strains in theplitas using standard microbiological
procedures. As expected, all of these isolates e@mérmed asS. aureusstrains by the
detection of 16S rRNA gene using the PCR assay.

Among the 108 MRSA clinical isolates, a total 061@7.2%) harbored th@ecAgene and
11 (10.2%) carried the PVL gene. Of interest, ti@RPassay did not detect the PVL gene in

MRSA strains isolated from clinical cases affeddgdvound infections.
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Table 4.4. Identification of 16S rRNAyecAand Panton-Valentine Leukocidin (PVL) genesSin
aureusfrom healthy people, and MRSA isolates from chihicases.

Positive for Positive 16S
Source Samples S. aureus  for MRSA rRNA mecA PVL
Healthy people ---NO.---  ----- No.----- --No. (%)------------------ No. (%)----------------
Fall 2010 231 17 (7.4) 17 (7.4) 0 (0.0) 0 (0.0)
Spring 2011 319 25 (7.8) 25 (7.8) 0 (0.0) @)O.
Total 550 42 (7.6) 42 (7.6) 0 (0.0) 0 (0.0)
Clinical cases
Blood 99 99 (100) 99 (100) 99 (100) (98.0) 11 (11.1)
Wound 9 9 (100) 9 (100) 9 (100) 9 (100) 0 (0.0)
Total 108 108 (100) 108 (100) 108 (100) 105 (97.21 (10.2)

The genetic similarity betwee®. aureusstrains isolated from humans a8daureusstrains
of animal origin were analyzed using BioNumeric$twsare. Figure 4.1 shows a dendrogram
containing the macrorestriction patternsSofaureusstrains and the sequence type (ST) of some
isolates from each cluster. Thirty-fol8. aureusST398 strains of animal origin were not
included in the dendrogram as they failed to refstA total of fifteen clusters was observed, of
which six were homogenous, containing one typesofaie exclusively from healthy humans
(cluster 1 and 2), MRSA isolates from clinical cageluster 9), or isolates of animal origin
(clusters 10, 11 and 15). In general, genetic dityewvas observed among isolates from healthy
humans, classified in different clusters with teguence types: ST5, ST15, ST30, ST34, ST39,
ST45. Genetic similarity was observed betw8emureusstrains from humans and meat: cluster
3 (ST39), cluster 4 (ST1), cluster 7 (ST5), ansstdu 12 (ST15). In cluster 9, genetic similarity
was observed betweenecApositive strains and one strain that did not harbecAnor mecC

genes isolated from clinical cases, and were itledtas ST8. In addition, two clinical isolates
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identified as MRSA ST5 that wereecA andmecCGnegative exhibited a genetic similarity with
mecApositiveS. aureusST5 strains isolated from humans and from porktr(cdaster 8).

Among the antimicrobials tested using CLSI intetgtien criteria (CLSI, 2012), most
MRSA isolates from clinical cases were resistargrighromycin, penicillin and ciprofloxacin,
andS. aureussolates from healthy people exhibited resistgramarily to penicillin (Table 4.5).
A rate of 70% of MDR strains was detected in humansnarily among clinical isolates that
were all identified as MRSA. In humans, one clihisalate identified as MRSA was susceptible
to all antimicrobial agents. The minimum inhibitagncentrations (MICs) of resista®t aureus
strains from humans are shown in Table 4.6. Hig8Alvere observed in most of the penicillin-
resistantS. aureussolates from humans (8 - >1@/mL). The majority of ciprofloxacin-resistant
S. aureussolates from humans exhibited a MIC pg/mL.

4.5. Discussion

PresumptiveS. aureusamples on MSA plates from healthy people werdicoad by
biochemical testing (Sensititre identification pig)t with an agreement of 100% with PCR
(detection of the 16S rRNA gene) (Table 4.4). is g#tudy, the nasal carriage®faureusvas
7.6%, which is considerably lower than the prevedefound in other studies (29-32%) (Mainous
et al, 2006; Gorwitzt al, 2008). However, those studies considered allaamaple size,
different demographic characteristics, and diffegampling years as part of a nationally
representative assessment of carriage. @ureusin this studyS. aureusstrains isolated from
healthy people did not harbor threecAor PVL genes. Other studies have reported a nasal
carriage rate of MRSA of approximately 0.8 to 1.82the community (Mainoust al, 2006;
Gorwitz et al, 2008), 0.5 to 44% in patients (Tiemersenal, 2004), 20% in healthcare workers

(Kumaret al, 2011) and 30% in people living and working omfa with MRSA-positive pigs
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or dust (Van Den Broeét al, 2009). Buyukcangaet al (2013) failed to detect thmecAand
PVL genes irS. aureussolates from meat-producing animals (Table &} were used for the
comparison with human isolates in this study. Hosvea low prevalence &. aureusharboring
themecAgene was found in pork meat.

The proportion of MRSA in relation to &l. aureusstrains causing infections is still
unknown, making it difficult to accurately estimak® magnitude of MRSA infections and to
design appropriate health action policies (Klevetnal, 2007; Moxne®t al, 2013). In this
study, three clinical isolates identified as MRSAre/negative for theecAgene using the
protocol described by Makgotltet al (2009). For that reason, the presence of thelnogeA
homolog geneiecAcazs: or mecQ, was assessed using the protocol described lgg&tet al
(2011). However, those strains were also negativéhEmecCgene (138 and 718 bp fragments),
but tested positive por the 356 bp fragment usemederate primers. Therefore, further
investigation should be carried out to determireegéinetic variation of this fragment. In
addition, it is known that borderline oxacillin-remntS. aureugBORSA) exhibit an
intermediate resistance level to oxacillin, whisnonmecAmediated (Nadarajah et al., 2006;
Stefaniet al, 2012). AllmecA andmecCnegativeS. aureustrains identified as MRSA were
subjected to oxacillin susceptibility testing. Qafehose isolates exhibited an intermediate
resistance level to oxacillin (244g/mL) (CLSI, 2012), which could be considered ad=EA.
Different modifications in the PBP genes causingnanacid substitutions in the transpeptidase

domain has been also associated with the bordedsistance (Nadarajah et al., 2006).
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Figure 4.1. Dendrogram showing the genetic sintyidretweersS. aureussolates from humans,
and of animal origin. The scale indicates levelsiofilarity, numbers represent the sample
codes, followed on the right by the sequence t§¥® and the type of the samplmecA
positiveS. aureusn pork meat. mecA andmecGnegative MRSA from clinical cases.
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Figure 4.1. Dendrogram showing the genetic sintyidretweersS. aureussolates from humans,
and of animal origin (continued). The scale indésaevels of similarity, numbers represent the
sample codes, followed on the right by the sequéype (ST) and the type of the sample.
"mecApositiveS. aureusn pork meat. mecA andmecGnegative MRSA from clinical cases.
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Table 4.5. Antimicrobial resistance profilesRtaphylococcus aurediom healthy people, and
methicillin-resistanc&taphylococcus auresIRSA) isolates from clinical cases.

Antimicrobial resistance Antimicrobial
profile subclasses resistantto  Samples Type
------------ No.----------- ---NO0.--- mmmmmmmmmm e =N Q) ~mmm e
ERY-PEN-TET-CIP-KAN 5 5 Clinical MRSA 2
Healthy human 3
ERY-PEN-CIP-KAN-QUI 1 Clinical MRSA 1
ERY-PEN-CIP-KAN-DAP 5 Clinical MRSA 5
ERY-PEN-CIP-KAN 29 Clinical MRSA 25
Clinical MRSA™ 2
Healthy human 2
ERY-PEN-CIP-DAP 1 Clinical MRSA
ERY-PEN-TET 3 2 Healthy human
ERY-PEN-KAN 3 3 Clinical MRSA 2
Healthy human 1
ERY-CIP-KAN 3 1 Clinical MRSA 1
PEN-TET-CIP 3 1 Clinical MRSA 1
PEN-CIP-KAN 2 Clinical MRSA 1
Healthy human 1
ERY-PEN-CIP 3 55 Clinical MRSA 51
Healthy human 4
ERY-PEN 2 9 Clinical MRSA 3
Healthy human 6
PEN-CIP 2 8 Clinical MRSA 3
Healthy human 5
ERY-CIP 2 1 Clinical MRSA 1
ERY 1 2 Healthy human
PEN 1 22 Clinical MRSA 6
Healthy human 16
CIP 1 2 Clinical MRSA 2

Ciprofloxacin (CIP); Daptomycin (DAP); erythromycfERY); kanamycin (KAN); .
quinupristin/dalfopristin (QUI); penicillin (PENjand tetracycline (TET)mecApositive. mecAand
mecCnegative Resistance according to CLSI (2012) criteria.
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Table 4.6. Minimum inhibitory concentrations (MIGs)resistanStaphylococcus aureusolates from healthy humans and clinical
cases.

98

Antimicrobial  Resistant MIC (ug/mL)
Agent S. aureus
(breakpoints) isolates 05-1 2 4 >4 8 >8 16 >16 32 >32 256 512 1024 4102
----No.---- No. (%)
ERY 114 7 107
(=8 pg/mL) (6.1) (93.9)
PEN 143 11 9 26 36 36 25
(=0.25pug/mL) (7.7) (6.3) (18.2) (25.2) (25.2) (17.5)
TET 8 2 2 5
(216 pg/mL) (25.0) (25.0)  (50.0)
KAN 46 13 10 13 10
(264 ng/mL) (28.3) (21.7) (28.3) (21.7)
CIP 111 1 110
(>4 pg/mL) (0.9) (99.1)
QuI 1 1 (100)
(=4 pg/mL)
DAP? 6 3 3
(50) (50)

Ciprofloxacin (CIP); Daptomycin (DAP); erythromydfERY); kanamycin (KAN); quinupristin/dalfopristifQUI); penicillin (PEN); and
tetracycline (TET)ILevels of MIC against tested antibiotics (CLSI, 2RiCriteria for Dap: susceptibkel pg/mL.



The virulence factor PVL, was detected in this gtund11.1% of MRSA isolates from
clinical cases identified as blood stream infeiofhe MRSA isolates from cases identified as
wound infections did not harbor the PVL gene. Thé& Boxin is a pore-forming protein that
appears to be associated with increased diseasgetgef mecApositiveS. aureustrains,
mainly in blood stream infections (Dufoet al., 2002). Although the PVL gene is considered as
a stable marker for CA-MRSA, some CA-MRSA straiasénbeen found to be PVL-negative
(Nimmoet al, 2013).

In this study, som&. aureusstrains isolated from humans of each clusterendéndrogram
(Figure 4.1) were subjected to MLST to determireegbquence type. In general, different clones
were observed in healthy humans, which indicateotheence of genotypically diverSeaureus
clones in the community. Although, MRSA strains &vapot detected in healthy people, they
could become carriers with the risk of spreadirfgations to the community (Kumat al,

2011). Methicillin-resistan®. aureusstrains isolated from clinical cases in this stpdgsented a
lower genetic diversity, and were primarily of Sdd ST8. Previously, both ST5 and ST8 have
been associated with HA-MRSA infections (Deurentegrgl, 2007; Stefanet al, 2012). The
description of the genetic characteristics of MR$@nes that are causing invasive human
infections could help to focus efforts to study thest common clones. The molecular
characteristics db. aureusstrains isolated from humans were compared witlaigs of animal
origin. A genetic similarity was observed betweeecA andmecCnegative MRSA isolates

from clinical cases anehecApositiveS. aureustrains isolated from clinical cases and pork
meat, which could be due to modifications in thé°Rfgnes imecA andmecCGnegative MRSA
strains (Nadarajaét al, 2006) that result in slight changes in the migswiction patterns.

Contamination of meat witB. aureusstrains from animals and humans could occur during
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slaughtering or processing. In this study, a gersnilarity between strains from humans and
meat may suggest the contamination of raw meahgurandling. In addition, the genetic
similarity of S. aureusstrains isolated from meat-producing animals atdilrmeat has been
found previously, also suggesting the contaminadiomeat during slaughtering (Buyukcangaz
et al, 2013). In this study, oth&. aureusstrains that have been previously related to LASWR
and pig farmers, such as ST398 and ST9 (van Be#iduah, 2008; Buyukcangaet al., 2013;
Krziwaneket al, 2009) were not detected $1 aureussolates from humans. However, Swatg

al. (2008) found that animal lineages were closdlgteel to human lineages, which could be due
to the adaptive behavior 8 aureugMcCarthyet al, 2012).

In this study, resistance to penicillin predominkite theS. aureustrains isolated from
healthy people, and the resistance profiles Ery-®@rand Ery-Pen-Cip-Kan were most
common in MRSA isolates from clinical cases (Tah®). Comparing the antimicrobial
resistance patterns of human isolates Bitlureussolates of animal origin, some differences
were observed (Table 4.2). According to the CLSBIL@) interpretation criteria, moSt aureus
isolates from animals exhibited resistance to piiniand tetracycline, and from retail meat to
the former antibiotics and erythromycin. Tetracyelresistan®. aureustrains were isolated
from animals and retail meat, however, ciproflora@sistants. aureusstrains were found in
clinical isolates. A higher rate of MDR. aureusstrains were obtained from humans than
animals and meat, which could be due to the highb®r of MRSA strains from clinical cases
affected by acute infections that were includethia study. Most MRSA strains isolated from
clinical cases have been found to be MDR (Areral, 2014). In addition, clinical isolates
(identified as MRSA) showed higher MICs to peninifTable 4.6) thais. aureusstrains

obtained from animals and meat (Buyukcangiaal, 2013) suggesting the potential influence of
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treatment or exposure on the selection of resistaains. In this study, aBl. aureustrains were
susceptible to linezolid, which has been considesed good alternative for the treatment of
MDR S. aureugKishoreet al, 2014). The CLSI (2012) criteria establishesdheceptibility to
daptomycin at MICs1 pg/mL, therefore in clinical isolates MICs of 2 ath@g/mL were
considered non-susceptible isolates. The interfoetaf results for gentamicin, kanamycin, and
penicillin could be ambiguous due to their breakpmiFor example, aB. aureusstrains
isolated from humans exhibited MI&428 ug/mL for gentamicin, which has a breakpai6
png/mL. For kanamycin and penicillin sorBe aureusstrains showed MICs128 ug/mL and<25
pg/mL, respectively, however the CLSI criteria recoemds a breakpoix64 pg/mL and>0.25
pHg/mL as resistance, respectively and our datangdd by the dilution ranges on the current
NARMS panel. Therefore, it should be recomenddddtude a wider range of dilution of
antimicrobials on the panel in order to improve ititerpretation of susceptibility testing results
for those antibiotics.
4.6. Conclusion

The nasal carriage &. aureusn healthy humans appears to be low, with clones
genotypically diverse, and weneecA and PVL-negativeStaphylococcus auresrains
harboring theanecAand PVL genes were present in clinical isolatemfpatients affected by
invasive infections, and most of these isolateevediST5 and ST8, and exhibited MDR profiles.
A genetic similarity betwee8. aureusstrains isolated from humans and raw meat sugtests
the contamination of meat during handling or preoescould be a risk for transmission to

humans.
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5. GENERAL DISCUSSION AND OVERALL CONCLUSION
5.1. General discussion

In this study, a high prevalence f aureusvas detected in animals and raw meat (34.7%
and 47.6%, respectively), with a higher prevalencgheep and pigs, and in raw chicken and
pork meat. However, the prevalenceSofaureusn deli meat was lower (13%). In healthy
people, a lows. aureusiasal carriage was detected (7.6%) compared hathetsults from other
studies (Mainoust al, 2006; Gorwitzt al, 2008). In addition, themecAgene was detected
only in pork meat, with a low prevalence (3.4%)s tttata is similar to results reported in other
studies (de Boest al, 2009; Pwet al, 2009). Also, MDR and ST39B. aureustrains were
detected in animals (pig and sheep) and in pork.nmeéhis study, the PVL-encoding gene was
not detected 5. aureussolated from animals, meat or healthy people. fifesence of MRSA,
MDR and ST398&. aureusstrains in meat-producing animals, in retail raeatrand deli meat,
suggests the potential exposure of humans to entggfgiaureusstrains through the meat
production chain, with a higher risk in ready-td-f@d. Three MRSA strains isolated from
clinical cases did not harbor theecAor mecCgenes. However, those strains resulted positive
for the 356 bp fragment, which could suggest a tienariation of the gene. The presence of
borderline resistance, called as borderline oxaeaiésistantS. aureugBORSA), could also
explain the phenotypical resistance to methiciifMRSA strains that ammecA andmecG
negative. Some MRSA strains obtained from clinazedes affected by invasive infections were
PVL-positive (10%), all obtained from blood strearfections. The presence of this exotoxin
has been associated with increased virulen& atireustrains, primarily CA-MRSA strains

due to the pore formation in the membranes of ¢Bligouret al, 2002).
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The isolation and identification &. aureusn animals and meat determined by the culture
method and biochemical testing agreed with theatiete of the 16S rRNA gene by the PCR
assay. Therefore, using a selective enrichmentfstigpved by a selective plating step for
isolation ofS. aureuswith biochemical testing for confirmation of poesptive strains, results in
an accurate method for detection. In this study,dentification of MRSA was carried out by
the detection of themecAgene using the PCR tecnique, and by determiniagesistance tf-
lactam antibiotics using the antimicrobial susdapty testing. Other methods have been used
for confirmation of MRSA, such as: susceptibilibydxacillin or cefoxitin (Daniaét al,, 2011;
Kumaret al, 2011; Kimet al, 2013; Nimmcet al, 2013), and detection of the protein PBP2a by
agglutination assay (Anderson and Weese, 2007; &&ed, 2010; Daniakt al, 2011). The
method used for isolation &. aureusand MRSA may affect overall prevalence resultsn&o
authors have used a unique plating step (Wekak 2006; Aydinet al, 2011), others have
included selective enrichment steps before thengatep (Wertheinet al, 2001; de Boerst al,,
2009; Pwet al, 2009; Tenhageet al, 2009; Broengt al, 2011; Pwet al, 2011; Zhangt al,
2011). de Boeet al. (2009) included primary and secondary enrichmsimbéar to those used in
this study and obtained a higher detection raldREA in meat samples. Both MSSA and
MRSA strains can be isolated using media with sodihloride. However, some MRSA strains
do not grow at concentrations of NaCl higher th&¥@2(Jone®t al, 1997). In addition, some
media supplemented with antibiotics may cause linealigh growth of MSSA strains (B&cher
et al, 2008) and also may fail to recover MRSA. Theref@an antibiotic-free medium should be
included even if the objective is recovering MRS#lyo(Puet al, 2009).

The rapid detection &. aureusand MRSA in animals and meat may allow regulatory

authorities to take prompt action in order to daseethe risk of exposure of humans. In this
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study, a multiplex real-time PCR assay was develaperder to decrease the time of detection.
The real-time mPCR assay targeted the gemes(identification ofS. aureuy mecA(associated
with MRSA) and PVL (virulence factor), in samplesrh animals and meat. A high total
agreement was found between the conventional euth@thod and the real-time PCR assay,
with a higher detection rate when the secondariglement was analyzed. This may due to the
recovery of injured cells when the secondary emnieht is used, and the failure of detection of
low levels ofS. aureusvhen the primary enrichment alone is used in tiea¢- PCR. However,
the conventional culture method is considered astandard method for identification ®f
aureus(Huletskyet al,, 2004; Paulet al, 2005; Daniakt al, 2011) and conventional PCR
(detection oimecAgene) for identification of MRSA (Maext al, 2002; Makgotlheet al, 2009).
The enrichment broths from animal and meat sanvdge used to obtain DNA for the real-time
PCR assay, in which the concentration and the saafrthe genetic material were variable. The
mecAgene was detected in samples that ieraureusiegative buStaphylococcuspp.

positive by the culture method and biochemicalngstThese results could be considered as
false-positive, because theecAgene has been detected in bStlraureusand coagulase-
negative staphylococci (Ryffet al, 1990; Hagewt al, 2005; Higashidet al, 2006; Thomast
al., 2007; Blaclet al, 2011). Unfortunately, in this study, the resglbsild not be validated
using the culture method, since DNA extracts wesediand the cells were previously
inactivated. The sensitiveness of detection ofdadtime PCR assay may be determined,
guantifying the minimum DNA concentration for anfjglation. The inclusion of an internal
amplification control in addition of the externardrols, allows the detection of false-negative
results caused by inhibitors, thermocycler malfiorgtlow activity of the polymerase or

incorrect PCR solution (Hoorfat al, 2004).
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The genetic similarity betwee® aureusrom pigs and pork meat (ST9) and from humans
and pork meat suggests the likely meat contaminatioing slaughtering and processing. Fsre
aureusisolates from pork meat were positive for thecAgene, of which two were ST5 and
three ST398. In addition, a high prevalence of MSFRA98 was detected in samples of animal
origin. Therefore, the presence of the emergingdBTdones in the meat production chain
suggests a potential risk of transmission to humahnes genetic similarity betweenecA and
mecCnegative MRSA isolates from clinical cases amecApositiveS. aureusstrains isolated
from clinical cases and pork meat, could be duaddifications in the PBP genesrnmecA and
mecCnegative MRSA strains (Nadarajahal., 2006) that result in slight changes in the
macrorestriction patterns. The genotypingofaureusstrains was carried out by PFGE
according the PulseNet protocol, which uses thegiceen enzymeSmd. However, the DNA of
ST398 strains cannot be digested v@8thd, due to the presence of a methylation enzymeghvhi
methylates th&ma-recognition site (Benst al, 2006). Therefore, it is not possible to obtain a
macrorestriction pattern for ST398 strains by PRGEgSmM4; for this reason, this study used a
second restriction enzym¥md, an isoschizomer ddmd. However, macrorestriction patterns
of ST398 strains with weak bands were obtainedguiis enzyme making comparative analysis
difficult. Other restriction enzymes with differergcognition sites could be tested in order to
establish a PFGE protocol that allows an accunadysis of molecular typing &. aureus
ST398 and strains with undefined macrorestrictiattigpns. The molecular typing technique with
the highest discrimination power is PFGE (McDougjadl, 2003). However, at least two
molecular typing methods should be used in ordebtain a higher accuracy in sub-typing
strains (Tenoveet al, 1994). In this study, PFGE and MLST were used{d-typingS. aureus

strains. In general, both methods classify tharstria similar clusters (Catrgt al, 2010).
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Another typing method used 8 aureuss spatyping, however, similaspatypes could be
obtained in unrelated clonal lines, which is a disatage of this technique (Van den Broek IV
et al, 2009; Goldinget al, 2008). For that reason, a disagreement betaeatyping and PFGE
and MLST results could be obtained (Goldetal, 2008).

All mecApositiveS. aureusstrains detected in this study were resistanetoqillin, with a
higher MIC than other strains. In addition, a hpgbvalence of MDR5. aureusstrains was
determined. The most common resistance profile. iaureussolated from animals was
penicillin-tetracycline and from meat penicillinatecycline-erythromycin. The multidrug
resistance was primarily detected in ST398 and SiE8ns, which have been associated with
animals, particularly to pigs (Lewet al, 2008; van Belkuret al, 2008; Guardabasst al.,
2009; Krziwanelet al, 2009). In healthy humans, the most common esist profile observed
amongsS. aureusvas penicillin, and in clinical cases erythromypenicillin-ciprofloxacin.

Most MRSA strains isolated from clinical cases hagen found to be MDR (Aromet al, 2014).
Antibiotics are effective drugs against infecti@agents, however, the misuse of these drugs
could lead to the acquisition of antimicrobial stance in bacteria, which could take place in
health care settings, in the community and in tivels. The extensive use of antimicrobial agents
exerts a selective pressure on AR strains, elinmgdhe susceptible strains (Swartz, 1997;
Marinelli and Tomasz, 2010). Glycopeptides, suchasomycin, are frequently used to treat
MRSA infections. However, in recent years the iecice ofS. aureuswvith full and intermediate
resistance to vancomycin has increased (TiwariSerd 2006). In this study, &l aureus

strains of animal origin were susceptible to vangam as well as to daptomycin, linezolid, and
nitrofurantoin, which agrees with the results ofeal by Piet al (2011) in meat samples.

However, there are some limitations of the usetobfurans in food-producing animals, due to
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concerns regarding their carcinogenicity (FDA, 2014 animal husbandry, antibiotics are used
for treatment, prevention and growth promotion (DafPand Steele, 1987; Franebal, 1990).
This may create AR pathogens in livestock, withgbeential risk of spreading the resistance-
related genes in bacteria present in humans. $rsthidy, the detection of MDR&. aureusstrains

in animals and meat suggests the risk of expoduteediuman population through the meat
production chain. Therefore, some antimicrobialrageould exhibit a limited efficacy for
treatment of human diseases (Sneittal, 2002).

An action against the spread of AR strains is #dakiction of the use of antibiotics in the
clinical setting. However, AR genes related toagdmay be transferred to plasmids harboring
other AR genes related to antimicrobials usedtasredtives to the original drug (Swartz, 1997).
The efforts to reduce the use of antibiotics, teuea the control of infections and surveillance, to
select doses and drug combinations, should beasecein order to avoid the emergence of AR
strains (Marinelli and Tomasz, 2010). Nowadays, aetimicrobial agents are being developed
in order to increase their effectiveness againsipatogens. Research related to antimicrobial
resistance may consider the assessment of sustpdibAR pathogens to the new
antimicrobials and the combinations of them. Iniaold, information about different resistance
mechanisms that pathogens exhibit should be explaithels, the information to control the
spread of AR pathogens and to decrease the expofShovenans could be available in the near
future. In the United States, the National Antirolmal Resistance Monitoring System
(NARMS), created in 1996 with the collaborationF@A, CDC, USDA, and state and local
public health departments, is in charge of the mooimg of antimicrobial susceptibility of enteric
bacteria isolated from humans, meat, and food-moaduanimals. The pathogens included in

NARMS are:Salmonellaspp.,Escherichia coliCampylobactespp.,Shigellaspp., and
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Enterococcuspp. (FDA, 2012). However, the evidence of thes@nee of emergin§. aureus
strains (MRSA, ST398, and MDR) in the meat producthain may be considered in order to
extend the monitoring to other AR pathogens beybedenteric bacteria. Thus, includiSg
aureusin this national monitoring system may allow tamlnthe annual prevalence of AR
strains, their antimicrobial susceptibility, susiieitity to new drugs, and to establish control and
mitigation strategies with the purpose of decrea#iire exposure of humans.

5.2. Overall conclusion

The overall conclusions of this study are presebtddw:

There is a high prevalence $f aureusn meat-producing animals and raw meat, and a low
prevalence in healthy peopBtaphylococcus aurewssrains isolated from animals, meat and
healthy people did not harbor the PVL-encoding gdihemecAand PVL-encoding genes were
present irS. aureusstrains isolated from clinical cases affectedrbsasive infections, with a
high prevalence of MDR strains. Although, the piemae of MRSA in raw meat is low, the high
prevalence of MDR and ST3® aureusstrains in the meat production chain suggests a
potential risk for transmission to humans. In additthe genetic similarity betweé&h aureus
strains from animals and meat, and from humanswaeat, suggests the contamination of meat
during slaughtering and processing.

It is recommended to include the detection andatitamicrobial susceptibility testing of
MRSA and MDRS. aureusstrains in the federal surveillance systems, siscNARMS,
including the monitoring of the meat production ich&ospital patients and healthy people in
the community.

The use of selective enrichments prior to the celtuethod allows the isolation 8t

aureusand MRSA, with an agreement of 100% with the cotre@al PCR technique. The use of
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a secondary enrichment with real-time PCR incre#isedensitivity of5. aureusletection in
animal and meat samples. The real-time PCR tecbratiows rapid detection &. aureusand
themecAgene in animal and meat samples, however, theromation of MRSA strains should
be carried out by the standard culture methodrthr analysis is required.

It is necessary to determine the molecular charatits (necA mecC PVL, other
resistance- and virulence factors-encoding gettas)nolecular typing (PFGE and MLST) and
the antimicrobial susceptibility of AR. aureusstrains in order to establish effective control
actions to avoid the spread of those strains.
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