. Ges! Tnnovazions nel Sisterml
= Agroalimentari della Regione Medilerranea

hr

HR EXCELLENCE IN RESEARCH

i 03]
50| LS UGIIRAGUU| B] 50 BISURIDD

295 5 Fyn S ST Lyad
i i) s
28 -
&
w
sy
@
- ]
7
sugLRpay] uplay e ap
sajususty op A sepoally stuss:

University of Foggia

Department of the Sciences of Agriculture, Food and Environment (SAFE)

P h . D Managemeiit of innovation in the agricultural and food systems of the
Medi t err aneidcycle R¥EXY)i ono

Methicillin ResistantStaphylococcus aureus
(MRSA) in raw buffalo milk and its fate along the
human gastrointestinal tract: anin vitro study

Ph.D. Student

Dr.ssaElisa Spinelli

Coordinator Tutor

Prof. Giancarlo Colelli Prof. Giovanni Normanno



Al o sono solta
ma comungue Sono uno.
Non posso fare tutto,
ma comunque posso fare qualcosa;
e il fatto di non poter fare tutto,
non mi fermera dal fare quel poco
che posso f ¢

Edward Everett Hale

A questaottorato di ricerca,
che mi ha mostrato quello ckeglio e

nonvoglio diventare



TABLE OF CONTENTS

s 7

Chapter 1. Generallntroductioné ¢ é e é e é e éeééeéeééeééeéeéeéeée.b
1.1 Zoonoses irthe FoodChain with Public Health Relevance.............ccccooiiiiccc s 5

1.1.1 TheBacterial Pathogens . é e é é e ééeééeééeéeeéeeé. .7

7

Campylobactes pp. €éé. ééééeééééeééecééeeééecée.

-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
N
&
-
-
-

Salmonellss pp. ¢é¢€ é.

7 r7 27

Pathogenid&scherichiacolf STEC)é é&& éééééééé. ... 8

Listeriamonocytogenesé € é .é.é éé ¢ é.eéee .eé eéeééeéen

1.12The Bacteri alédo&é h&ec&&eécééééececé. 10
Clostridium perfringens é é ¢ é ¢ é éé e éeéeéeééeée é&e&élld
Bacillus cereus ééééeééééeééééé éiéecééééle é ééé

[N
[N
[N
(¢}
(¢}
®
H
H

Staphylococcus aureasd staphylococcal food poisoniéagé € é

sz

113.Referencess é ¢ ¢ 6 ¢ ééééééeééeéceéeeeeeé

-
-
-
-
-
(9]
&

s s s s s s s s

Chapter 2. Methicillin resistant Staphylococcus aureUMRSA ) éé.€é é é é € € é é € é 2

2.1 Antimicrobial Resistance and Food Chaik ¢ é ¢ é ¢ é e ée éeééééeéeéeée. . 18

2.2Staphylococcsiaureus:;ge ner al desadéd édéd bobheaceéeéeééé. . . 23
2.2.1 Emergence and selection of methicillin resisténce é ¢ é ¢ é ¢ é € & . .....27

sz

222MRSAtypingmet hods éééeéeéeée. eéeéecééeéeéceé 32
223Epi demi ol ogy of éMRESA éiéné éhéuémtabnsé&dEé é 37
2.2.4 Epidemiology of MRSAinanimaisé é ¢ é e ééeééeééeéeéeéeé. . 39
2.2.5.Presencef MRSAn food and its role as foodborne pathogegné ¢ ¢ ¢ é é . 4 1

s 7 s 7

226.References é ¢ ¢ é é ééééééééééééeééceéeééeeeéé . .a3
1



Chapter 3. Aim Of the TRESIS........ccoiiiiiieeeeeee e e e e e e e s emennn e 2

Partl. Occurrence and characteristics of MethicilliesistanStaphylococcus aureus

Part2. Could MRSA survive in the acidic conditions of the human ston@éh?é .é ...99

Part3. Fate of livestockassociated MRSA during the transit along the human intestinal tract

and its interaction with gut microbiota: anvitrostud) ¢ € € € € € € € é éé é . ..119
Concluding remarkséééeéeéeéeéeéeéeceécécéeccetrécée

"""""""""""""""""

Scientificproductioné ¢ ¢ ¢ é é éé e eéeéeeééééééceeeeeeééé. b3



Abstract

Methicillin resistantStaphylococcus aureU81RSA) has become one of the major public health
challengesvorldwide MRSA strainsare capable of causifiggm mild nonlife-threatenindo severe
infections of the skin and soft tissuesid even deattSkin infections caused byYIRSA include
primarypyodermas such as folliculitis, furuncles, carbundes, impetigo Infections nvolving the

soft tissues include cellulitis and pywyositis, which a& less common but can cause serious
morbidity. The contamination of raw food, especially meat and milk, by MRSA is well documented
as well as its transmission to humaresanimal contact. In addition, humans can act as reservoirs of
MRSA without showing @y clinical signs, thus they can contaminate foods by handighgresence

in several kinds of food has suggested the possibility of MRSA to act as a foodborne pathogen
Although the hypothesis is suggestive, there are insufficient evidence to cohsideodstuff a
vehicle of MRSA infection. For instanceothing is known about its ability to survive under human
gastroenteric condition®espite of the potential hazard for human health there is a lack of date on
prevalence of MRSA in some foods, such as buffalo milk and buffalo dairy products. The high
consumptions of buffalo drinking milk and dairy products worldwide involve an elenatabter of
consumers of all agesndthis is crucial considering their potential role in the transmission of
foodborne pathogenslo address these issues, the aims of the thesi§ tseassess the occurrence

of MRSA in new ecological niches such asfhld dairy farms and buffalo tank milk from Italy in
order to better understand the epidemiology of MRi$£0 study the fate of MRSAtrains isolated

from foods and from humaraong the human gastrointestinal tract and its igp&rcies interaction

with the human gut microbiota.

Regarding the occurrence of MRSA in raw buffalo mékventyfive bulk tank milk (BTM) samples

from farms and 24 nasal swabs from farm workers weltected, respectively. Three (4%) out of 75
BTM samples and 1 (4%) out of &dsal swabs wefdRSA-positive. The milk isolates showed the

following genotypes: ST1/t127/Va and ST72/t3092Mhjle the human isolate was characterized as
3



ST1/t127/IVa. No ST398 were found. All the isolat@sre multidrug resistant but vancomycin
suscepble, carrying theicaA gene, while they testedegative forpvl and sesgenes. This study
demonstrates for the first time in Europe that MRSA mighpresent in dairy buffalo farms and in
raw buffalo milk.For what concerthe second aim, a MRSA ST3980V strain, previously isolated
from raw cow milkand a human origin MRSA strain were inoculated into two foods of animal origin
respectively. ThgH of the matrices was gradually decreased to 2.0 in 2 hours, during which time
they were kept at 37°C apériodically homogenized. The same MRSA strains levels were inoculated
within an intestinain vitro simulator and it was periodically analyzed their fate along the whole
transit. Mucin agacarriers replaced the intestinal mucus layer and a basiorfedaim represented

the intestinal lumerontents. A threelay in vitro study was performed using microbiota from the
pooled faeces of healthgdividuals that were stabilized simulating colon conditions. The MRSA
population survived thdecreasing gastrigH levels unharmed, but it was affected by the organic
acids produced by thenteric microbiota along the transit into the simulator. It was, in fact, no longer
viable after 24 h oihcubation with luminal colon microbiota, whereas counts of 4 log cfurg stél
obtained in thenucin agar carriers after 72 h of incubation. Despite the ability of MRSA to overcome
human stomachcidic conditions, these results confirm the hypothesis that competitive microbiota

may controMRSA intestinal colonization.



Chapter 1. General Introduction

1.1Zoonoses in the FoodChain with Public Health Relevance

fizoonosesre infections or diseases that can be transmitted directly or indirectly between animals

and humansby eating contaminated food®r drinking water (foodborneaterbornezoonotic

diseasespr through contact with infected animals ( E F S A A fo@bBoinddjsease outbreak

occurs when two or more people develop a sinlltegss after ingesting the same contaminated food

or drink (WHO, 2008).

The ontaminationof food can occur at any point along tfaod chain: at farmevel, at slaughter,

duringfood processing or preparatigfab 1) It can also occur at home if food is incorrectly handled

or undecooked(EFSA, 2019).

Farms

Food industries

Slaughterhouses

During processing

During Preparation

Animal feed
contaminated with
bacteria that cause
infections in animals

Parasiteshat infect
food-producing animals

Milk contaminated
through contact with
faeces or environmente
dust

Animal skin and fur
contaminated by faece:
and environment

Meat contaminated
by intestinal
contents

Microorganisms
present in other raw
agricultural products
(crosscontamination)
or on food contact
surfaces (poor
sanification)

Food handled by
infected people (post
process
contaminations)

Improper use of
utensils o kitchen
surfaces, which can
contribute to the spreac
of bacteria

Tablel Main sourcef food contaminationEFSA, 2019



Microorganismsn food might determin@ types of foodborne diseases:

1 Food Infections: occur after the ingestion of food contaminatedlig bacteria or other
microbes whichgrow and once reached the intestine, multipljausing local damage
(enteroinvasive infection)

1 Foodintoxicatiors: are caused bgatingfood containing toxinpre-formed by bacteria which
resulted from the bacterial growth in the food isehefore the ingestion. The intoxication

happens in presence of the bacterial toxins even when the microorganism is no longer present

Contaminated fods commonly cause gastroenteritis, whicthesinfection and inflammation of the
digestive systerfLamps,2007). For many people, symptor{gich as abdominal paidiarrhoeaand
vomiting) settle within few dayshowever, some people, particularly the vgoung, the elderly,
pregnant women, and people with underlying health problems or a weakened irsystsm@
(Y.O.P.l. categoriesjnay experience more severe disease and complications, including\wesh
2019). Although, nore than 250 agentsicluding germgsuch as bacteria, viruses, and paras#ed
chemicalg(such as ciguatoxirgre known to cause foodborne illness (CDC,90fnost foodborne
diseases are caused®@gmpylobacter, Salmonellhisteria, pathogenicE. coliandYersinia(Tab 1)

(EFSA,2018).

Bacteria Campylobactespp, Salmonellaspp, Listeriamonocytogenegathogenic
Escherichia coli, Yersinianterocolitica.

Bacterial toxins | Toxins of Staphylococcus aureus, Clostridium perfringens, Clostrid
botulinumandBacillus cereus

Viruses Calicivirus (including norovirus) Rotavirus, Hepatitis A virus, Hepatitis
virus
Parasites Trichinella spp, Toxoplasma gondii, Cryptosporidiuspp, Giardiaspp.

Table2. The most common causes of foodborne disease. EFSA, 2019.



Data collected during the 2017 from the European Food Safety Authority (EFSA) and the European
Centrefor Disease Prevention and Control (ECDC) including 37 European countries (28 Member
States and nine nememberstate} showed that om total amountof 5,079 foodborne (including
waterborne) outbreakshe bacterial agentgeathe most frequently34.3 %) implicated causative
agents(EFSA, 2018).The foodborne outbreaks by bacterial agents were predominantly associated
with Salmonella Campylobacterand enterohaemorrhagi&€scherichia coli while the foodborne
outbreaks bybacterial toxins (16.1% of all dmteaks) were predominantly associatetth
Clostridium perfringensBacillus cereusandStaphylococcus auretsxins (EFSA, 2018)

Although the statistically significant increasing trend of confirmed listeriosis cases Euthpe
during the period 2012017, foodborne outbreaks histeria monocytogeneasere reported only in

6 member states during the 2017 (EFSA, 2018), with alestqng outbreak of listeriosis linked to
cold-smoked salmon and a large mugtaiuntry outbreak of invasive listeriosis (serogroup 1Vb) linked

to frozen vegetables (EFSA, 2018)ther bacterial agents were less reported as causative agent for

foodborne ouireaks by the investigated member stadesing the 2017

1.11 The Bacterial Pathogens

Campylobactespp. Campylobacters the most common cause of gastroenteritis in many developed
and developing countries (Nichasal.,2012; WHO, 203).

While there are 17 species in tampylobactergenus, iman campylobacteriosis is primarily
caused byCampylobacter jejuniwith 170 reported outbreaks in the Europe, wi@lecoli was
reported in 14 outbreaks only (EFSA 201Bjseases in humans might frem mild (gastroenteric
symptoms) to severe (2% of cases of GuilliaBarre syndrome) (WHO, 2011; Taghal.,2009;

CDC, 202). Although the main route of transmission from animals to humans is through
undercooked meat and meat productmtaminated rawnilk, shellfish, or contaminated water
(WHO, 2011) the focus for intervention is the poultry meat food chain because of the importance of

commerciallyproduced poultry as a source of infections (EFSA BIOHAZ 2011).



Salmonellaspp. Salmonellosis is one of the most common foodborne diséadesrope (1,241
foodborne outbreaks affecting 9,600 people in 25 member stgteSA 2018)

It is caused by different serovars of the spe&iabnonella enteric§Rauschet al.,2015).The top

five most commonly reported serovars in human cases acquired in the EU during 2017
were, in decreasing orde®. Enteritidis,S. Typhimurium, monophasi&. Typhimurium,S. Infantis
andS.Newport(EFSA 2018).

S Enteritidisis attaining majopublic health significance because it is dominantly infecting humans,
transmitted by foodg1.1% ofall Salmonelldoodborne outbreakswhile S. Typhimurium including
monophasic variants was reported ifA % of Salmonell&oodborne outbreak&EFSA 2018.

Food could be contaminated by Salmonella serovars dizetalcontamination during the course
of food processing or because of infected animals (EQDC3).

The most common vehicles of transmission are meat, meat propoglsy(, pork,cattle, eggsegg

products fruits and readyto-eat vegetablesndseafood

PathogenicEscherichia coli The gastrointestinal tract of humans and other whalonded animals
are the primary hosts &scherichia colas part of the normal microflora (Cksteet al.,2002; Bell,
2002). Although most of these microorganisms are-pethogenic, some strains have evolved as
pathogenic (Mainil, 2013; Bell, 2002).

Based ontheir virulence traits, pathogeniE. coli are categorized into at least six groups:
enteropathogeni€. coli(EPEC), enteroaggregatite coli (EAEC), enterotoxigeni&. coli (ETEC),
enteroinvasiveE. coli (EIEC), enterohaemorrhagEe. coli (EHEC), and diffusely adhereit. coli
(DAEC) (Bell, 2002 Catalina LopeSaucedcet al.,2003).

Shiga toxinproducingE. coli (STEQ), also known a¥erocytotoxinproducingE. coli (VTEC) are
diverseEHEC pathotypes that va become of significant worldwide publiwealth concern (Bell

2002).



During 2017 foodbare autbreaksassociated with infectioby pathogeni. coli (n=37)including

EAEC, ETEC, EIEC, EPECand STECwere reported(EFSA 2018) with the latter as the most
reported causative agent with 50% of all outbreaks (including waterlootbeeaks) reported in

Ireland (EFSA 2018)As in previous years, the most commonly reported STEC serogroup in
confirmed cases of human STEC infections as well as the most frequently reported cause of
haemolyticuremicsyndrome cases in EU in 2017 was O13Y.9%) followed by 026, 0103 and

091 (EFSA 2018).

The most common vehicles of transmission involved in the foodborne outbreaks reported in 2017
were meat and meat products (especially bovine meat), milk, cheese and dairy products (other than

cheeseskand vegetabledEFSA, 2018).

Listeria monocytogenesThe large majority blisteriosis cases (sporadic and outbregllted) are
caused by foodborne transmission, which accounts for 99% of human cases @aalll22011).
Listeria infections were most commonly reported in the elderly population in the age group over 64
years and particularly in the age group over 84 years (EFSA, 20083tigation of several outbreaks

has demonstrated that all epidemic listeriosis wasezhlpy foodborne transmission lofteria
monocytogenesvhich may be present in a wide range of retail foods (Schetlat 1992; Pinner

et al.,1992; Allerbergeet al.,2015).

Outbreaks of listeriosis have been associated with the ingestion omilawsoft cheesesand
contaminated vegetables (Allerbergeal.,2015). Also, evidence from ElWide routine food safety
investigations indicates that a substantial proportion of reaépt products is contaminated by
monocytogeneEFSA, 2012).

In 2017, on 39 human cases of listeriosisnonocytogenasccurrence was highest in fish and fishery
products (6%) followed by RTE salads (4.2%), RTE meat and meat products (1.8%), soft and semi

soft cheeses (0.9%), fruit and vegetables (0.6%) andchaetses (0.1%) (EFSA, 2018).



1.1.2 The Bacterial Toxins

Clostridium perfringens.First isolated and identified as a novel bacterium (the original name
Bacillus aerogenes capsulajus 1891 by William H. Welch in infected blood vessels (Kiu and Hall,
2018), Clostridium perfringenshas beerassociated with intestinal diseases in both animals and
humans throughout the past centu@; perfringensstrains are known to secreteore than20
identified toxins or enzymes that could potentially be the priaiciprulence factors involved in
pathophysiology (ReviMills et al., 2019). In fact, it has clinically been associated with various
significant systemic and enteric diseases, in both humans and animals, including gas gangrene
(Clostridial myonecrosis)pbd poisoning and nefoodborne diarrhoea, and enterocolitis (®inal.,

2017; Heidaet al.,2016).The microorganism is associated with diverse environments including soils,
food, sewage, and as a member of the gastrointestinal (Gl) tract microbial oaynofihumans and
animals (Kiu and Hall, 2018Y.he strains ofC. perfringensare usually classified into 5 toxin types

(A, B, C, D and E) according to the main toxins produced, and only the enterotoxigenic strains are
responsible for food poisonin@runestad and Granum, 2002}he main foods incriminated i@.
perfringensfoodborne illness outbreaks are cooked dishes prepared in advance and large quantities
(EFSA, 2005)in fact, raw naterials are usually only slightly contaminated well belowthinesiold
presenting a risk of poisoning (1@). Cooking conditions ansubsequent storage of prepared food

are determinant factors in the change in the level of contamin@ranestad and Granum, 2002)

The most typical example,iduring collective catering, theeat in gravy, cooked in large volumes

and in advance, which has not been cooled rapidly enough between preparation andEe8Ang

2005)

Bacillus cereusBacillus cereugauses two different types of food poisonitigg diarrhoeadnd the
emetic typegGranumet al.,1997).The diarrhoealypeis caused by complex enterotoxins produced

during the vegetative growth of the microorganism in the small inte®meecheret al.,1997), and
10



the emetic ones caused byhe emetic toxins produced by growing cells in fo@dsd and Granum,
1997; Granum, 1994Food usually implicated in both types of foodborne outbreagsgually been
heat treated and the surviving spore are responsible for the food poi¢kranger al Gilbert,
1989. The dominating type of disease cause@bgereudgliffers from country to country. In Europe

the diarrhoeal type is the most frequently reported (Kramer and Gilbert, 1989; EFEA,

Staphylococcus aureusand staphylococcal food poiseing The association between
Saphylococcusaureusand food poisoning was firstly described by Vaughan in 1884 in Michigan
(USA) (Vaughan, 1884Hennekinneet al.2012); thirty years later M.A. Barberonfirmed the role

of S. aureusas possible source of food intoxication dgmonstrahg that the consumption of milk
from a cow suffering staphylococcal mastitis was able to ctame poisoning (Barber, 1914).
Finally, Dacket al. (1930) demonstrated that a heesistant toxin and mdhe microorganism itself

was responsible for the poisonifi@acket al.,1930.

Since the growth of microorganism in the host is not required, this kind of food poisoning is
considered an intoxicatiollthough S. aureusis not the only species withinsitgenus to produce
StaphylococcaEnterotoxir(s) (SE(s)) it is the main source of staphylococcal foodborne outbreaks
(Seo and Bohach, 2013e Loir et al.,2003; Hennekinnet al.,2012).To date, 24 different SEs have
been described, based on sequence homology (Hennekinne, 2018). Five of them have been fully
characterized: SEA, SEB, SEC (presenting 5 variaf$, C2, C3, SEC ovine and SEC bovine),
SED, and SEE. SHs arescharacterized Isy ssuperantigénic and emetic activities
(Hennekinne, 2018Although heatreatment (e.g., cooking) easily k#fl. aureudacteria, SEs are
resistant to heat, freezing and irradiation (Henneketrad, 2012).

Foods most commonly involved foodborne outbreaks are rich in proteins, and some examples are
meat and meat products, poultry and egg products, milk and dairy productsiaeadyRTE)
products, salads, and bakery products, reflecting the different food habits among countraesl (Seo

Bohach, 2013; EFSA, 2015, 2016, 2017, 2018).
11



Foodborne outbreaks have been frequently associated with improper handling of cooked or processed
food, and with inadequate storage conditions that allow the growth of the pathogen and the production
of SEE), such as neadequate refrigeration, preparation of foods too much in advance, poor hygiene

and improper washing of hands and instruments, inadequate food cooking or heating, or foods served

on warming plates for long time (SaadBohach, 2013).

12
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Chapter 2. Methicillin resistant Staphylococcus aureu$MRSA)

2.1 Antimicrobial Resistance and Food Chain

Antimicrobial resistance (AMR) is the ability of a microorganism (like bacteria, viruses, and some
parasites) to stop an antimicrobial (such as antibiotics, antivirals and antimalarials) from working
against it, as a result, standard treatments beconfedtieg, infections persist and may spread to
others(WHO, 20B). The contribution of food sources to the burden of AMR in humans is another
importantissue inthe AMR global crisis, considering that foods contaminated by antimicrobial
resistant bacteria ay contribute to the spread of these microorganisms within the human population
as well as to a rapid transfer of resistance genes from foodborne commensals to human pathogens
(Robinsonet al., 2016). Bacteria may be intrinsically resistant to a class ndfngicrobial agents
(natural resistance) or may acquire resistanagelryyovanutation owia the acquisition of resistance
genes from other organisms (acquired resistanitcejiepends on physiological or anatomical
characteristics of the bacteria, thausture of the organism, the characteristic of antibi@tenover,

2006) The natural AMR is a constitutive resistance: the microorganisms are deprived of the targets
on which antibiotics act and it is usually a trait shared by all organisms within tleegeams or
species (Courvalin, 2008).

The acquired AMR can develop:

1 Spontaneously: (chromosomal) from a random mutation of the genetic material of the
microorganism that makes it resistant to a certain type of antimicrébipiesence of that
antibiotic, sensitive bacteria do not grow while the "mutants” grow. This kind of resistance
can be transfer between bacteria by vertical transmigSemover, 2006).

1 By acquisition of resistance genes directly from other microorganisms (extrachromosomal)
the resistance genes are located in pieces of DNA that can be transferred between the various
bacteria (horizontal gene transfer). Acquisition of new genetic material by antimierobial

susceptible bacteria from resistant strains of bacteria may occurgkhroconjugation,
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transformation, or transduction, with transposons often facilitating the incorporation of the
mul ti ple resistance genesThesanabilegematic eements 6 s
(plasmids) often contain clusters of genes that nteyharbourmultiple resistance factors,
conferring to the receiver miccor gani sm mul ti pl e r @@enovert ance

2006)

The modern era of antibiotics started with the discovery of penicillin by Sir Alexander Fleming in
1928 (Ventola, 208). Since the introduction in 1937 of the first effective antimicrobials (the
sulphonamidesthe development of specific mechanisms of resistance has plagued their therapeutic

use Fig 1) (Davies and Davies, 2010).
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That 6s t he case sutcespfdinconotrolling baaterial imfdctichsing thhved/srld
War Il (Senguptat al.2013), but shortly thereafter, pediici resistance became a substantial clinical
problem (Spellberg and Gilbert, 2014). In response, sEwisynthetic penicillin resistant to beta
lactamases (such agethicillin, ampicillin, carbenicillin, amoxicillinyvere discovered (Sengupta
al.,2013 Spellberg and Gilbert, 2014). Howeygr the same decade in United Kingdom (1962) and
in the United States (1968) the first case of methierisistaniStaphylococcus aure(sIRSA)
infectionwas identified (CDC, 2013)n 1972 vancomycin wasitroduced into clinical practice for

the treatment of methicillin resistance in b&thaureusand coagulasaegative staphylococci

20



(Ventola, 2015), unfortunately few years later, some cases of vancomycin resistance were reported
in coagulasaegative stphylococci (Senguptat al.2013). The introduction of a large number of

new antibiotics to solve the resistance problem, restored confiiemsehe late 1960s through the

early 1980s (Ventola, 2015). Unfortunately, resistance has eventually been seearlyoall
antibiotics that have been developed (CDC, 2013). As a resaltthe past several decadég over
prescription of antibiotics in human medicine and the overuse or misuse of antimicrobiatsan

and veterinary medicindgs leading to aimcrease in the number and typesofimicrobial resistant
microorganisms (Mehndiratta, 201at)dbacterial infections have again beconpeiblic healththreat
(Ventola, 2015).

The cost of AMR is very high, with about 7@@ousandof annual deaths related &mtimicrobial
resistantacterial infections, of whicB3 thousandnly in the Europe, and a cost of hospitalization

of 1.5 bn euros per yea€éssiniet al.,2019. Recent reports predict drug resistance will increase
substarially, causing millions of extra deaths and costing trillions of dollars byah&t century
worldwide (Grace, 2015).

The prevalence of resistance varies between geographical regions and over time, and the massive
increases in trade and human mobilityuaybt about by globalization have enabled the rapid spread

of infectious agents, including those that are drug resistags{niet al.,2019. Even if AMR is a
biological phenomenon of the evolutionary adaptation in response to selective pressures in
environments where antibiotics are heavily ug&dpraket al., 2012; Hiltunenet al., 2017) the

misuse and overuse of antimicrobials will accelerate this process. This problem involves three levels
(risk categories): the veterinary field, with loss of efficaf antimicrobials for therapeutic use; the
livestock sector, with loss of effectiveness of auxinic resulting in loss of productivity; public health,
with loss of effectiveness of therapeutic treatments as a result of transmission of single or multiple
resistance between animal and human microorganféfoslhouseet al.,2015) AMR was firstly

studied in human medicine when the severity and spread of hesmptaiked (nosocomial) infections,

often supported by multesistant microorganisms, became apparent (Struelens, X0@@)ly,
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hospitals facilitate the spread of antimigia resistance for many reasons, including the presence of
people with bacterial infections, the need to manage a large volume of contaminated materials,
intrusive medical proedures, immunocompromised persahs,level of use of antibiotiGnd so on
(Silbergeld, 2008).The combination of highly susceptible patients, intensive and prolonged
antimicrobial use, and crossfection has resulted in nosocomial infections with highly resistant
bacterial pathogens such as multi resistant Granmegative rods mod
commonlyKlebsiellaspeciesEnterobacteispeciesandPseudomonas aerugingsavancomycin
resistant enterococci (VREgNnd Gram positive cocci, such as hospital acquired methicillin resistant
Staphylococcus aurewstrains (HAMRSA), which have become mleminant over the past two
decadegCDC, 2019) Among grampositive pathogens, a global pandemic of resissfaatureusand
Enterococcuspecies currently poses the biggest threat (CDC, 2013; Ros=taini2014)

This trend is related to these pathogensdé cap
(Gould, 2013. Some of these resistant strains have now spread outshigstiitalcausing infections

in the community (WHO2001).

The use of antimicrobials outside the field of human medicine also has an impact on human health
thus, the risks of becoming infected by a resistant pathogen are higher in hospitals, but ¢hefsourc
resistance is greater outside the hospital, largely related to the size of the animal reservoir of resistance
(Silbergeld, 2008).

The extensive literature on the prevalence of AMR in both commensal and pathogenic bacteria in
food animal productionestablishes a link between the use of antimicrobials in-fwoducing

animals and aquatic species and the emergence of resistance among common pathogens.

Such resistance has an impact on animal health and on human health if these pathogens enter the fooc
chain (Landers, 2012). Factors associated with the emergence of antimicrobial resistance in food
producing animals and the farming industry appear to be similar to those responsible for such
resistance in humans (Mehndiratta, 2014). Oral medication &f aups of animals results in the

exposure to frequently subtherapeutic concent
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favour emergence of and selection for AMR (Knobler, 2003). The frequent use of antimicrobials in
commercial poultry ppduction has raised concerns regarding the potential impact of antimicrobials
on human health due to selection for resistant bacteria. Several studies have reported similarities
between extraintestinal pathogeBischerichia col(EXPEC) strains isolat€dom birds and humans,
indicating that these contaminant bacteria in poultry may be linked to human disease (Koga, 2015).
The potential threat to human health resulting from inappropriate antibiotic use in food animals is
significant, as pathogeniesistait organisms propagated in these livestock are poised to enter the
food supply and could be widely disseminated in food prod@msimensal bacteria found in
livestock are frequently present in fresh meat products and may serve as reservoirs for resistant genes
that could potentially be transferred to pathogenic organisms in humans (Landers, 2012).
Crosscontamination with AMR bact& resulting from improper handling of food isvell-known

phenomenon and has been widely studied (Kusumaningrurg;, #90us, 2007).

2.2.Staphylococcus aureugeneral description

Staphylococcus aureb®longs to genuStaphylococcysamily Staphylococcaceaerder Bacillales,

class Bacilli, phylum Firmicutes (Schleifer and Bell, 20B6ster and Geoghegan, 2Q1Although

fossil evidence suggests that Staphylococci have existed on earth for more than a billion years
(Moellering, 201), S. aureuswas actually first described as bacterial pathogens in 1880 by the
Scottish surgeon Alexander Ogsi@ygston, 1882).

GenusStaphylococcugomprises more than 50 species and subspecies that are divided into two
groups, based on the ability to clobbtl plasma by the action of the enzyme coagulase: coagulase
positive staphylococci (CoPS), and coaguasgative staphylococci (CoNSJ. aureuselongs to

CoPS and is the major pathogen within the genus (Hztrek,2002; Foster, 2009).

S. aureuss a Grampositive, facultative anaerobic, nomotile, catalase and coagulase positive,

oxidasenegative spherical microorganism that does not form spores. On microscopic examination, it
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appears in pairs, short chains, or bunched in gikpeclusters of cel, as suggested by its name
from Greek wordstaphyle(a bunch of grapes) amdccusg(grain or berry) (Ogston, 1882).

S. aureuss a ubiquitous microorganism and it can be found in the air, soil, water, sand, dust, sewage,
vegetal (Grace and Fetsch, 2018)fact, although it is not a speferming microorganism, it is able

to survive to different environmental conditions, such as dry conditions, high salt concentrations and
it can grow at a wide range of temperatured§6C) (Jayet al.,2005; Hennekinnet al.,2012).

The main habitat for such microorganisms is the skin and upper respiratory tract of many warm
blooded animals (Grace and Fetsch, 20t 8.often present asymptomatically on parts of the human
body such as skin, skin glds, and mucous membranes, including noses and gut of healthy
individuals (Wertheinet al.,2005).Studies have showthat about 20% of individuals are persistent
nasal carriers and around 30% are intermittent carri€ss afireugWilliams et al.,1959; Wertheim

et al.,2005). This colonization therefore significantly increases the chances of infections by providing
a reservoir of the pathogen; in facthewn it has the opportunitg.@.in presence of damaged skin or
mucosal membranesy, aureusan caus@ wide variety of infection, since many virulence factors
enables it to overcome the host immurdgfenceand to invade and colonize tissues (Foster, 2009
Lakundi and Zang, 20)8Staphylococcal infections include infection of superficial soft tissde an
skin, such as pimples, boils and abscesses, but also severe systemic infections, i.e. epdocarditi
bacteremia, pneumonia and toxic shock syndrome (Otto, 2B12)reustrains may produce a large
variety of toxins: cytolitic, including leukocidins,@datoxin and phenesoluble modulins. Further
important toxins are the staphylococcal superantigens, which intduaeshock syndrome toxin
(TSST1) and lead to exacerbate immune response by polyclonal T cell activation and massive
cytokine release (Otto, 2013).irlence factors are encoded in phages, plasmids, pathogenicity
islands, and in the staphylococcal cassette chromosome

The colonization anohvasion of host tissues are mediated by the production of a variety of molecules,
known as microbial surface component recognizing adhesive nmatigcules(MSCRAMMS)

(FosterandHO6k, 1998; Bieret al.,2011).These surface associated adhesins indlkidg 2):
24



A Fibronectin binding proteins (FNBP$NBA and FnBB are involved in the attachmen8of
aureusto fibronectin and plasma clot (Tdrhatet al.,2001)

A Collagen binding proteins (Cna}na is responsible for adherencéofureuso collagenous
tissues and cartilage (Tarhatet al.,2001)

A Clumping factor proteins (CIf). CIfA and CIfB mediate clumping and adherence to fibrinogen
in presence of the fibronect{fionThatet al.,2001)

A Staphylococcal protein A (Spa$pa is abled bind immunoglobulins (especially 1gGs),

inhibiting opsonization and phagocytosis (¥bmatet al.,2001)
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Figure2. Pathogenic factors &. aureugA: crosssection of the cell envelo@and secreted proteirB; surface proteinsplaying roles

as virulence factor®rawn by Elisa Spinelli, fronkFromVatanseveet al. (2013).

The colonization and invasion processes are also enhanced by the production of a series of exotoxins
and enzymeshiat convert local host tissue into nutrients required for bacterial growth, including
exfoliative toxins (e.g. ETA, ETB), proteases, lipases, hyaluronidases, collagenases, and
thermonucleases (SandeldMcKillip, 2004; Bukowskiet al, 2010).
The produdbn of virulence factors is regulated by a serieg@fes coding foglobal regulator
molecules, including:

A accessory gene regulat@yf). agr is a twecomponent systerwhich has a crucial role in

pathogenesis; in fact, it isvolved in the bacterial cell to cell communication mechanism of
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Quorum Sensing (QSYn virulence factors production and biofilm formation (SiaghdRay,
2014; KavanaughndHorswill, 2016).

A staplylococcal accessory regulatosafA). sarA is involved in the activation ofagr
expressionin the synthesis of some MSCRAMMS and toxins, andhe inhibition of the
expression o$paand proteases (Cheurgal.,2008)

A sigma factor B $igB). SigB is reponsible for the transcription of genes that can confer

resistance to heat, oxidative and antibiotic stresses (Bisetalff 2004; Heckeet al.,2007).

S. aureusoxins play an important role in the pathogenicity of this microorganism, since they are able
to damage biological membranes, leading to cell dgzitto, 2014) These include

1 haemolysinsS. aureudysis of red blood cells is primarily mediated by tm@emolysins
known as alphd}), betab) a n d ) tdxén$(Buensidesi al.,2010) The U-toxin, encoded
by thehla gene is important forS.aureuspneumonia, sepsis, septic arthritis, brain atsces
and corneainfections(Bubecket al.,2017;Kielian et al.,2001; Humeet al.,2000; Nilsson
et al.,1999; Callegaret al.,1994; Pateét al.,1987).In addition to its pore forming ability,
Utoxin induces the release of cytokines and chemokines such@dlltlb, IL-1a, IL-8,
TNF-a, KC andMIR2 (Kielian et al., 2001; Bhakdi et al., 1989; Dragneveet al., 2001,
Onogawa, 2002; Bartlegt al.,2008; Hruzet al.,2009).

1 leukocidins €.g.,Panbn-Valentine Leukocidin) PantorValentine LeukocidinPVL) is a
harmful cytotoxin which indirectly mediates tissue necrosis and sepsis by either the release
of cytotoxic lysosomal granule contents from lygatymorphonuclear leukocytes by an
inflammabry cascade set in motion lgolymorphonuclear leukocytdgsis or apoptosis
(Boyle-Vavraand Danum, 2007)n support of this, PVimediated lysis induces thelease
of reactive oxygen species and a varietyirdfammatory mediators frongranulocytes

(Kaneko and Kamio, 2004)
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Some dthe staphylococcal toxins, such as the staphylococcal enterotoxins (SEs) and the Toxic Shock
Syndrome Toxin 1 (TSSTL), present also superantigenic activity, being able to stimulate the release

of large amouts of cytokines (Dingest al.,2000).

2.2.1 Emergenceand selection ofmethicillin resistance

AMR is a public health challengeonsideringthat nearly as quickly as |dgaving antibiotics are
created, new antibiotic resistant bacteqgearnVentola, D15). The current situation is extremely
seriousand methicillin resistantStaphylococcus aureudMRSA) is a particularly problematic
nosocomial pathogen (Qmic et al., 2017) considering itsremarkable level of acquisitioof
resistance againstultiple antibiotic classg$.akundi and Zang, 2018%. aureusas been considered

a potential pathogen since its first detection in 1880, and before the introduction of penicillin the
mortality rate of patients with infectismaused bys. aureusvas abat 80% (Lowy, 2003).

As previously described in the AMR timeling, 1942, within two years from the introduction of
penicillin, the first penicillinresistantS. aureusstrain was detectedRé@mmelkamp, 19492andnow

the high rate (over 90%) of drugsigant in humarg. aureussolates confirms that penicillin almost

lost therapeutical effect against staphylococcal infections (Peacock and PatersonT 2@ Eame
happened in 1960, when the first methicitesistantS. aureugfMRSA) was clinically identified

soon after the development of the semisynthetic antibiotic methigl#vons, 1961 Subsequently,
MRSA, along with the resistance to other antibiotics, such as erythromycin, streptomycin, the
tetracyclines (Finland, 195 Brumfitt and HamiltorMiller, 1989; Jessent al.,1969), alsashowed
resistance to an entire class of penicilike antibiotics including methicillin(Stefaniet al.,2015,

and more recently to vancomycand daptomycinTab. 3) (CDC, 2002 Stryjewski and Corey,

2014).
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Antibiotics Resistancegenes Geneproducts Mechanisms ofresistance
b-Lactams blaz b-Lactamase Enzymatic h-y
lactam nucleus
med PBP2a Reduced affinity for PBP
Glycopeptides GISA: unknown Altered peptidoglycan Trapping of vancomycin in
the cell wall
VRSA: varA D-alaD-Lac Synthesis of dipeptide with
reduced affinity for
vancomycin
Quinolones parC parC (or grlA)component  Mutation inQRDR region
of topoisomerase IV reducing the affinity of
gyrA or gyrB gyrA or gyrB components enzymeDNA complex for
of gyrase quinolones
Aminoglycosides Aminoglycosides modifying Acetyltransferase, Acetylating and/or
e.g.gentamycin enzymegeg, aac, aph phosphotransferase phosphorylating enzymes

Trimethoprim
sulfamethoxazole
(TMP-SMZ)

Tetracyclines

Erythromycin

Clindamycin

Linezolid

Daptomycin

SulfonaminesulA Dihydropteroate synthas¢

TMP: dfrB DHFR

Tetracycline, doxycycline,
minocycline:tetv

Ribosome protection
protein

TetracyclinetetK Efflux protein

msIA Efflux protein
erm(A, C) Ribosomalmethylase
(constitutive or inducible)
erm(A, C) Ribosomal methylase
(constitutive or inducible)
cfr Ribosomal
methyltransferase
mpr+ Lysylphosphatidylglycerol

synthetase (LPG)

modify aminoglycosides
Overproduction of p
aminobenzoic acid by the
enzyme
Reduced affinity for DHFR
Binding to the ribosome anc
chasing the drug from its
binding site
Efflux pump
Efflux pump
Alteration of 23S rRNA

Alteration of 23S rRNA

Methylation of 23S rRNA

that interferes with ribosome

binding
Increasing: synthesis of tote
LPG translocation and
positive net charges on cell
membrane

Table 3 Representativanechanisms of Staphylococcus aureus resistance to antimici@tial&i, 2018.

Beginning in the 1980¢his epidemic initially largely restricted to Europas advanced so greatly to
become avorldwideissuethat is stillongoing (Lakundi and Zan@018).In fact, n 2016 theWorld
Health Organization (WHOMas included in three priority risk lists (critical, higimd mediumn)
pathogens for which we need very soon new antibiotics, and MSAncluded in the priority list

2: fhigh risko (Tab. 4) (WHO, 2016).
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Priority 1: CRITICAL

Priority 2: HIGH

Priority 3: MEDIUM

Acinetobacter baumannii,
carbapenenresistant
Pseudomonas aeruginosa,
carbapenenresistant
Enterobacteriaceae,

carbapenenresistant, ESBL

Enterococcus faecium,
vancomycirresistant
Staphylococcus aureus,
methicillin-resistant,
vancomycirintermediate and

resistantHelicobacter pylori,

Streptococcus pneumoniae,
penicillin-non-susceptible
Haemophilus influenzae,
ampicillin-resistant

Shigella spp., fluoroguinolore

resistant

producing clarithromycinresistant
Campylobacter spp.,
fluoroquinoloneresistant
Salmonellae, fluoroquinolore
resistant

Neisseria gonorrhoes

cephalosporirresistant,

fluoroquinoloneresistant

Table4. WHO priority pathogens list for R&D of new antibiotig¢gHO, 2016

Methicillin resistance is due tilve carriage ofmobile genetic elemegtnamed the staphylococcal
chromosomatassette (SCOneq (Milheirico, Oliveiraandde Lencastre2007) SCOmectypically
harbourme@ or mecC genes, encoding a penicillin bindipgptein 2a (PBP2a) (Paterson, Morgan,
et al., 2014; Petinakand Spiliopoulou, 2012)MRSA is generated by the integration ofre®-
carrying SCnecelement into a methicillisusceptibleS. aureugEnright et al., 2002). A novel
methicillin-resistance gene (namew«C) was first described in& aureussolated from dairy cattle
in England in 2011 (GafaAlvarez et al.,2011). ThismedC gene is located in a novel S@Ec
element, type X5C0me¢ and shares only 70% nucleotide sequence idemititymed (Oniciuc et

al., 2017).me® geneencoded®BP2aamodified formof PBP, regularly presesbn staphylococcal
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cells essential for cell wall peptidoglycan synthe@miciuc et al., 2017). d -lactans lead to the
staphylococcakelld lysis by binding to the PBPand stopping the peptidoglycan synthesis

(Matsuhashi, 1986; Ubuta 1989. However, the varietePBP2ahavealow affinity for methicillin,

oxacillin and virtually forall thed -lactams such that peptidoglycan synthesis can continue in MRSA
strains (Paterson, Morga al.,2014) even in the presence of divedsdactamdrugs(Oniucet al.,

2017. There are three basic structural/genetic elements iIm&CQWG-SCC, 2009; Katayama
and Hiramatsu, 2001):

A themecgene complex: containing teecgene (med, med, mecC, and/ome®) and its
regulatory elements that control its expressimoe®1, encding a signal transducer protein,
andmed, encoding a repressor protein);

A the ccr gene complex: encoding the siipecific recombinasesg., cassette chromosome
recombinaseccr) genes ¢crAB and/orccrC);

A the joining regions (J regionsthese nonessential cassette components may contain

determinants for additional antimicrobial resistance

Although all SC@necshare several common structural characteristics, the high diversity in the
structural organization and the genetic content of these mobile elements has resulted in their
classification into types and subtypes. Nowadays are kn@aypes of SC@hec(Fig. 4) (Gostev

and Sidorenko, 2012; Oniuwat al., 2017 Lakhundi and Zhang, 201.8The most relevant from an
epidemiological point of view are the first 5; of which the typd¥ -V confer only betdactams
resistance; the types Il and Il confer mutug resistance. In fact, they typically harbor plasmidic
sequences, transposonghwother antimicrobial resistance genes or virulence factors (@mialc,

2017).
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Figure3. The Staphylococcal Cassette Chromosome mec (SCGroat)akhundi and Zhang, 2018
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2.2.2.MRSA Typing methods
In the last few decadeseveral typing techniques have been develdpedhe characterization and
discrimination of MRSA isolates based on their phenotypic and/or genotypic characteristics

(Lakhundi and Zhang, 2018)

A Phagetyping: is based on the different abilities of bacteria to be infected by different
bacteriophage®epending on wheth&. aureustrainssurviveor notto theattackof a series
of phagesit is given a number representing the phage typaset of 23 internationall
accepted phages is used for typing human straii$s atireuswith a window of two local
phages \(Veller, 2000Q. However,a high proportion of MRSA isolatg®20-30% of tested
samplesyemain nortypeable when this technique is used in an outbs#alation Blair,
1966.

A Multilocus Enzyme Electrophoresis (MLEE)also called isoenzyme typingllows the
identification of genetically related types within a speciglbich can be associated with
particular characteristicB0erlin, 199%. Although MRSA isolates are generally typeable
with good reproducibility Tenoveret al., 1994; Mulligan and Arbeit, 1991the results

produced are difficult to compare between laboratories.

PCRbased typing systems

A Amplified FragmentengthPolymorphism (AFLP)based on the polymorphisrasamplified
fragments of genomic DNAIt involves the digestion of genomI@NA with restriction
enzymes, followed by ligation of doubs#tranded adaptors to teecky ends of the restriction
fragments Yos et al.19995. The genetic relatedness amosimidied bacterial isolates is
determined via highesolution banding patterns generatieding AFLP analysisMortimer

and Arnold, 2001
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A RandomAmplification of polymorphic DNA (RAPD) andits vaiant, Arbitrarily Primed
PCR (ARPCR):are based on the principle of rapid parallel amplificabbmandom DNA
segments under nestringent conditions, producing a gel map unitue particular bacterial
strain Williams et al.,1990;Welsh andVicClelland, 1990Li et al.,2009. The differences
between the two techniques include the amplificatihPD is less discriminatory, and the
discriminatory power depends on the numaed nucleotide sequences of primers. It has,
however, been widely usédr typing ofisolates in outbreak&\(elsh and McClelland, 1990;
Laniniet al.,2011; Farber, 1996; lat al.,2009; Changgt al.,2009; van Belkunet al. 1995;
Saulnieret al.1993; Struelenst al.,1993.

A Repetitive Element SequenceBased PCR(RepPCR) utilizes primers based on short
sequences of repetitive elements dispersed throughopitdkaryote domain. This technique
hasa higher discriminatory power than many other typing techniquefefpd?CR targets
specific sequences, allowing thee of stringent PCR conditions, tteproducibility of this
technique is much better than that of RAR@N der Zeeet al.,1999. The resultobtained
via the RepPCR technique have good correlation with PFGE, althougldifegiminatory
power is slighty lower.lIt is, in fact, considered tgping methodnsufficiently discriminative
for some organisms, including MRSH€alyet al.,2005; Fluitet al. 2010; Overdevest al.,
2011; Baboueet al.2011; Sabatet al.2006; Wilsonet al.2009.

A agrtyping: the accessory gene regulaagr) is a crucial regulatory componentS. aureus
involved in the control of bacteriglrulence factor expression. It is the variations among the
hypervariablgegionsof the genghat divideS. aureusnto at least &agr specificity groups (I
to IV) (Novick, 2003.

A PulsedField Gel Electrophoresi®FGE):was once considered the gold standard for MRSA
typing (Schwartz and Cantor, 1984A number of studies have compared the usefulness of
PFGE with thabf othermethods for MRSA isotypingStruelens, 1996; Tenovet al.,1994;

Bannermaret al, 199%; van Belkumet al.,1995; Yoshidaet al.,1997; Chiou et al.,2000;
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Kumariet al.,1997, and a number aokstrictionendonucleases have also bé&ested; Smal
was found to be the most useful for MRS#Mpwing nearly all isolates to be typeable and
results from standard strains to fleproducible after extensive subculturidgeoveret al.,
1994;Bannermaret al, 1995;CarlesNurit et al.1992; Ichiyamaet al.,1991; Prevoset al.,
1992; Blaneet al.,2001; Tenoveet al.1997. The Smalbased method has been propoased
the gold standard for MRSA typinffuelenset al. 1992, even though not all pathogenic
bacteria such a®MRSA strains of CC39&re typeable via PFGRasschaert al.,2009) A
molecular subtyping standard has been established by the Centers for Diseasea@dntrol
Prevention (CDC) Struelenset al.1992, and all S. aureusPFGE profiles have been
assembled in mational database for the investigation of MRSA outbreaks and global tracking
of MRSA strain typesNIcDougalet al.,2003; Swaminathaet al.,2001).

Multilocus Sequence Typing (MLST): is a modification of the MLRRenotypic typing
techniqueMLST in conjunction with SC@ectyping, offers a universal nomenclature system
for S. aureusstrains. In 2000, Enrightand colleaguegEnright et al, 200Q applied and
validated the MLST scheme f& aureusgainst PFGEOut of 14 genes investigateskven
housekeeping genesere selected arcC (encoding carbamate kinas&YyoE (shikimate
dehydrogenase),glpF (glycerol kinase), gmk (guanylate kinase),pta (phosphate
acetyltransferasedpi (triosephosphate isomerase), amil (acetyl coenzymd). MLST is
defined by its allelic profile, whicleonsists of a string of seven numbassigned to each
isolate (Aanensen and Spratt BG, 200%)I available on aveb-based databasé&eil and
coworkersdeveloped the BURSTB@asedUpon Related SequenceType) algorithm for
interpretingand analyzing the data, as well as developing evolutionary relationships among
isolategFeil et al.2003; Feiletal., 2004;Sprattet al.,2004). Isolates sharing the exact same
allelic profile belong to the same ST ahénce, the same genetic lineage. However, isolates
with singlelocus variants [SLVs] or doublecus variants [DLVs]) are considered to be

geneticdly related and belonging to a cluster of related lineages, termed adligstalr (CC).
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Based on this notiorfor the first time there is annambiguous, widespread, common, and
universal language for MRSA(rrightet al,, 200Q Lakundi and Zang2018.

spaTyping: it is the first methodbased upon PCR amplification and #p@agene developed
specifically forthe characterization db. aureus considering that thepagenecodes for
protein A (conserved amor) aureustrains) spatype clusters specifically associatedith
MRSA lineages seem to be stable over time, making this method valudblegfterm global
epidemiological studieg-@riaet al.,2008;Koreenet al.,2004; Cooksoret al.,2007; Hallin

et al.,2007; Strommengeket al.,2006. In addition,using theStaphTypesoftware, data are
fully portable via the Ridom databasaakingit the most usefuinstrument and method of
choice for characterizing. aureusisolates at local, nationaknd international levse
(Harmsenet al., 2003; Hallin et al., 2007; Deurenbergt al., 2009; Friedrichet al., 2008;
Grundmanret al.,2010; Kocket al.,2009.

SCamecTyping: This technique is based on the assumptiontth@atMRSA strains carrying
different SC@necelements are different, even if they belong to the same MLST type or
pulsotype. Unfortunatelytp datetyping of SCG@necby PCR techniques has, because of its
heterogeneity, been challengirg fact,no single PCR method is available that can identify
all SCOmectypes and subtypdtakhundi and Zhang, 2018Furrently, SC@ectyping by
multiplex PCR is limited to SC@ectypes | to V. Other methods are therefore needed for
typing the increasing number of S@€ctypes, including types VI to XllLakundi and Zang,
2018) and wholegenome sequencing has only partially solved this since no good
bioinformatic tools have been alable.

DNA Microarray analysigepresent a toalell suited for bacterial typin@Sabatt al.,2013)

It is widely used for thanalysis of genomic mutatiomsdfor the detection of extragenomic
elements, including uncommamtibiotic resistance genesr patterns of virulence genes
Moreover, ithasthe potential to detect new epidemiological markers for claie€arthyet

al., 2012; McCarthy and Lindsay, 2012 Using the technique of microarrdyased gene
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content analysisthe identifcation of regulons ofS. aureuspathogenesjsincluding Agr
(Dunmanet al.,2001), ArIRS(Liang et al.,2005, SaeR{Liang et al.,2005, YhcSR/AirSR
(Yanet al, 2012;Sunet al.,2012, Sar(Dunmanet al.,2001), SigB(Bischoffet al.,2004),
Rot(SaidSalimet al.,2003, andMgr (Luonget al.,2000), it is possibleo better understand
the molecular mechanisms of pathogenesisl to investigateS. aureusresistanceand
virulence capabilitieslt is noteworthy that sing wholegenome microarrays, 10 maj&r.
aureuslineages responsible for causing the majoofyhuman infectionsvas revealed
(Lindsayet al.,2006. Because of the high cost of this technigkere Technologies has
developedhe Alere StaphTyp®NA, a new rapid and economic microarray asday S.
aureus(Moneckeet al.,2011), whichautomaticallyassigr theisolates to particular genetic
lineagesvia software, based on their hybridization profiles.

WholeGenome Sequencing (WGS3 the ultimate identification of DNA diversity iany
organism.Providing a costeffective method ofidentifying genomevide variations this
techniqueis currently consideredn extremely powerful tool for epidemiological purposes
(Mellmannet al.,2011 Ben Zakoueet al.,2012;Chinet al.,2011; Grackt al.,2012), which
allow to predict the number of operading framesthrough appropriate bioinformatics
software SeveralS. aureuggenomes (including the genomes of methicitisistant strains)
arenow publically available, making the study of its biological systems pos¥ilES can
compare different genomes with singlecleotide resolutionand this is very usefuio
characterie thetransmission events and outbredksan epidemiological perspive. Based
on the literature, it seembat this technology will take over from routine investigation
techniques currently used in clinical practice for the identification and characterization of

bacterial isolatefLakundi and Zang, 2018)
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2.2.3.Epidemiology of MRSA in humans

The epidemiology of MRSA is quite complex, considering thatait bespreadin several ways
(Oniucet al.,2017)(Fig. 5).

For decades, the isolation of MRSA has been considered a good maHemagocomialHospitat
Acquired -HA-) MRSA-related infectiongdMoellering, 2012. In the early 90s, the detection of
various MRSA lineages in community settii@@mmunityassociatedIRSA -CA-MRSA-), such as
nursing homes and kindergartens or in patients without previous healthcare exmppsasented a
dramatic change in the epidemiology of MR@oyle-Vavraand Daum, 2007Oniucet al.,2017).
CA-MRSA strains wereénitially thought to be nosocomial strains that had spread from hosgpital
community settingshowever, the current accepted model to explain the origin eBMBSA states
that a small methicillin resistance cassetg, SCOmec V) independently integratk into the
genomes of many differemethicillin-susceptibles. aureug§MSSA) ancestral clones circulating in
different geographic regions (Boyléavra and Daum, 2007).

Althoughits capacity to persist as a commensal, its abilityeBdst tomultiple antimicrobial agents,
and its multitude of virulenctactorsare important facterwhich contribute to the success of this
pathogen(Fluit et al, 2001;Foster, 2005Qtto, 2010, one of the major MRSA infectieassociated
risk factors ighenasal colonization witl. aureuglLakhundi and Zhang, 2018, Daviset al.,2004;
Pujol et al.,1996; von Eiffet al.,2001;Huang and Platt, 2003

Furthermore, it has also been considered a risk of MRSA acquisition (5% of all incident MRSA cases)
the admission into a hospital room previously occupied WRS8A-infected patientfluang, 200%

Although according to CDC, MRSA infection could be define@ communityacquired\ if

diagnosed in an otgatient, or within 48 howrof hospitalization when traditional risk factors for
MRSA infection are lackingCDC, 2000), to date, CAMMRSA and HAMRSA are distinguished by
means of genetic determinants (Beylavra and Danunet al., 2007). They have a different
accessory genome, which carries different 8@€elements, and cause different clinical symptoms

(Cromke2etal., 2013; Enrightet al.,2002).HA-MRSA are mainly related to S@&ctypes |, Il and
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[l (Al-Zubeidi et al., 2014) and he main HAMRSA clonal complexes (CCs) isolated from
hospitalized patients are CC5, CC8, CC22, CC30 and (Cafeset al.,2015. Onthe other hand,
SCQmectypes IV and Vare usually find irCA-MRSA andthe main CAMRSA strains belonged to
the Sequence Type (ST) 1, 8 (USA 300), ST 80 (Europe), ST 30 and ST 93 (Auddalilgetaki

et al.,2017).

HA-MRSA strains are often multidrug resistant, while -GURSA is usually limited tdb-lactam
resistance. This is consistent with the fact that, unlike the largen8€¢pes {.e., SCOmnectypes |

to IIl) present in HAMRSA strains, which bear genes for multiple antibiotic resistance n&cC
types IV and V carry only thmed gene resistance felactams fa et al.,2002 Daskalakiet al.,
2007; Robinson and Enright, 2004; Hereldal. 1998). In fact, the majority of CAVIRSA isolates
are therefore susceptible to fluoroquinolones, aminoglycosides, erythronayainclindamycin
(Loughreyet al.,2007).

However, although CAMRSA are more often susceptible to Amfactam antibioticsthey are
commonly associated with more serious and virulent skin and soft tissue infections such as severe
and rapidly fatal necrotizing pneumonia and necrotizing fasdiitesn HAMRSA (Loughreyet al.,
2007; Weigelt, 2008

CA-MRSA strains test positive foraamolysins, leucocidin, and exfoliative toxins, whereas- HA
MRSA usually does not contain these toxiéssiong these virulence factolSA-MRSA strains also
encodeb-lactamase and hyaluronidas&/'digelt, 2008 as well aghe major virulence determinant
associated with CAMRSA diseasethe Paton-Valentine LeucocidinRVL) (Chambers and Deleo,
2009; Rossnegtal.,2 0 0 7 ; et&lB2004;,eKmet al.,2007; Tristaret al.,2007;Boyle-Vavra
and Daum, 2007

Theprevalence of CAMRSA varies worldwide, ranging from less than 1% in secowntries to more
than 50% in others, with the prevalence been higher in childrenrtzaults Kanervaet al.,2009;
Immergluck, 2007; Elston and Barlow, 2009; Olesevich and keynriz007. In the United States,

Taiwan, Canada, and Australia, reported outbreaks have been more extensive, with infection
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becoming endemic in certain populations in each of these countlimsn and Coombs, 2008;
Davidand Daum, 201MeLeoet al.,201Q Otter and French, 2010 other parts of the world, only

small outbreaks or cases have been reported. In 2016, in the USA, the Centres for Diseases Control
and Prevention (CDC) reported that, compared to 2013, the incidence-BfRPA decreased by

5.38%, while the incidence of GAMRSA increased by 1.57%O¢iciuc et al., 2017. In Europe,
although with a stable incidence, MRSA remains a public health priority as its incidence is still above
25% in seven of 29 reporting countries, mainly in Southern and Eastern Europe (ECDCTREED).

is fear, however, that if CAMRSA becomes endemic mesourcepoor nations, it would result in

devastating consequences.

2.2.4.Epidemiology of MRSA in animals

In the last decades, an exaranging epidemiology of MRSA has raised concerns about its presence
in livestock, as livestockssociated MRSA (LAMRSA). In veterinary medicine the abuse and
misuseof antibiotics, especially in overcrowded intensive livestock has led to the selection of resistant
bacteria adapted to animals which can spread to the environment and the related foodstuff

The earliest publishekport of MRSA in farm animals describéte detection of MRSAn dairy

cows with mastitis in Belgium (Drevies&975). LA-MRSA gained significant attention over a
decade ago, with an alarming report about infections and high rates of MRSA colonization among
Dutch pig farmers in 2008/osset al, 2005; ArmanelLefreveet al.,2005; Huijsden®t al.,2006.
LA-MRSA isolatesare genetically distinct from human isolates and, comprising mostly of MLST
type ST398 (CC398), they represent the largest source of MRSA outside hdblidatdsonet al.,

2013. CC398 is reported from various parts of the world, where it is associated mainly with food
animal species such as pigs and veal calves but has the capacity to colonize a wide range of hosts,
including dogs, cats, sheep, cows, goat, poultnyhitaand horsedNeese, 2010; Gravelamd al.,

2011; DoradeGarciaet al.,2013; Cunyet al.,2010; van Duijkerert al.,2010. LA-MRSA strains

are important from a monetary prospective as they cause infections in economically important
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livestock animad worldwide, such amtramammary infections idairy cowsas well asn sheep and

goat, skeletal infections in commercial broiler chickemasd mastitis and septicemia in rabbits
(Bradley, 2002; Menzies and Ramanoon, 2001; McNamee and Smyth, 2000; Vancraewahest
2006) Many reports support the notions that persons in direct contact with livestock colonized by
MRSA, such as farmers, personnel at slaughterhouses, transpotieestotk, and veterinarians,
areat potential risk of becoming colonized with and suffering from infection caused ByR3A.
(Kluytmanset al., 1995; Vosset al, 2005; GarcigGraellset al.,2012; Wulf et al.,2008; Huberet

al., 2010; Lakundi and Zang, 2018yIRSA CC398 is rapidly evolving considering that at the
beginning it only had a few sequence typesspatypes, and currently, CC398 harbors 43 sequence
types (Steggest al.,2013). However, ST398 is still the most commequgence type colonizing pigs
worldwide (Lakundi and Zang, 2018h Europe, aomparative longitudinal study performed in the
Netherlands, Denmark, and Belgium demonstrated that contact with pigs was the most important
determinant for carriage of MRSA anwphousehold members of pig farme@a(ciaGraellset al.,

2013. In southerritaly, the MRSA presence in pigs and workers at industrial abattoirs was also found
to be as high as 37.6% (99 out of 215 pig nasal swabs) (Norreaah®015) and similarly in milk

and dairy products a high MRSA rate was found among farmers, cattle, andridutkilk samples

with 55% (344 out of 622) and 61% (283 out of 461) of bovine samples tested positive for MRSA, in
comparison with 36% (40 out of 113) in human samples and 44% (21 out of @@k aank milk
samples (Antockt al., 2013). Moreover, a stdy performed in the NetherlandSurope's largest
exporter of livepigs (Petinaki and Spiliopoulou, 2012)so concluded that working with sows and
living with an MRSApositive pig farmer increased MRSA carriage among household me(uaers
Cleef et al., 2015). Therefore, animalo-human transmission could occur via three routes: direct
contact, environmental contamination, or handling of an infected asiqalducts, and the direct
contact is the most importantayof transmissionThe presence of humatones in pigs can result
from humanto-pig contamination, but some strains, such as the t127/ST1 clone, may be animal

adapted (Pantosti, 2012). In fact, some human MRSA strains, such as ST5, ST8, ST22, ST30, and
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ST45, have been found in pigs or pig faim&urope, USA, and Africa (Cromélet al,, 2013; Oniuc
et al.,2017). However, hfected/colonized animals are not the only source of transmission. In fact,
the first LAMRSA ST398outbreak in a Dutch hospital was reported in patients with no apparent
contact with pigs or veal calves, suggesting possible huimdauman transmission (Wult al.,

2008).

2.2.5.Presence oMRSA in food and its role as foodborne pathogen

A multitude of studies support the notion that MRSA could be present in s&iretalof foodof

animal originand some of these isolates watentical to isolates from HMRSA and CAMRSA

human infectiongSergediliset al.,2017) MRSA has been found with different prevalence in meats
such as pork (0.00450%), poultry(0.7-43.8%), beef (415.2%), lamb (6.2%), rabbit (12.5%) and

wild boar (25%), as well as in raw milk (117.6%), table eggs (11%) and fish (13.5%@nhagen

et al.,2014; Fel3leet al.,2011; de Boeet al.,2 0 0 9 ; @Gt@B2012eNormannet al, 2007,
Carforaet al.,2016; Obaidatet al.,2015) LA-ST398MRSA strainis consideredhe major strain
responsible for 85% dhe contaminationde Boeret al.,2009. In addition, according to Sergedilis

and colleague (2017), even uhderreported, the development of invasive disease following the
ingestion of food contaminated with enterotixigenic MRSA is yet another(8skgedilisand
Angelidis, 2017) Althoughthe transmission of infection by food products appears to be very rare,
and certainly much reduced from that following contact with live animals or humans (EFSA, 2009),
there are descriptions of 2 outbreaks of foodborne disease due to MRI®®4, thdirst foodborne
outbreak at the University Hospital Rotterdam, where 5 out of 27 patients died, occurred; the outbreak
was caused by a human strain isolated from a worker who contaminated the food during meal
preparation (Kluytmangt al., 1995). The second oneoccuredin 2001 and itwas thefirst food
poisoning outbreak caused by a staphylococcal enterotoxin C (SEC) producing MRSA isolated from
roasted pork contaminated by food handlers (Jehed., 2002). Particularly notewhorty is aore

recentlycase of MFSA colitis reported in a patient without any predisposing medical conditibie in
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United States (Kalakonet al.,2015).0n the other hand, it is important to stress that human MRSA
strains, too, have been isolated from food, becauserdmination during food handling (Wegese
2010); in fact, depending on the epidemiology of the geographical area considered, abb18%0.7

of human beings are colonized by MRSA (Gorvétzl.,2008; Wertheim, 2004; Munckhaét al.,

2009). Incorrect hadling during animal slaughter can lead to MRSA contamination of carcasses
(Argudin et al., 2015), and consequently a risk for human consumption and dissemination in the
community (Oniucet al., 2017). Therefore,based on the data reported from the afordgmeed
surveysit is well known thaMRSA could be present in food atitere exists an interchange between
human and animadMRSA clones (Zarazaga, 201&Jowever,there is currently no evidence for
increased risk of human colonisation or infection daihg contact or consumption of food
contaminated by MRSA both in the community and in hosgE&SA, 2009) The risk largerly
depends on the hygienic measures taken, the populations of MRSA present in food and the ability of
the strain itself to colonizthe host (Sergedilis and Agelidis, 201Further studies are needed to

clarify wether or noMRSA can actas a foodborne pathogen

£l -
il TSR

Figure4. Potential routes of transmission of MRSA. Drawn by Elisa Spinelli, from Oniuc et al. (2017).
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Aims

The aims of the study are: i) to assessdbeurrence of MRSA in buffalo buffalo tank milk from

Italy, and to provide information about the antimicrobial resistance profile and molecular
characteristics of the isolates ii) to study the fate of MRSA along the human gastrointestinal tract and
its interaction with the gut microbiot#) to evaluate the survival of MRSA in simulated human

ascendant colon conditions and its interaction with gut microbiota into the mucus layer.
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Part 1.

Occurrence and characteristics of Methicillin resistant Staphylococcus aureus

(MRSA) in buffalo bulk tank milk and the farm workers in Italy
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Abstract

The aim of the present study was to assess the occurrence of MRSA on buffalo dairy farms and in
buffalo tank milk from Italy, and to provide information about the antimicrobial resistance profile
and molecular characteristics of the isolates. We coll&@&dallk tank milk (BTM) samples from 75

farms and 24 nasal swabs from 24 farm operators. Three (4%) of the 75 BTM samples and 1 (4%) of
the 24 human nasal swabs tested positive for MRSA. The milk isolates belonged to the genotypes
ST1/t127/Va and ST72/t3@9V, while the human isolate was characterized as ST1/t127/IVa. No
ST398 was found. All isolates were multidrug resistant but vancomycin susceptible; they carried the
icaA gene but tested negative for the andsesgenes. ST72 is a CMRSA commonly foundn

South Korea, and this is the first report of its detection in Europe. Although we found a low prevalence
of MRSA on the farms we surveyed, this study clearly demonstrates, for the first time in Europe, that
MRSA can be found on dairy buffalo farms andaw buffalo milk. Therefore, the risk of human
colonization/infection with MRSA linked to the handling of raw milk or consumption of

contaminated dairy products should not be ruled out.

1. Introduction

Water buffaloesBubalusbubalig are bred in all continents of the world. The global population of
water buffalo is approximately 194 million head: 97% are reared in Asia; 2% are in Africa,
particularly Egypt; 1% are in South America; and less than 1% are in Australia and Europe
(FAOSTAT, 2014). The countries with the largest numbers of dairy buffalo are India, Pakistan,
China, Egypt, and Nepal (FAOSTAT, 2014lthough milk production is dominated by dairy cows
worldwide FAO, 2017, water buffaloes are the greatest source ofcaitle milk (13.2%)(FAO,

2016. Buffalo milk has long been valued by its important chemical composition, determining
nutritive properties and suitability in the manufacture of traditional as well as industrial dairy products

(Ahmad, 2013). It has a differemanp o si t i on t o t hat of cowds mi |l |
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represents the major constituent) and, above all, in overall ca(@aini) (CLAL, 2017, Barlowska

et al.,2011).

The high consumptions of buffalo drinking milk and dairy productsdvade involve an elevated
number of consumers of all ages. And this is crucial considering the potential role of buffalo milk in
the transmission of foodborne pathogens.

It is well known thatS. aureusincluding MRSA, is animportant cause mofstitis in dairy cows
(FeRleret al.,2010; Hararet al.,2012; Vanderhaeghest al.,2010; Puet al, 2014) and buffaloes

(Khan and Muhammad, 2005;-Bkhkeret al.,2015); during subclinical mastitis, these organisms
could be shed in milk without orgamgitic alterations, allowinthem to enter and spread through the

food chain.

Buffalo milk has beneficial nutritional properties due to its chemical composition, and it is suitable
for the manufacture of traditional and industrial dairy produsksr(ad, 2@3). It is often processed

into butter and cheese, but traditional products suctalgIndia, Pakistan) anthozzarellg(Italy)

are the most widely consumed buffalo dairy pr
buffalo milk producer, witt88% of total European buffalo milk production, aadks seventh in the

world (EFSA, 2015). Italian buffalo milk production amounts to 2,109,084 quintals, of which
1,799,606 are produced in the southern regions (ISTAT, 2018). Buffalo milk is mostly peodeso
mozzarella(Ercolini, 2012), a fresh and stringgxtured Italian cheese. Since buffalo milk has a
higherf at t o protein rati o (mdzzdrellas softeagnd tastieatiman athew 6 s
kinds Bartocci, 2002) and is exportedvidwide.

The appreciation of this buffalo mozzarell a |
Buf ala Campanao PDO recognition obtained in
production data in Italy show a positive trend on 2017 with an increméni% from 2016. The
database on its exports all over the world also shows an increment from 5.280 tons on 2006 to 14.190

tons on 2016 (Consorzio Tutela Mozzarella di Bufala Campana, 2018).
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The high consumption levels of buffalo milk and its dairy presiuovolve great numbers of
consumers of all ages worldwide; this represents a food safety concern, since milk and dairy products
can be important sources of foodborne pathogens because their high nutrient content can allow
pathogens to multiply (Haet al, 2007). Previous studies on the microbiological quality of buffalo

milk have revealed the presence of coliform bacteria, pathogsaierichia colilactic acid bacteria,
Listeria spp.,Staphylococcus aureus, Clostridispp. and some species of yedsisrussoet al,

2009; Boychevaet al 2002; Rahimietal., 2014; Corbcetal., 2001; Oliveiraetal., 2011; Ercolini
etal.,2012).S. aureusnay be present in bulk milk via direct excretion from the udders of dairy cattle
with clinical and subclinical aphylococcal mastitis, or via fecal contamination (Cadibal, 2008).
Recently, the spread of methicilmesistansS. aureugMRSA) in food, especially meat and milk, has
raised the question as to whether buffalo milk is actually a potential vehichnsiission. Despite

the potential hazard for human health linked to contact with animals and to the handling/consumption
of raw milk (Khannaet al, 2008; Weese2010; Parisiet al.,2017), there is a lack of data on the
prevalence of MRSA in buffalo ki and its dairy products. The aim of this study was to acquire
better understanding of the epidemiology of MRSA, investigating the occurrence of MRSA in buffalo
farms in southern Italy by examining the prevalence, molecular characteristics and antahicrobi

resistance profile of MRSA isolated from raw buffalo milk and from farm workers.

2. Materials and Methods

2.1 Collection of bulk tank milk samples and nasal swabs

Between April 2017 and May 2018, 75 samples (100 mL) of bulk tank buffalo milk (BTM) were
collected from 75 buffalo farms in southern Italy. Nasal swabs were collected (Laboindustria,
ArzergrandePD, Italy) on 24 of these farms from 24 farm operators working in contact with the
animals(1 operator per farm) whose written consent had been obtained in advance. The samples were
collected aseptically and immediately transported under refrigeration to the laboratory, where they

were stored at80°C before testing.
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2.2 Isolation of MRSA

Sampes were thawed and kept at room temperature for approximately one hour. Then 1 mL of milk
was added to Muellddinton broth (Biolifeltaliana, Milan, Italy) supplemented with 6.5% (w/v)
NaCl (Sigma Aldrich, St Louis MO, USA). After incubation for 24 h at@720 pl of each culture

was spread onto a MRSBELECT® plate (BiocRad, Marnes la Coquette, France) and incubated at
37°C for 244872h (Nahimanaet al., 2006). Suspected MRSA colonies (pink colonies) were
subcultured on a Columbia Sheep Blood Agar p(@=oid, Basingstoke, Hampshire, UK) for

purification and then screening for methicillin resistance and molecular characterization.

2.3 Molecular identification, confirmation of methicillin resistance and genetic characterization

of MRSA

Genomic DNA was dxacted from the presumptive MRSA isolates using a GenomicPrep® cell and
tissue isolation kit (Amer sham, Pi scataway, N
DNA concentration was determined at a wavelength of 260 nm using a DU 640 spatomogtier
(Beckman, Fullerton, CA, USA) and adjusted with distilled water to 10 ng/uL.

Two separate PCR assays were performed to assess the species identification and tometéct the
gene, using previously described primeyaul and sal2, and me®@147-F and me®147-R
(Strommengeet al., 2003; Zhanget al., 2005) respectively. One isolate per sample, identified as

MRSA, was further characterized as described below.

2.3.1 MLST analysis of MRSA

Alleles at the seven locarc, aroE, glpF, gmk pta, tpi andyqgiL, were assigned by comparing the
sequences at each locus with the known alleles i tlaeireusMLST database. The allele numbers

in each of the seven loci define the allelic profile of each isolate, and an allelic profile is defined as a
sequene type (ST). The eBURST program was used to determine the group of each ST based on the

MLST database. Grouping was carried out using an analysis panel that selects six minimum numbers
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of identical loci out of seven loci for group definition and three mumh single locus variant contents

for subgroup definition (Kwoet al.,2005).

2.3.2spatyping

The x region of thepagene was amplified by PCR using the primerssdal 3f ( 5Nj TAA AC
TCC TTC GGT GAG -1613Nj) (&M CAfa CAG TAG T3aA) C(
(Strommengeet al., 2006). DNA sequences were obtained using an ABI 3130 Genetic Analyzer
(Applied Biosystems, Foster City, Calif.) with BigDye 3.1 Ready reaction mix (Applied Biosystems)
according to the maSpatypes everadaeteenmin@ds using rBoXumericst7ilo n s .

(Applied Maths, Belgium) software.

2.3.3 SCCmeccharacterization
Staphylococcal cassette chromosamexelement (SC@neq typing was carried out as described by

Zhang (Zhangt al.,2005).

2.3.4 Detection of genencoding PVL

All the MRSA strains were tested by PCR RakS-lukF-PV, encoding Pantekalentine leukocidin
(PVL), as described elsewhere (Hesjal.,2011).

2.3.5 Detection of icaA gene encoding for polysaccharide intercellular adhesin (PIA)

All the MRSA strains were tested by PCR for itheA gene (intercellular adhesion) as described

elsewhere (Zmantaat al.,2008).

2.3.6 Detection of staphylococcal enterotoxin encoding genes
MRSA isolates were tested by PCR feeato seg, seh, sei, sej, sen, sewdasemencoding

staphylococcal enterotoxins as described elsewhere (Boeteah£2006).
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2.4 Microbiological confirmation of methicillin resistance and detection of antimicrobial

resistance pattern of MRSA

2.4.1 Oxacillin and cefoxitin disc diffusion tst

Oxacillin and cefoxitin disc diffusion susceptibility tests were performed with 1 pg oxacillin and 30

Mg cefoxitin discs (RoscoDiagnostica, Taastrup, Denmark), following CLSI (CLSI, 2012)
recommendations. Muelldfinton agar plates (Biolife) were inoatéd with a suspension
(equivalent to a 0.5 McFarland standard) of each MRSA considered. Plates were incubated at 37°C
and zone diameters were read afte248h. The following breakpoints were considered: oxacillin:
resistant O10 ni&ymmi nstuesrcreepdtiiabtlee 1A1 3 Oeniom, cef o

susceptibl€ 2 @m (Shariatet al.,2010).

2.4.2 Agar screening method

The MRSA suspension (adjusted to match 0.5 McFarland turbidity standard) was inoculated on
Oxacillin Salt Screen Ag8r(Mueller-Hinton agar containing 4% NaCl and 6 ug oxacillin/ml
Biolife). Plates were incubated at 37°C for 24 h and any growth on the plate was considered as

resistant to methicillin (Shariagit al.,2010).

2.4.3 Oxacillin Etest

Mueller-Hinton agar plees supplemented with 2% NaCl (Biolife) were inoculated by streaking the
standardized inoculums (equivalent to a 0.5 McFarland standard) with a sterile swab. Ox&edtin E
strips (bioM rieux, Marcy | 06Et oi lyiecubattona 37tcCe ) w
for 1824h. The minimum inhibitory concentration (MIC) for each isolate was read at the intersection
point of the zone of growth inhibition with the graduated strip (resi€ant4 Og / ml ; Ssusce

pg/ml) (Shariatiet al.,2010).
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2.4.4 Antimicrobic susceptibility testing of MRSA

MRSA isolates were tested for susceptibility to a panel of 21 antimicrobial agents using the disc agar
diffusion method on MuelleHinton agar, following the guidelines of the CLSI (CLSI, 2012). The
antbiotic discs (antibiotic concentration in pg) from Liofilchem (Liofilchem s.r.l, Roseto d. A., Italy)
were as follows: amikacin (30), amoxicillin/clavulanic acid (30), ampicillin (10) cephalotin (30),
cefotaxime (30), cefoxitin (30), clindamycin (2), chwoyahenicol (30), doxycycline (30),
enrofloxacin (5), erythromycin (15), gentamicin (10), kanamicin (30), oxacillin (1), penicillin (10),
streptomycin (10), sulfisoxazole (250), tetracycline (30), trimethoptfamethoxazole (25),
tobramycin (10), and vanmycin (30). The results were recorded after 24 h incubation at 37°C and

interpreted according to charts supplied with the discs.

3. Results

3.1 Prevalence and molecular characteristics of MRSA in buffalo tank milk and farm operators
MRSA was detected in 4 (5.3%) of the 75 investigated farms. Out of 75 bulk tank milk samples, 3
(4%) tested positive for MRSA; two strains were genotyped as ST1/t127/IVa and one strain as
ST72/t3092/V. A MRSA strain ST1/t127/IVa was isolated from a fareratpr of one (1.3%) of the
investigated farms but not from the milk produced by the same fathisolates carried thécaA

gene but were negative for the presence ofuk® lukF and theses genes (Tablg).

3.2 Antimicrobial resistance characteristis of the isolates

The results of antimicrobial susceptibility testing of MRSA isolates are shown in Jable

All isolates were confirmed as MRSA by the microbiological confirmation assays: the oxacillin disc
diffusion test, the oxacillin agar screen tesd axacillin Etest. e strain isolated from buffalo milk
resulted susceptible witthe cefoxitin disk diffusion test (Tabl®). All isolates were multidrug
resistant, but susceptible to vancomycin, amikacin, cephalothin, clindamycin and chloramphenicol.

One strain was susceptible to tetracycline (T&ple
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4. Discussion

This studyassessed the prevalence of MRSA in buffalo bulk tank milk (BTM) produced in Italy, and
also in farm operators, and reports the phenotypic and molecular characteristicsaates. is

In our study, the overall prevalence of MRSA on the investigated farms was 5.4%, and 4% in the
BTM. The rates of contamination found were higher than those reported by Pamuk, who investigated
120 raw buffalo milk samples sold in Turkey and fouwwd §. aureusstrains (1.66%) carrying the

med gene (Pamulet al, 2012). In another survey on the aetiology of subclinical mastitis in water
buffaloes reared in South Indi®reethirani and colleagues reported an overall prevalence of
staphylococci of 18%; among these, 10.1% were identifiedSasaureusand all the 14 isolates
resulted resistant to cefoxitin. The authors concluded that a high proportion@fdhesustrains
isolated from domesticated water buffaloes of the investigated area wagilimrethésistant
(Preethiraniet al.,2015). More recently, Erdem Saka and Goknur Terzi Gulel reported a prevalence
of 30% (99 isolated) db. aureus r om buf fal obés mil k product in T
to bemed positive (Saka and Gulel, 2018).

Here, MRSA was detected in one farm operator at one of the sampled farms, but no MRSA was
isolated from the BTM produced by the same farm. Asitids explanation for this finding could be

that the operator was actually an MRSA carrier but had not yet transferred the strain to the animals.
On the other hand, farms were visited only once during the survey, and it is thus possible that this
strain wa simply missed by sampling due to the high dilution factor in large volumes of Birier
understanding is required in order to provide a better explanation of this finding.

The MRSA strain isolated from the operator was genotyped as STEOQ@WEdVa; in our survey,

this genotype was also detected in two out of three strains isolated from buffalo BTM, and all these
isolates werécaA positive,lukS-lukF andsesnegative. MRSA ST1/t127 is a wddhown genotype
primarily associated with human infectiom®rldwide (Linet al.,2011; Kécket al, 2011), and was

also isolated from Italian pigs by Battisti; in addition, MRSA t127spatype identified as a cause

of mastitis in Italian dairy cows (Battigtt al.,2010; Benedettt al.,2010).0On the othehand,ST1
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(t286/SCCnedVa/pvl) is a genotype isolated from mastitic milk in Korea, where the same genotype
is also considered a Communigquired (CA}MRSA prevalent in humans (Naet al.,2011). In a

recent survey on the occurrence of MRSA in bovif@/Bproduced in southern lItaly, the authors
found great genetic diversity among the isolates, identifying both Livestsstciated (LAJMRSA

strains and typical human strains, which suggests an exchange of strains between humans and anima
andvice versgParisiet al.,2016). In the present study, although the number of samples was smaller
than in this latter work, we found only strains known to be huassociated. Surprisingly, no ST398
strains were isolated, and this finding indicates the need forefurésearch to establish whether
MRSA ST398 is able to colonize water buffalo. In fact, to the best of our knowledge, although MSSA
398 was found in buffaloes (shkeret al.,2015) this genotype of MRSA has never been isolated
from this species.

Our deection of an ST72/t3092/S@:d/ strain was unexpected. ST72 is the most common
CommunityAcquired (CA) MRSA genotype in South Korea, and ST72/8€®/ can cause
bacteremia, invasive infections and death (Le¢ al., 2010; Park et al.,, 2015).
ST72/t3092/SCmed/1ll has also been isolated in hospitals in South Africa, where it is considered a
Aisporadico clinical g et alo20)p e additibrg 8T¥23CkdVahas Re n s
been isolated in a Brazilian hospital (Schueatlal.,2009). Regardindood-related MRSA ST72,

only two studies from Korea report its presence in the meat and milk production chain; the only
genotype associated with milk, farmers and the farm environment was ST72/t38#E0C
whereas several genotypes were detected in domestic and imported meatsgLig013; Kimet

al., 2015). The identification of ST72 in buffalo milk products in Italy might be explained by the
global trade in livestock animals or by thefanm pregnce of extréEuropean operators carrying the
strain; further offarm research is required in order to clarify our finding.

The antimicrobial susceptibility tests have shown that human and buffalo BTM strains are resistant
to a wide range of antimicrobg&belonging to different classes, but it must be emphasizedlthat

isolates in our study were susceptible to vancomyimresent, multidrug resistant MRSA strains
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of both animal and human origin are quite frequently found worldwide (Weese and vardduyik
2010; Pariset al.,2017). Interestingly, we found one buffalo MRSA isolate (the ST72 strain) resistant
to tobramycin. This is an uncommon finding in MRSA animal isolates, since tobramycin is an
antimicrobial rarely used in veterinary medicine, #adise in Italy is only allowed for pet animals
(Italian Ministry of Health, 2019)This finding could be explained by the widespread diffusion of
antimicrobial genes in the environment and in the bacterial population living on farms; in fact,
antimicrobal-resistant bacteria can also be found in farmed animals where antimicrobials are never
used(Gebreyeset al., 2006; Mollenkopfet al., 2014). On the other hand, the same strain was
susceptible to tetracycline, although anirassociated MRSA is frequeyptiesistant to tetracycline

due to largescale use of this antimicrobial in animal farming/gndlandtet al, 2013. The
susceptibility of the ST72 isolates to tetracycline reinforces the hypothesis that this isolate is-a human
derived strain.

One buffalamilk strain wasne® positive/susceptible to the cefoxitin test (Table 2); givenrtieA

gene detection is considered the most reliable method for identification of MRSA. This finding
confirms that phenotypic methods may not identify MRSA, which caailserconcerns about the
choice of an antimicrobial molecule for the treatment of mastitis; indacantimicrobial treatment
based on the results reached by the phenotypic methods could be incorrect as the molecule used migh
not affect the microorganisiested.

On the other hand, phenotypic oxacHnsceptiblanecApositiveS. aureufOSMRSA) is known

and has been isolated from cows with mastitisgtPal.,2014). Further insights are required in order

to clarify our finding.

With regard to the foodborne rigi staphylococcal food poisoning (SHiked to the presence of
MRSA in raw buffalo milk, the results of our survey suggest that this risk is gquited, considering

that no isolates were enterotoxigenic. These findings contrast with those of other surveys on the
occurrence of MRSA in cowbs mil k, wHaanetal.ent er

2012; Normannet al.,2007; Wanget al, 2014). It is actually difficult to compare our findings with
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other studies on the prevalence and characteristics of MRSA in buffalo milk, due to the scarcity of
research regarding these issues.

Nonetheless, in a previous study;Adhker and colleaguegported the isolation of two MRSA
strains from mastitic buffaloes belonged to the CC5/V and CC22/1V, carrying the genes encoded for
SEA and SED and thecgcluster, respectively (EAshkeret al., 2015).

It is well known that foodelated MRSA, particuldy those isolated from milk, may be able to
synthesize a biofilm, allowing their persistence and spread in dairy plants (Vetgara2017).

Biofilm formation by S. aureuss mediated by the intercellular adhesion opeioa) (Gadet al.,

2009) and oumilk isolates carry theeaA gene, which raises concerns about the potential hazard due
to the presence of MRSA in dairy plants.

In conclusionour findings suggest that contact with buffalo on the farm and the handling of raw milk
during cheese productigpose a potential threat to human health, as does the consumption of buffalo
dairy products, since most are traditionally made using raw milk. In addition, raw buffalo milk could
be considered a vehicle for the spread of antimicrobial resistant bactdritaedr genes along the

food chain. Oudetection of MRSA in buffalo BTM samples confirms the potential zoonotic risk
associated with direct contact with farm animals or the handling and consumption of raw buffalo milk
and/or its dairy products, indicatjrihe need to consider caregdsessment of the related foodborne

and occupational risks.
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Tables

Species

Protein %

Fat %

Lactose%

Buffalo

(Bubalus bubalis

4.38

(min 3.44; max 6.29)

7.73

(min 4.90; max 13.39

4.79

(min 2.95; max 6.10)

Cattle

(Bos tauru}

3.42

(min 2.54; max 4.19)

4.09

(min 3.23; 5.34)

4.82

(min 4.40; max 5.33)

(Capra hircug

(min 238; max4.43)

(min 3.06; max6.02)

Sheep 5.73 6.99 4.75
(Ovis arie$ (min 3.35;max6.60) | (min4.10;max9.30) (min 3.70; max 5.21)
Goat 3.26 4.07 4.51

(min 4.08 max5.09

Table 1. Chemical composition of milk from various animal species. From Barl@vska2011

Isolates Origin sau med
11439 Buffalo milk + +
21440 Worker + +
31442 Buffalo milk + +
41443 Buffalo milk + +

spa
ST SCCmec
ype
1 1127 IVa
1 1127 IVa
72 13092 V
1 1127 IVa

icaA luk

se

Table2. Genotypic characteristics of MRSA isolates
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Disc diffusion test

Oxacillin

Oxacillin E= | Antimicrobial resistance
Isolates — N agar screen .
Oxacillin ~ Cefoxitin test test profile

AUG-AMP-CTX-FOX-

114390 R R R R DXT-E-K-OX-P-S-ST-
TE-SXT
AUG-AMP-CTX-FOX-

21440 R R R R DXT-E-K-OX-P-S-ST-
TE-SXT
AMP-CTX-FOX-ENR-E-

31442 R R R R CN-K-OX-P-ST-SXT-
TOB

Aras R S R R AMP-CXT-E-K-OX-P-S-

ST-TE

Table3. Phenotypic characteristics and antimicrobial resistance profile of MRSA isolate

Abbreviations.

R: resistant (disc diffusion tesbxacillin: 10 mm;cefoxitin: 21 mm).
AUG, amoxicillin/clavulanic acid; AMP, ampicillin; CTX, cefotaxime; FOX, cefoxitin; DXT, doxycycline; ENR,
enrofloxacin; E, erythromycin; K, kanamicin; OX, oxacillin; P, penicillin; S, streptomycin; ST, sulfisoxazole; T
tetracycline;SXT, trimethoprimsulfamethoxazole; TOB, tobramycin.
Isolate numbers are in accordance with those in Table 1
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Part 2.

Could MRSA survive in the acidic conditions of the human stomach?
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Abstract

It is well known that Methicillin resistar§taphylococcus aureMRSA) can enter the food chain

and its presence in several kinds of food has suggested that it could act as a foodborne pathogen;
although this hypothesis is interesting, there are stilesanclear features for the hypothesis to be
define. For instance, nothing is known about the ability of MRSA included in food, to overcome the
acid-dependent bactericidal barrier of the human stomach. Imntiwigro study we investigated the
survival ofMRSA inoculated in two foods of animal origin exposed to the simulated acidic conditions

of the human stomach. To address this issue, a known amoGaf(hfL?) of animal origin MRSA
ST398/t011/V and of human origin MRSA ST1/t127/IVa strains were lateul intoricotta cheese

and hamburger samples. The pH of the matrices was gradually decreased from 6.0 down to 2.0 during
a period of about 2 h, under conditions simulating gastric mechanical digestion and MRSA were
recovered byMRSA-SELECT® (BioRad)Although both strains showed a certain acidic resistance,
they showed different responses at the lower pH during the experiment: ST398 survived unharmed
during the course of the experiments to the last stage at pH 2 where counts of 6fdr ¢hég
hamburge and 7.5 log cfu/g foricotta cheese assays were obtained at the end of the digestion. In
contrast, the ST1 population was affected by the lower acidic levels with a different acidic resistance
between the two matrices, being no longer detectable atfpHt3e hamburger and at pH 2 for the
ricotta cheese assays. This is the first study that has investigated the ability of MRSA to overcome
the acidic conditions of the human stomach and add a new evidence that might contribute to

expanding knowledge aboilite significance of MRSA in the food safety debate.
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1. Introduction

Methicillin resistant Staphylococcus aureuVMRSA) is a widely known human and animal
antimicrobial resistant bacteria responsible for mild to severe pathologies (Doulefeaak?017).

MRSA was considered almost exclusively a nosocomial pathogen for decades&Daly|2012);

later, a great numberf studies reported the detection of MRS#A the community, from food
producing animals and from humans in close contact with them, such as farmers, veterinarians,
slaughterhouse workers (DeLebal, 2010; Vanderhaeghet al, 2010; Khannat al, 2008;Weese

et al.,2010), suggesting its zoonotic roleHSA, 2009. Moreover, both animal and human MRSA
strains have been found in several foods of animal origin such as pork (detBbgz 0 0 9 ; OO BT |
et al.,2012) poultry F e b ét &.y2011; Hansomt al., 2011), beef (Tenhagest al, 2014) and horse

meat (Pariset al.,2017), as well as in raw milk and dairy products (Normaetrad.,, 2007; Pariset

al.,, 2016) as a consequence of animal contamination during slaughter and milking and human
contamiration during food handling. In addition, two fooelated outbreak&luytmanset al, 1995;
Joneset al.,2002)and some cases of enterocolitis due to MRBregslyet al.,2016; Bergeviret

al., 2017) have been reported. The presence of MRSA at diffggentalence in foodstuffs, has
suggested the possibility of it being a foodborne pathdyamever, according to the European Food
Safety Authority (EFSA), eating and handling food contaminated by MRSA is still considered a
potential vehicle of transmissidEFSA, 2009)Although a study has supported the hypothesis of the
zoonotic foodborne role of MRSA in such human infections (Laetext.,2016), to date, there are

too many missing pieces to complete the whole picture in order to define MRSA as foodborne
pathogen. In fact, the first requirement for the enteric colonization during an active infection is the
ability of the bacteria to circunewt the acidic environment of the stomach and pass into the intestinal
tract (Smith 2003; Gahan and Hill, 2005).

It is widely recognized that a normal gastric acidity by killing ingested pathogens (Donskey, 2004)

may provide an important host defense agiihese microorganisms (Retcal.,2006), as previously
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demonstrated for several gramgative bacilli (Giannellat al., 1972) and vegetative cells of
Clostridium difficile(Wilson et al. 1985),as well as for nosocomial pathogens, suck adifficile,
Candida albicans, methicillanesistant Staphylococcus aureyBIRSA), vancomycimresistant
Enterococcuspp (VRE), and extendedpectrumb-lactamasgroducingenterobacteriaceaéBen

Ami et al.2006; Dialet al.,2004; Dialet al.,2005; McNeilet al.,2006; Puznialet al.,2004).

A number of studies have examined the adaptation responSesofeusexposed to HCI stress in
fermented foods (Boret al., 2007; Rodeet al., 2010), however, relatively little information is
available regarding the abilityf acidic conditions of the human stomach to kill ingested MRSA. The
aim of this study was to evaluate the survival of two MRSA strains included in two foods of animal
origin exposed to the human stomach environment by miming the gastric acid conditioits an

mechanical digestion.
2. Material and Methods

2.1 Preparation of Methicillin resistant S. aureus(MRSA) inoculum. A MRSA ST398/t011/V
strain, previously 1isolated from raw cowds
isolated from human nasal swabs (Paetsal, 2016), were individually suspended in 5 mL of BHI
broth and incubated at 37°C for 24 h. The MRSWure of the strains was prepared by resuspending
for each one 20 uL of the piroculum in 5 mL of fresh BHI broth incubated at 37°C for 24h. The
MRSA concentration of each inoculunsubsequently used in the&imulated gastric acidity

experimentwas 5mL x 10 cfu mLtaccording to the McFarland standard.

2.2Preparation of food matrices The fedmediumwas prepared as previously described by Barroso
and colleagues (Barros al, 2015). The medium contained arabinogalactan (1 g/L), pectin from
appk (2 g/L), xylan (1 g/L), potato starch (3 g/L), glucose (0.4 g/L), yeast extract (3 g/L), peptone (1
g/L), mucin (4 g/L) and tcysteine (0.5 g/L). Once the powders were dissolved, the mixture was then

autoclaved, and the pH value was adjusted until a¢hed the value of 6.5.
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Two foods of animal origirricotta cheese and hamburger, were used in the experiments. To exclude
bias in the results, each food was tested prior to the experiment for the pres@nai@usand

MRSA using protocols describedselvhere (Parist al.2016).

For the preparation of the experimental suspension (ES) used in this study, fifty grams of each matrix
were individually added to 50 mL of fed mediwan37°C and homogenized for 10 min at 230 RPM
using a stomacher at room teenature. Finally, 5 mL of each inoculum was added (5% of the

volume) to each of the two prepared ES.

2.3Gastric acidity experiment. The simulated gastric acidic experiment was performed as described
by Haffneret al (Haffneret al.,2017) with slighmodifications(Fig 1). Briefly, the pH of the samples

was gradually decreased during a period of about 2 hours and periodically homogenized by using a
stomacher miming the mechanical digestion of the stomach (Haffratr,2017; Maisanabaet al.,

2018). In detail: after the MBA inoculation into each prepared,l88d its first homogenization (230

RPM for 10 min) in a stomacher bag, the pH ofribetta cheese and the hamburger (stabilized at

pH 6.0 starting from pH 6.5 and pH 5.8, respectively) was decreased in steps fri@f)a® 2.0

(T4) by adding a specific amount of 1 M HCI (from 500 pL to 19000 pL). Each sample was shaken
for 2 min at room temperature and incubated at 37°C for 15 min at each point of the experiment,
except for the last one, when they were incubate@danin at 37°C, as suggested by Haffeteal.

(Haffner et al., 2017) For each food experiment a 50 mL amount of fed medium without food
matrices inoculated with each MRSA strain was used as a control. Each control had the same initial
pH as its matrix, ad they were both processed under the abovementioned conditions.

Each experiment was carried out twice.

2.4 MRSA count. Appropriate serial dilutions of each sample at each sampling time, from TO
(inoculum time) to T4, were seeded onto platddBSA-SELECT® (BioRad) and incubated at 37°C

for 24h.
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2.5Total Bacteria Count (TBC). A total bacterial colony count (TBC) was carried out on both non
inoculatedicotta cheese and hamburger at three different points during the experimenipltd),
at T2 (pH 4),at T4 (pH 2) by using the Plate Count Agar (Microbiol) according to the protocol reported

in the ISO 48331:2013 (ISO 4833:2013).

2.6 Statistical analysis.To compare the behavior of MRSA strainsboth the matrices and the
controls, the differences in MRSA average counts between the food matrices and in comparison, with
their controls, werstatistically tested with a Studetatest 0.05 < P < 0.10).

To evaluate the variation in acidic resistance of each MRSA strain duriogufse of the experiment

at each stage in the decrease of the pH values (fs¢onT) in both the matrices and the controls the

coefficient of variation (CV%) was used.

3. Results

3.1 MRSA count. The MRSA count of both strains showed a decrehseng the course of the
experiments, as reported in Table 1 and in Figures 1,The3two MRSA strains showed a different
variation in acidic resistance at given pH. In detail, in the controls and in both the matrices, the
variation in acidic resistanad ST398 corresponded to a coefficient of variation under the factor 10,
while for ST1 it was over the factor20

The survival threshold of both stramas higher in theicotta cheese than into the hamburgeig(

2, 3 4). A count of log 7.57.6 cfuf of ST398 was still obtained at {pH 2) in the controls and in
thericotta cheese, respectively. The most significdetrease for ST398 was recorded afpH 3)

in thericotta cheese experiment and also in the hamburger experiment, in which we demoedeg

cfu/g less than its concentration at its initial pH; @H 6.0) Tab 1.

Similarly, ST1 strain in theicotta cheese was detectable with slight decreases during the course of

the experiment until F(pH 3), when a count of 7.6 cfu/g was stilltained. After that, it was no
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longer detectable ¢J pH 2.0). In contrast, in the hamburgers there was found to be a significant
decrease, with a count of log 6.5 cfu/g, a{dH 4), after which it was no longer detectalilalf1).

A statistically signiicant difference between the behavior of the ST398 imitinéta cheese and in

the hamburgers, as well as in the food matrices compared to their relative controls, was found. In
contrast, the ST1 population, showed no statistically significant differkaepjng the same acidic
resistance during the course of the experiments both when it was included in a solidrroattax (

cheese or hamburger) and when it was in the fed medium.

3.2 Total Bacteria Count. Total bacterial count showed decrease during the course of the
experiment. In detail, atolthe total bacterial counts, in theotta cheese and the hamburger
experiment, ranged between log 7.4 and 7.0 cfu/g, respectively (i B) the total bacterial count,
in both matrices, keghe same values with a light increment forrietta cheese (log 7.6 cfu/g) and
a slight decrease for the hamburger (log 6.9 cfég).4 (pH 2), total bacterial counts were no longer

detectable in either of the matrices.

4. Discussion

S. aureusnd its methicillinresistant variant (MRSA) are microorganisms which have a great impact
on both human and veterinary medicine (WHO, 2014); its marked adaptability and its coevolution
with its host(s) enable it to be successful as an oppoitupathogen and to be resistant to changing
environments (Clememt al.,1998).S. aureusis also a major foodborne pathogen, representing the
leading source of foodborne intoxication (Le Leiral.,2003; Fetsch and Johler, 2018). In addition,
MRSA hasbeen identified as an important cause of enterocolitis especially in hospitalized patients
and in those who have a decreased gastric acidic production (FRaeak|Y2016). The detection of
MRSA in a variety of foods of animal origin, as a consequeharimal and/or human contamination

(Normannoet al., 2007), launched a scientific debate on its role in causing infectienfod
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consumption, but the survival of MRSA in the acidic conditions of the human stomach has not yet
been investigated.

Assumirg that the gastric bactericidal barrier is primarily acid dependent (Drasar, 1969; Hornick,
1971; Peterson, 1999) because the low pH is able to control bacterial population in gastric
environment (Smith, 2003), we investigated the ability of MRSA to oweecthe human gastric
barrier by miming the acidic conditions of the stomach.

Considering that MRSA has been detected in meats and cheeses, in our experiments we hypothesizec
a contamination of hamburger ancbtta cheese samples with animal and human MR®8ains and

to evaluate their fate under the acidic environment of the human stomach; we have chosen a ST398
strain because of its zoonotic ability (Van den Eetdal., 2013) and a ST1 strain, known as a human
pathogen (Monacet al.,2013).

A long-tetm mechanical homogenization of each matrix was performed in order to recreate the
conditions in which food arrives (&®lug in the proximal part of the stomach after the oral chewing

and the transit through the esophagus (Kong and Singh, 2008). Accturdiiadfneret al. (Haffner

et al.,2017) and on the basis of the human gastric digestive phases, the MRSA population was thus
exposed to a decreasing pH for different incubation times right down to the lastsp<2), when

the time of exposure to the lower acidic environment was doubled (from 15 to 30 minutes). In fact,
solid foods initially remain in the proximal part of the stomach while liquids are passing into the
duodenum (Pakt al.,2007; in a second phe, food particles are mixed, pumped out ofatreim

and moved from the fundus to the duodenum by propelling actions (Kong and Singh, 2008). Although
the remarkable decrease of the TBC, which confirmed the efficacy of our procedure, MRSA ST398
survived unharmed during the course of the entire experiment with a slight decrease from the higher
permissive pH value (pH=6.0) to the final stage at pH 2. In contrast MRSA ST1 showed a dramatic
reduction during the course of the experiments

Although not strictlycomparable, these results confirmed what previously reported on the resistance

of S. aureusunder acid conditions. For example, Chan and colleagues, reportesl. thateuss
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rapidly killed by acid (pH 2) but it is able to resist and adapt to acidicssfriss first exposed to a
higher, norlethal pH (Charet al. 1998; Smith 2003); moreover, Rao and colleagues observed a
significantin vitro killing of MRSA exposed to the lower gastric acid (pH 1 and 2) @ab.,2006).

On the other hand, a study acidic stress induced by both aparmeant inorganic acid (HCI) and
weakpermeant organic acid showed tBataureusvas affected the most hilge organic acid, at the

same pH (Luncet al. 2000). Nonpermeant acids do not affect the pH of the cytoplasrmuch as

weak permeable acids, and microorganisms are generally more sensitive to the internal pH
modification than to a change in external pH (Bea®®94), confirming the role of the lopH-

control in reducing or inhibiting the growth of certain baetén food (Rodeet al.2010).

The ST1 strain showed a different acidic resistance under the lower pH in both the matrices and their
relative controls. Thibehaviourcould be explained by the different composition of the food matrices,
considering thatood nutrients, especially the fat content, play a protective role for microorganisms
against the acidic stress (Drouaeltal. 1999). However, although the hamburger used in this study
was composed by a fat content (16%) higher thatitbéta chees€11.6%), ST1 population showed

less acidic resistance in the hamburger experiment, where it was not detectable githg) Than

in thericotta cheese experiment, where it was significantly affected by the low pH@atR) (Tab.

1). Further studieare needed to explain thiehaviour

Further studies need to be carried out in order to explain the behavioural difference ISetaweens

and MRSA strains, and between the different MRSA strains under acidic conditions, as well as to
assess the rolaf theme® and other antimicrobialesistance genes in this finding.

To the best of our knowledge, this is the first study which investigatésitla@iourof MRSA strains

in the acidic conditions of the human stomach. Although we detected differemwegté¢he acidic
resistance of the two MRSA strains used in our experiments, our results demonstrate that certain
strains of MRSA have a strong (prob)ability of surviving under acidic stress conditions. As
consequence, they could pass the gastric banieresach the bowel where they could cause an active

infection (Watanabet al., 2001; Presshet al., 2016 Bergevinet al., 2017). In conclusion, our
107



results add new knowledge about the fate of MRSA in the acidic condition miming the human

stomach; thesindings may contribute to bettdefine its role in the food safety debate.
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Tables and Figures

Control Ricottacheese Hamburger

ST 398 ST1 ST 398 ST1 ST 398 ST1

T pH Log R Log R Log R Log R Log R Log R

To 6 7.7 01 74 04 7.9 04 79 0.3 7.5 04 75 03

T1 5 7.5 08 74 01 7.7 05 75 0.3 7.2 09 6.3 03

T2 4 7.6 0.2 6.1 03 7.8 03 74 0.2 7.2 04 6.7 04

T3 3 7.6 01 0.0 00 7.8 02 76 01 6.9 0.2 0.0 0.0

Tsa 2 7.5 0.3 0.0 00 7.6 0.2 0.0 0.0 6.5 0.0 0.0 0.0

Tablel. MRSA ST398 and ST1 counts at each given pH level imi¢tbé&a cheese, hamburger and control assays.

R=range (of variation) between the two repetitions of each assay.

HCl 1M

HCl 1M /
MRSA FOOD -———\
ST398 Hamburger HCl 1M
sT1 Ricotta T, HCl 1M o
T, pH 3

T pH 2
s T,

Figural. Experimental desigirawn by Dr.Elisa Spinelli
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