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WYKAZ STOSOWANYCH SKROTOW

ALOP — odpowiedni poziom ochrony (ang. Appropriate Level of Protection)

AMR - Oporno$¢ na $rodki przeciwdrobnoustrojowe (ang. Antimicrobial resistance)

aw - aktywnos¢ wody

CC - kompleks klonalny (ang. clonal complex)

cgMLST — wielooogniskowe typowanie sekwencyjne na podstawie genomu rdzeniowego
(ang. core genome multilocus sequence typing)

EFSA - Europejski Urzad ds. Bezpieczehstwa Zywnosci (ang. European Food Safety
Authority)

GHP - Dobra Praktyka Higieniczna (ang. Good Hygienic Practice)

GMP - Dobra Praktyka Produkcyjna (ang. Good Manufacturing Practice)

jtk-jednostki tworzace kolonig

MALDI - Desorpcja/Jonizacja laserem wspomagana matryca (ang. Matrix-Assisted Laser
Desorption/Ionization)

MDR- wielolekooporno$¢ (ang. Multi drug resistance)

MIC - minimalne stezenie hamujace (ang. Minimum inhibitory concentration)

MLST — typowanie gendOw metabolizmu podstawowego (ang. multi-locus sequence typing)
MRSA - metycylinooporny Stapjylococcus aureus (ang. Methicillin resistant Staphylococcus
aureus)

MSSA - Staphylococcus aureus wrazliwy na metycyline (ang. ang. methicillin-sensitive
Staphylococcus aureus)

OD - gestos¢ optyczna (ang. Optical density)

PCR - tancuchowa reakcja polimerazy (ang. polymerase chain reaction))

RHD - rolniczy Handel Detaliczny

SEls - enterotoksyny podobne do toksyn (ang. Staphylococcal enterotoxin-like toxins)
SEs - enterotoksyny gronkowcowe (ang. Staphylococcal enterotoxins)

SFP - gronkowcowe zatrucie pokarmowe (ang. Staphylococcal foof poisoning)

ST - typ sekwencyjny (ang. Sequence types)

TBE - Tris-borate EDTA

VRSA- Staphylococcus aureus oporny na wankomycyng (ang. vancomycin-resistant

Staphylococcus aureus)



STRESZCZENIE

Bezpieczenstwo zywno$ci to kwestia priorytetowa ze wzgledu na nawracajace
zatrucia pokarmowe wywolywane przez patogeny w tym Staphylococcus aureus. Ze wzgledu
na swoj potencjal zoonotyczny, kontrola S. aureus ma nie tylko ogromne znaczenie
ekonomiczne w przemysle mleczarskim, ale takze stanowi istotny problem dla zdrowia
publicznego.

Niniejsza praca miala na celu analiz¢ antybiotykoopornosci oraz wirulencji szczepow
S. aureus wyizolowanych z tancucha produkcji polskich serow zagrodowych. Wyniki
wykazaty, ze wysoki odsetek izolatow S. aureus wykazywal opornos¢ na wiele antybiotykow,
wykorzystywanych e leczeniu zakazen bydta, w tym na tetracykliny, penicyliny i makrolidy,
ktére sa powszechnie stosowane w leczeniu zakazen u bydta. Ponadto wykazano, Zze wiele
izolatow S. aureus posiadato geny wirulencji, ktore moga mie¢ wplyw na zdolno$¢ bakterii do
powodowania infekcji u ludzi. Dodatkowo, stwierdzono, ze czynniki stresowe zwigzane
z wytwarzaniem i utrwalaniem zywnosci, takie jak zmiana pH i stezenie NaCl, mogg wplywac
na ekspresj¢ genow enterotoksyn.

Przeprowadzone w niniejszej pracy doktorskiej badania podkreslaja potrzebe statego
monitorowania szczepoéw S. aureus w tancuchu produkcji zywnos$ci oraz implikujg potrzebe
zwigkszenia $wiadomosci producentow serow zagrodowych na temat zagrozen zwigzanych
z tymi bakteriami oraz promowanie wtasciwych praktyk higienicznych w procesie produkc;ji,

co w konsekwencji pozwoli na zwickszenie bezpieczenstwa zdrowotnego konsumentow.

Stowa kluczowe: Staphylococcus aureus, wirulencja, sery zagrodowe, antybiotykoopornos¢,

ekspresja genow,
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ABSTRACT

Food safety is a priority issue due to recurrent food poisoning caused by pathogens
including Staphylococcus aureus. Due to its zoonotic potential, the control of S. aureus is not
only of great economic importance in the dairy industry, but also a major public health concern.

The present study aimed to analyze the antibiotic resistance and virulence of S. aureus
strains isolated from the production chain of Polish artisanal cheeses. The results showed that
a high percentage of S. aureus isolates showed resistance to many antibiotics used to treat cattle
infections, including tetracyclines, penicillins and macrolides, which are commonly used to
treat infections in cattle. In addition, many S. aureus isolates were shown to possess virulence
genes that may affect the bacteria's ability to cause infections in humans. In addition, it was
found that stress factors associated with food production and fixation, such as pH change and
NaCl concentration, could affect the expression of enterotoxin genes.

The research conducted in this dissertation underscores the need for continuous
monitoring of S. aureus strains in the food production chain, and implies the need to increase
awareness among homestead cheese producers of the risks associated with these bacteria and
to promote proper hygienic practices in the production process, which will consequently

increase consumer health safety.

Keywords: Staphylococcus aureus, virulence, artisanal cheese, antibiotic resistance, gene

expression

11



1. WSTEP
1.1.CHARAKTERYSTYKA STAPHYLOCOCCUS AUREUS

Staphylococcus aureus (S. aureus) jest Gram-dodatnim, fakultatywnym patogenem
wzglednie beztlenowym, ktéry charakteryzuje si¢ zdolno$cia wzrostu w umiarkowanych
temperaturach, wykazuje osmotolerancyjno$¢ jak rowniez zdolno$¢ do wzrostu w warunkach
niskiej aktywnosci wody jak i niskim pH (Tabela 1). S. aureus jest patogenem zdolnym do
wytwarzania szerokiej gamy enterotoksyn, w tym enterotoksyn gronkowcowych (SEs),
enterotoksyn podobnych do toksyn (SEls), leukocydyn, eksfoliatyn i toksyny tsst-1, ktore
wykazuja odporno$¢ na wysokie temperatury 1 mogag stanowi¢ czynnik etiologiczny zatru¢
pokarmowych (SFP), zesp6t wstrzasu toksycznego, jak rowniez zapalenie skory u ludzi (Sugrue
iin., 2018).

Nalezy podkresli¢, ze gronkowcowe zatrucie pokarmowe (SFP), wywolywane gléwnie
przez S. aureus 1 bardzo sporadycznie przez inne gatunki Staphylococcus, jest jedng
z najczestszych chorob przenoszonych przez zywno$¢ na catym §wiecie (Szczuka i in., 2022).
Enterotoksyny klasyfikowane sg jako superantygeny, tj. majga zdolno$¢ stymulowania duzych
populacji limfocytow T, ktore powoduja nieuregulowang aktywacje odpowiedzi
immunologicznej. Jesli ta stymulacja jest dlugotrwala, wytwarzane sa ogromne ilo$ci cytokin,
co prowadzi do r6znych objawow ostrego wstrzasu toksycznego. Objawy te wystepuja w ciggu
kilku godzin po spozyciu skazonej zywnosci, a konsumenci doswiadczaja wymiotdw, biegunki
1 bolu brzucha. Choroba ma charakter samoograniczajacy si¢ i zwykle ustgpuje w ciggu 12-24

godzin (Pinchuk i in., 2010).

Tabela 1. Warunki wzrostu S. aureus.
Opracowanie wilasne na podstawie (Sugrue i in., 2018).

Wzrost bakterii Produkcja enterotoksyn
Czynnik Zakres optimum Zakres Optimum
temperatura 6-48°C 35-41°C 10-48 °C 34-40°C
aw >0.83 0.99 >0.86 0.99
stezenie NaCl 0-20% 0% 12% 0%
pH 4-10 6-7 5-9.6 7-8

S. aureus jest szeroko rozpowszechniony w srodowisku naturalnym, glebie, wodzie, na
btonach §luzowych ludzi i zwierzat. Jako patogen wystepujacy w zywnosci stanowi potencjalne
zagrozenie dla zdrowia konsumentéw. Jest czegsto izolowany z roéznych produktow
spozywczych, w tym migdzy innymi jaj, warzyw, surowego mleka i jego przetworéw, migsa

1 produktow migsnych jak rowniez z owocéw morza (Liang i in., 2023). Mleko i produkty
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mleczarskie (w tym sery z mleka niepasteryzowanego) sa naturalnie podatne na kontaminacje
bakteriami S. aureus, ktore moga si¢ namnaza¢ i wytwarza¢ enterotoksyny (Szczuka i in.,
2022). W zwiazku z tym, istotne jest zapobieganie mozliwos$ci kontaminacji ZywnoS$ci przez
S. aureus. Mimo, ze w Unii Europejskiej liczba zglaszanych przypadkow SFP spada - w 2020 r.
zgtoszono 43 ogniska, 402 przypadki i 32 hospitalizacje, podczas gdy w 2021 roku zgtoszono
tylko 13 ognisk wywotanych przez toksyny gronkowcowe (EFSA, 2021). Warto podkresli¢, ze
mimo ze z gronkowcowymi zatruciami kojarzono wylacznie enterotoksyny SEA-SEE, od
dhuzszego czasu wiadomo jednak, ze rowniez enterotoksyny SEG, SEH, SEI, SER, SES i SET
majg wlasciwosci wymiotne. Enterotoksyna SEH zostala zidentyfikowana jako czynnik
zbiorowych gronkowcowych zatru¢ pokarmowych w Norwegii i Japonii. Badania
przeprowadzone przez Omoe i in. (2013) wykazaty, ze rowniez enterotoksyny SEK-SEP oraz
SEQ po doustnym podaniu indukujg wymioty u matp. W zwigzku z powyzszym ocena stanu
mikrobiologicznego surowca jakim jest mleko niepoddane pasteryzacji jak rowniez ocena
jakos$ci mikrobiologicznej serow zagrodowych jest istotna z punktu widzenia bezpieczenstwa
zywnosci. Nieliczne jak dotychczas badania wskazuja, ze zastosowanie subletalnych bardziej
niz letalnych warunkéw obrobki zywnosci, moze prowadzi¢ do rozwoju lekoopornosci
1 wzrostu wirulencji patogenow. Badania Rosengren i in. (2013) sugeruja, ze wytwarzanie SEA
zwigksza si¢ pod wplywem lagodnego stresu zwigzanego z kwasem mlekowym i octowym.
Niezmiernie wazne jest wigc, uzyskanie informacji na temat wptywu czynnikdéw stresowych na
powstawanie enterotoksyn, aby zminimalizowac ich powstawanie podczas produkcji zywnosci.

Wielu autoréw donosi, ze 15% do 80% S. aureus wyizolowanych z roznych Zrddet jest
w stanie wyprodukowa¢ enterotoksyn¢ (SE) (Fooladi i in., 2010). W wielu krajach badacze
przeprowadzali analizy zwigzane z gronkowcowymi zatruciami pokarmowymi po spozyciu
mleka niepasteryzowanego lub/i prob sera (Rola 1 in., 2016). W badaniach Simeao Do Carmo
1 n. (2002) wykazano, ze spozycie sera Minas (produkowanego z mleka niepasteryzowanego)
wywotato objawy gronkowcowego zatrucia pokarmowego u 378 o0so6b. Dowiedziono, ze
zatrucie pokarmowe po spozyciu sera wywolala enterotoksyna SEE produkowana przez S.
aureus.

Niezmiernie istotnym zagadnieniem pozostajagcym w centrum uwagi biotechnologow,
lekarzy medycyny 1weterynarii oraz naukowcoOw jest opornos¢ na  Srodki
przeciwdrobnoustrojowe wsrod bakterii patogennych w tym S. aureus. Zjawisko wzrastajace;j
opornosci na antybiotyki zwigzane jest z bezkrytycznym ich stosowaniem w leczeniu ludzi i
zwierzat. Zgodnie z ostatnim raportem Europejskiego Urzedu ds. Bezpieczefistwa Zywnosci

(EFSA), okoto 700 000 oséb umiera kazdego roku na calym $wiecie w wyniku wzrostu liczby
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bakterii opornych na antybiotyki (Mancuso i in., 2021). Za najbardziej niebezpieczne uznaje
si¢ szczepy gronkowcdw metycylino-opornych (MRSA), posiadajacych w swoim genomie gen
mecA, charakteryzujace si¢ niewrazliwo$cia na wszystkie penicyliny, cefalosporyny
1 karbapenemy. W przypadkach MRSA antybiotykiem z wyboru przez dlugi czas byla
wankomycyna, jednak pojawily si¢ inne opcje, takie jak oksazolidynony, glicylocykliny
1 lipopeptydy (da Silva i in., 2020).

Waznym czynnikiem wirulencji wérdd szczepoéw S. aureus jest zdolno$¢ do tworzenia
biofilmu. W branzy mleczarskiej sektora spozywczego biofilm wytworzony przez szczepy
S. aureus moze by¢ wytworzony na kazdym etapie procesu produkcyjnego, co w konsekwencji
moze prowadzi¢ do kontaminacji produktow gotowych. (Avila-Novoa i in., 2021).

Biofilmy mikrobiologiczne tworzace si¢ na powierzchniach maszyn i urzadzen w zaktadach
przetworstwa spozywczego wplywaja nie tylko na bezpieczenstwo 1 jako$¢ produktu
koncowego, ale takze na przebieg procesu technologicznego (Gajewska & Chajecka-
Wierzchowska, 2020). W zdolnosci tej posredniczy wiele czynnikow genetycznych, w tym
operon icaADBC, ktéry koduje syntez¢ czasteczki polisacharydowej adhezyny
miedzykomodrkowej (PIA), gen agr i1 geny okreslano jako MSCRAMM (ang. Microbial Surface

Components Recognizing Adhesive Matrix Molecules).

1.2.WYSTEPOWANIE S. AUREUS W ZYWNOSCI I SRODOWISKU JEJ PRODUKCJI

S. aureus jest czesto izolowany z réznych produktow spozywczych, takich jak jaja,
warzywa, surowe mleko 1 produkty mleczne, migso i produkty migsne oraz owoce morza,
stanowigc tym samym zagrozenie dla zdrowia konsumentoéw (Liang i in., 2023).

Warto zauwazy¢, ze wskaznik wykrywalnosci S. aureus jest bardzo zrdéznicowany
w roznych regionach $wiata, co moze by¢ zwigzane z liczbg badanych préobek, lokalnym
klimatem, zwyczajami zywieniowymi, rodzajami zywnosci i metodami wykrywania tego
patogenu. W zwiazku z tym rozpowszechnienie S. aureus w zywnos$ci musi by¢ monitorowane
i kontrolowane na catym $wiecie.

W tabeli 2 przedstawiono czgsto$¢ wystgpowania szczepow S. aureus w latach 2012-2022
w zalezno$ci od kategorii produktu. Badania przeprowadzone przez Liang i in., (2023)
wykazaly, ze S. aureus byt obecny w 21.7% wszystkich prob zywnosci, w tym zaréwno
w produktach pochodzenia zwierzecego i roslinnego.

Migso 1 produkty migsne moga zosta¢ zanieczyszczone S. aureus na roéznych etapach
produkcji, w tym z powodu niehigienicznego uboju jak i podczas przetwarzania migsa. Warto

podkresli¢, ze zanieczyszczenie migsa S. aureus jest powaznym problemem w $rodowiskach
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produkcji 1 przetwarzania zywnosci. Poczatkowe zanieczyszczenie surowego migsa szczepami
S. aureus moze by¢ istotng przyczyng zanieczyszczenia produktow migsnych tym patogenem.
Mimo, ze w wodzie morskiej nie wystepuje S. aureus, jego wysoka czesto§¢ wystepowania
w owocach morza moze by¢ spowodowana zanieczyszczeniem po potowach, wtym do
kontaminacji moze doj$¢ przez rece pracownikoOw, niewlasciwe praktyki higieniczne, zte
warunki sanitarne a takze przez nieodpowiednie przechowywaniem (Sivaraman i in., 2022).
W zwigzku z tym nalezy podkresli¢ znaczenie wzmozonego monitorowania S. aureus
w zywnosci pochodzenia morskiego w celu uniknigcia zagrozen dla zdrowia konsumentow.

W latach 2012-2022 wykazano, ze czestos¢ wystepowania S. aureus w mleku i produktach
mlecznych wynosita 20,1%, w tym w mleku surowym, pasteryzowanym, jogurcie, masle
iserze. S. aureus moze by¢ wprowadzany na prawie kazdym etapie procesu produkcyjnego
w przemysle mleczarskim (Kiimmel i in., 2016). Nalezy zauwazy¢, ze wymiona (koz, krow,
wielblagdow) oraz skoéra strzykow zwierzat mlecznych, osob obstugujacych jak i powierzchnia
urzadzen mleczarskich moga powodowaé zakazenie mleka tym patogenem. Aby zapobiec
zanieczyszczeniu surowego mleka przez S. aureus z wymion kréw przed udojem, wymagane
sg odpowiednie metody dezynfekcji zbiornikow, rur transportowych i srodowisk przetworstwa
mleka. Ponadto warto zauwazy¢, ze najwigkszymi konsumentami mleka i1 produktow
mlecznych s3 dzieci, dlatego nalezy zwroci¢ wigksza uwage na wykrywanie S. aureus w
produktach tej kategorii (Liang i in., 2023).

Zwazajac, ze S. aureus jest szeroko rozpowszechniony w réznych rodzajach zywnosci oraz
w srodowisku jej produkcji istotne jest monitorowanie mozliwych drog wejscia tego patogenu
do tancucha produkcji zywno$ci co réwniez podkresla potrzebg stosowania skutecznych

strategii prewencyjnych w celu ochrony zdrowia konsumentéw.

Tabela 2. Czgsto$¢ wystepowania S. aureus w latach 2012-2022 w réznych rodzajach zywnosci. Opracowanie wilasne na
podstawie Liang i in., 2023.

Kategoria produktow Liczba badanych Liczba prob zanieczyszczonych % zanieczyszczonych préb
proéb S. aureus
Jaja 320 28 8.8%
Warzywa i owoce 1039 89 8.6%
Mleko i przetwory mleczne 9497 1912 20.1%
Migso i produkty migsne 10989 2919 26.6%
Owoce morza 959 245 25.5%
Produkty zbozowe 246 95 38.6%
Inne 1623 71 4.4%
Razem 24673 5359 21.7%
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1.3.SERY ZAGRODOWE

Sery zagrodowe produkowane z mleka niepasteryzowanego w tradycyjny sposob sg
zrodtem wielu grup drobnoustrojéw. Ryzykiem mikrobiologicznym jakie niesie konsumpcja
seré6w z mleka surowego, jest obecnos¢ patogennych mikroorganizméw, w tym S. aureus.
Niemniej jednak informacje na temat szczepow S. aureus wyizolowanych ze $rodowiska
produkcji seréw zagrodowych na matg skale w Polsce sa ograniczone. Okoto 10% serow
produkowanych w Europie wytwarza si¢ z mleka niepasteryzowanego co stanowi potencjalne
zagrozenie dla zdrowia konsumentéw (Pal, 2022).

Jednym z rodzajow seréw produkowanych z mleka niepasteryzowanego sg sery kwasowe.
Produkcja takiego sera polega na naturalnym zakwaszeniu mleka przez mikroflor¢ surowca. Po
etapie ukwaszania mleko jest podgrzewane do temperatury ok. 43°C, co powoduje jego
zgestnienie 1 oddzielenie si¢ skrzepu. Po kilkuminutowym odcedzeniu nadmiaru serwatki,
mieszanina jest odcedzana w celu usuni¢cia nadmiaru serwatki. Po schtodzeniu §wiezy ser jest
gotowy do spozycia. Taki typ sera jest powszechnie produkowany przez male gospodarstwa
1 sprzedawany na poziomie lokalnym przez producentéw bezposrednio klientom (Borawski i
in., 2021).

Drugi popularny ser produkowany réwniez przez wiele gospodarstw na matg skalg to ser
podpuszczkowy dojrzewajacy. Dodatek podpuszczki skraca czas ukwaszania mleka, powoduje
wigzanie skrzepu 1 oddzielenie go od serwatki, ze wzgledu na destabilizacje miceli
kazeinowych. Zestalony skrzep jest cigty na mniejsze kawatki, aby umozliwi¢ dalsze wydalanie
serwatki. Po oddzieleniu serwatki skrzep jest odcedzany od serwatki, po czym ser umieszcza
si¢ w formie. Po zakonczeniu produkcji ser zanurza si¢ w solance i pozostawia do dojrzewania
na okres do czterech dni. (Stefanou i in., 2022)

W Polsce rzemieslnicza produkcja sera jest wazng lokalng dziatalno$cig gospodarcza, ktérej
produkcja wzrasta w ostatnich latach. Od 2017 roku obserwuje si¢ dynamiczny wzrost liczby
podmiotéw dziatajacych w ramach Rolniczego Handlu Detalicznego (RHD), gdzie wérdd
produktéw oferowanych w ramach RHD znaczng cz¢$¢ stanowig sery wytwarzane
z niepasteryzowanego mleka. Zjawisko to jest zwigzane z obecnymi trendami konsumenckimi,
ze wzgledu na poszukiwanie przez nich alternatywy dla masowo produkowanych
przemystowych produktow mlecznych (Stefanou i in., 2022). Sery zagrodowe z mleka
niepasteryzowanego majg unikalny smak i aromat, ktory wynika ze sktadu gatunkowegokultury
bakteryjnej, jakosci mleka 1 warunkow produkcji. Nieprzetworzone mleko i naturalne procesy
fermentacji moga wptywac na rozwoj réznych smakéw i aromatoéw, takich jak orzechowy,
owocowy, ziotowy czy pikantny.
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Mimo unikalnych cech organoleptycznych warto zauwazy¢, ze sery zagrodowe z mleka
niepasteryzowanego moga rowniez wigza¢ si¢ z pewnym ryzykiem mikrobiologicznym.
Surowe mleko moze zawiera¢ patogeny, takie jak Salmonella, E. coli czy S. aureus. Warto
podkresli¢, ze zywnos¢ produkowana lokalnie, czgsto przy uzyciu tradycyjnych metod, rzadko
jest kontrolowana pod wzgledem bezpieczenstwa, a samym rolnikom/producentom czgsto
brakuje wiedzy zwigzanej z dobrymi praktykami higienicznymi i produkcyjnymi (Lobacz &
Zulewska, 2021; Soroka & Wojciechowska-Solis, 2019). Mimo to, jako$¢ mikrobiologiczna
takich produktow nie zostata w Polsce poddana krytycznej ocenie w odniesieniu do wymagan
okreslonych w rozporzadzeniu (WE) nr 852/2004, rozporzadzeniu (WE) nr 853/2004
i rozporzadzeniu (WE) nr 2073/2005, ktore okreslaja przepisy dotyczace higieny produkcji
zywno$ci pochodzenia zwierzgcego oraz kryteria bezpieczenstwa mikrobiologicznego
wymagane do osiggnigcia ustalonego odpowiedniego poziomu ochrony (ALOP) dla

konsumenta koncowego.

1.4.PRODUKCJA I UTRWALANIE ZYWNOSCI - ODPOWIEDZ NA STRES U

S. AUREUS

Metody utrwalania zywnosci majg na celu przedtuzenie jej trwatosci, zapobieganie
rozwojowi mikroorganizmow, utrzymanie jako$ci sensorycznej oraz zapewnienie
bezpieczenstwa produktow gotowych. Wsrdd metod utrwalania mozna wyrézni¢: metody
fizyczne oraz chemiczne. Do metod fizycznych naleza: suszenie (odwodnienie), chtodzenie
1 zamrazanie, pakowanie prozniowe 1 w atmosferze modyfikowanej, obrobke cieplng (w tym
pasteryzacja i sterylizacja), jak rowniez promieniowanie UV. Metody chemiczne polegaja na
dodawaniu substancji chemicznych takich jak: NaCl i kwasy organiczne. Szczepy S. aureus
wykazuja kilka mechanizméw reakcji na stres, aby przetrwa¢ w roznych warunkach
srodowiskowych (Feng i in., 2022).

W produkcji i utrwalaniu zywnosci, najczesciej spotykanymi warunkami stresowymi sa:
stres osmotyczny oraz zwigzany ze zmiang pH (stres kwasowy oraz alkaliczny).

S. aureus jest organizmem wysoce adaptacyjnym i nawet subtelne zmiany w warunkach
srodowiskowych moga wptywac na fizjologi¢ komorki. W szczegdlnosci, odpornos$¢ szczepu
na stres moze wzrosng¢, gdy jest on narazony na stres subletalny (Cebrian i in., 2010).
Narazenie na jeden rodzaj stresu moze rowniez zapewni¢ ochrone krzyzowa przed innymi
stresami. Szczepy nalezace do gatunku S. aureus wykazuja wysoka osmotolerancyjnosc, sg

w stanie rosng¢ w matrycach o ay=0,86 (lub nizszej). W produktach spozywczych aktywnos¢
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wody moze by¢ zmniejszona np. przez suszenie lub przez dodanie wysokich stezen cukru lub
soli. Efekt przeciwdrobnoustrojowy zmniejszenia aktywnos$ci wody opiera si¢ na
zapotrzebowaniu drobnoustrojow na utrzymanie wewnetrznego ci$nienia turgorowego. Wzrost
zewngtrznego cisnienia osmotycznego powoduje odptyw wody 1 kurczenie si¢ objetosci
cytoplazmatycznej, co ostatecznie prowadzi do odwodnienia komorki.

Enterotoksyny gronkowcowe sa bardzo stabilne i nie mozna ich inaktywowaé¢ metodami
takimi jak ogrzewanie, dlatego wazne jest zapobieganie wzrostowi S. aureus i produkcji
enterotoksyn w zywnosci (Sihto i in., 2016). Warto jednak podkresli¢, ze kazdy z elementow
przetwarzania zywnosci moze by¢ czynnikiem stresowym dla komorki, ktory moze indukowac
wzrost enterotoksycznosci. Warunki stresowe (niska warto$¢ pH, obnizona/zwigkszona
temperatura lub zmiana ci$nienia osmotycznego) powoduja zmiany metaboliczne w komorkach
bakteryjnych poprzez ekspresj¢ okreslonych zestawdow genoéw, w tym enterotoksyn. W tym
przypadku wazne jest zbadanie ekspresji kazdego genu enterotoksyny.

Dotychczas wigkszo$¢ badan koncentrowata si¢ na gtéwnie na analizie ekspresji genow
kodujacych klasyczne enterotoksyny w warunkach stresowych wystepujacych w §rodowiskach
przetwarzania zywnosci, podczas gdy wiedza na temat ekspresji nowo opisanych genow
enterotoksyn jest ograniczona. Dotychczasowe dane literaturowe wskazuja, ze produkcja
enterotoksyny zmniejsza si¢ pod wptywem stresu zwigzanego z obecnoscig NaCl (Etter i in.,
2022). Badacze wskazuja rowniez, ze produkcja enterotoksyn przez szczepy S. aureus zwigzana
jest z aw , przy czym wskazuje si¢ ze produkcja enterotoksyny SEA przez szczepy S. aureus
W mniejszym stopniu uzalezniona jest od tej wartosci, w poréwnaniu z produkcjg enterotoksyny
SEB czy SED.

W utrwalaniu Zywnosci obnizenie pH do kwasowego jest wykorzystywane do ograniczania
lub zahamowania wzrostu bakterii poprzez dodanie kwaséw do zywnosci lub poprzez
wzmocnienie naturalnej fermentacji w celu promowania zakwaszenia (Zapasnik 1 in., 2022).
Niemniej jednak hamujace dzialanie kwasow zalezy od uzytego kwasu, jego st¢Zenia oraz czasu
ekspozycji i zdolno$ci buforowania zywno$ci. W produkcji Zywno$ci powszechnie stosowane
sg stabe kwasy, do ktorych naleza: kwas octowy 1 mlekowy. Dziatanie przeciwdrobnoustrojowe
kwasow zwigzane jest z mechanizmami do ktérych naleza: wewnatrzkomoérkowa akumulacja
anionow kwasowych, hamowanie istotnych reakcji metabolicznych, redukcja sity napedowe;j
protondw i denaturacja biatek (Guan & Liu, 2020). Dane literaturowe wskazujace na wzrost
ekspresji gendow w odpowiedzi na stres kwasowy obejmuja podjednostki ureazy A, B i C
(ureABC), nuoF kodujacy dehydrogenaze NADH, atakze geny zaangazowane w stres
oksydacyjny (katA, sodA) i mechanizmy naprawcze (rexAB, polA) (Zhou i in., 2019). Dane
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dotyczace wptywu tagodnego stresu kwasowego na ekspresj¢ enterotoksyn sg ograniczone. Na
poziomie biatka wykazano, Ze produkcja enterotoksyn jest najwyzsza migdzy pH 6-7 (Sihto i

in., 2015).
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2. CEL BADAN

Za gtowny cel niniejszej rozprawy doktorskiej przyjeto oceng antybiotykoopornosci
i wirulencji szczepdéw S. aureus wyizolowanych z tancucha produkcji polskich serow
zagrodowych.
Glowny cel rozprawy zostal osiggniety poprzez realizacje celow szczegdtowych, ktore
obejmowaty:
1. Izolacj¢ i identyfikacje szczepéw S. aureus z tancuchu produkcji serow
zagrodowych.
2. Genotypowa i1 fenotypowa ocene antybiotykoopornos$ci izolatow oraz okreslenie
czynnikdéw wirulencji wsrdd szczepdw S. aureus.
3. Sekwencjonowanie wybranych izolatow i analizy bioinformatyczne.
4. Okreslenie wptywu czynnikow stresowych wystepujacych podczas produkceji

serow zagrodowych na ekspresje genow enterotoksycznosci.

3. HIPOTEZY BADAWCZE

H 1. Lancuch produkcji seréw zagrodowych jest zrodtem antybiotykoopornych (w tym
MRSA), wirulentnych szczepow S. aureus.
H 2. Stresy srodowiskowe wystepujace podczas produkcji seréw zagrodowych wptywaja

na ekspresj¢ genow enterotoksycznosci u S. aureus.
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4. MATERIAL I METODY

4.1.ORGANIZACJA I PLAN BADAN

W celu weryfikacji postawionych hipotez zaplanowano nast¢pujace zadania badawcze
(Rysunek 1).

Etap I — kompleksowa ocena globalnej czestotliwos$ci wystgpowania S. aureus w mleku
surowym 1 serach z mleka niepasteryzowanego (przeglad systematyczny dostgpnych
$wiatowych doniesien naukowych na temat wystepowania S. aureus w mleku surowych 1 jego
produktach, analiza statystyczna).

Etap II — izolacja i identyfikacja szczepdw S. aureus z tancucha produkcji polskich serow
zagrodowych oraz ich wstgpna charakterystyka fenotypowa, celem stworzenia kolekcji
szczepOw do dalszych analiz.

Etap III — zbadanie antybiotykoopornosci metoda mikrorozcienczen w bulionie
1 okreslenie czynnikow wirulencji wsrod badanych izolatéw, analiza genetycznych czynnikow
odpowiadajacych za wirulencj¢ z wykorzystaniem metody fancuchowej reakcji polimerazy
(PCR), sekwencjonowanie wybranych izolatow metoda WGS (ang. whole genomic
sequencing) wraz z analizg bioinformatyczng.

Etap IV - zbadanie wptywu czynnikow stresowych wystepujacych podczas konserwacji
i produkcji zywno$ci (stres kwasowy, zasadowy, osmotyczny) na ekspresje genow
enterotoksycznosci wsrod wybranych izolatow, metoda real-time PCR (PCR w czasie

rzeczywistym).
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*kompleksowa analiza danych literaturowych dotyczacych wystepowania S. aureus w mleku
surowym i serach z mleka niepasteryzowanego (P1)

*okreslenie globalnego problemu wystgpowania S. aureus w mleku surowym i serach z mleka
surowego (P1)

*pozyskiwanie materiatu badawczego (proby z cyklu produkceji seréw zagrodowych, obejmujgcych
zaréwno surowiec, potprodukty, wyroby gotowe) (P2)

*izolacja i identyfikacja badanych izolatow (P2)

*wstgpna charakterystyka fenotypowa izolatow S. aureus (P2)

+okreslenie wrazliwosci izolatéw S. aureus na wybrane $rodki przeciwdrobnoustrojowe wazne
z klinicznego punktu widzenia (P2)

e okreslenie genetycznych podstaw antybiotykoopornosci (P2)
s okreslenie zdolnos¢i izolatéw do wytwarzania biofilmu (P2)
s okreslenie genetycznych determinant odpowiadajacych za wirulencje (P2, P3)

* sekwencjonowanie catego genomu wybranych izolatow (P3)

sanaliza bioinformatyczna uzyskanych genomow (P3)

+okreslenie typéw sekwencyjnych, CC, typu spa (P3)

*poréwnanie badanych izolatéw z ogdlnodostgpnymi genomami bakteryjnymi (P3)

*okeslenie wptywu czynnikow stresowych (stres osmotyczny, alkaliczny, kwasowy) na
przezywalno$¢ izolatow S. aureus

*okreslenie wptywu czynnikow stresowych (stres osmotyczny, alkaliczny, kwasowy) na ekspresje
genow enterotoksycznosci wsrod wybranych izolatow S. aureus (P4)

Rysunek 1. Etapy badan z uwzglgdnieniem powiazanego tematycznie cyklu publikacji wchodzacych w sktad
rozprawy doktorskiej.

4.2.METAANALIZA DANYCH LITERATUROWYCH

4.2.1. PRZEGLAD SYSTEMATYCZNY DANYCH LITERATUROWYCH

Przeglad systematyczny dotyczacy wystepowania S. aureus w mleku surowym i serow
zmleka niepasteryzowanego zostal przeprowadzony zgodnie z zaleceniami Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). Wyszukiwanie
zostato przeprowadzone w bazach PubMed, Scopus i Web of Science. Nastepujace stowa
kluczowe uzyto jako zapytania wyszukiwania w/w bazach: “milk” AND “cheeses” AND
(“Staphylococcus aureus” OR “S. aureus” AND (“occurrence” OR “prevalence”) zaréwno
oddzielnie, jak i jednocze$nie. Analizie poddano artykuty opublikowane w latach 2011-2021.
Artykuty bez informacji dotyczacej wielko$ci populacji S. aureus, prace eksperymentalne, jak

rowniez dotyczace innego rodzaju mleka (ludzkie, wielbtadzie) zostaly wykluczone z badania.
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Tytuly 1 streszczenia wyszukanych artykuldw byty przegladane niezaleznie przez gtownego
autora, natomiast wszelkie rozbieznosci dotyczace wlaczenia artykulu do analiz
metaanalitycznych zostaly konsultowane ze wspodtautorami pracy. Schemat postgpowania

w przegladzie przedstawiono ponizej (Schemat 2) (P1).

[ Identyfikacja publikacji za posrednictwem baz danych ]
'
°
g - L Prace wykluczone przed
= Wyniki przeszukiwania baz dalszym screeningiem:
s danych (n=3601) +  powtarzajace sie prace
S (n=1458)
=
l
' S
Analizowane prace
(n =2143) Prace wykluczone
— (n =18607)
=
©
=
'g_ l Prace wykluczone:
° +brak informacji nt. llosciszczepdw S. aureus (n=54)
g Prace oceniane pod katem +brak informacii o ilogci prob (n=62)
g kwalifikowalnosci (n = 532) *proby mleka od chorych zwierzat (mastitis) (n=43)
o sprace przegladowe (n=15)
sjezyk inny niz j. angielski (n=10)
*prace eksperymentalne (n=75)
+*inny rodzaj mleka (n=87)
—
oy
(-]
o & . .
8 Q Publikacje wiaczone do analiz:
S _% (n =166)
=
S

Rysunek 2. Schemat blokowy przedstawiajacy proces wyboru badania.

4.2.2. ANALIZA STATYSTYCZNA

Wszystkie analizy zwigzane z analizag danych uzyskanych w przegladzie literatury
przeprowadzono z wykorzystaniem oprogramowania statystycznego PQStat w wersji 1.4.8.
Metaanalize¢ przeprowadzono przy uzyciu modelu efektéw losowych w celu oszacowania
tacznej czestosci wystgpowania i odpowiadajacy 95% przedziat ufnosci (CI). Heterogenicznosé
miedzy oszacowaniami oceniono za pomocg metody I° Higgina i Q Cochrana, ktora opisuje
procent zmienno$ci nie wynikajacej z bledu proébkowania miedzy badaniami. Analize
wrazliwo$ci zastosowano w celu ustalenia czy wykluczenie ktéregokolwiek badania miato
znaczacy wpltyw na szacowang taczng czgstos¢ wystepowania. Test ANNOVA zostat uzyty do
poréwnania istotno$ci statystycznej mi¢dzy rodzajami mleka i potozeniem geograficznym.
Metaregresja dla klastrow S. aureus zostala wykorzystana do zbadania czy zmiany w
wystepowaniu opornosci na metycyling mozna byto zaobserwowac na przestrzeni lat. Wyniki

pokazuja modele, dla ktorych wartos¢ Q modelu byta statystycznie istotna p < 0.05. (P1).
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4.3.MATERIAL BADAWCZY

Material badawczy stanowily proby pochodzac z roznych etapéw produkcji serow
zagrodowych z mleka niepasteryzowanego pochodzacych z gospodarstw z wojewodztwa
warminsko-mazurskiego, podlaskiego oraz mazowieckiego.

Lacznie pobrano 180 prob, pochodzacych z 18 cykli produkcyjnych, ktére obejmowaty:

e surowce 1 poiprodukty: mleko surowe, mleko ogrzane, skrzep, solanka, serwatka
e wymazy z powierzchni majacych kontakt z zywnoscia: tank na mleko, war, forma
e wymazy z powierzchni nie majacych kontaktu z zywnoscia: zlewy

e wyrdb gotowy.

Probki ptynne i state pobierano w objetosci 100 ml lub 100 g do sterylnych plastikowych
opakowan. Wymazy zostaly pobrane za pomocg sterylnych wacikoéw bawelnianych (Equimed,
Krakow, Polska), uprzednio zwilzane w sterylnej wodzie peptonowej (0.01%) i umieszczone
w probowkach z podtozem transportowym. Pobrane proby w warunkach chlodniczych byty
transportowane do laboratorium Katedry Mikrobiologii Zywnosci, Technologii i Chemii Migsa,

Wydzialu Nauki o Zywnosci, UWM w Olsztynie. (P2).

4.4.1Z0LACJA I IDENTYFIKACJA SZCZEPOW

Do izolacji szczepdéw wykorzystano agar Baird-Parker (Merck, Darmstadt, Niemcy). Po 48
godzinach inkubacji w temperaturze 37 + 1 °C, do dalszej identyfikacji wybrano jedna koloni¢
o morfologii typowej dla S. aureus (czarng i btyszczaca z cienka biatag obwddka 1 otoczong
jasnym obszarem). Charakterystyczne kolonie bakteryjne poddano wstepnej charakterystyce
z wykorzystaniem konwencjonalnych metod, ktore obejmowaty: barwienie metodg Grama, test
na katalazg oraz test koagulazy.

Kolejno przeprowadzono identyfikacj¢ za pomocg analizy MALDI-TOF MS (ang. Matrix-
Assisted Laser Desorption/lonization Time-of-Flight Mass Spectrometry) z zastosowaniem
urzadzenia Vitek MS (bioMérieux, Marcy I'Etoile) zgodnie z instrukcjg producenta.
Wyselekcjonowane, zidentyfikowane szczepy S. aureus (n=93) przechowywano w systemie

Microbank w temperaturze - 80 °C do dalszych analiz (P2).

4.5.CHARAKTERYSTYKA FENOTYPOWA I GENOTYPOWA SZCZEPOW

S. AUREUS

4.5.1. OKRESLENIE WRAZLIWOSCI IZOLATOW NA ANTYBIOTYKI

Profile wrazliwos$ci na $rodki przeciwdrobnoustrojowe izolatow S. aureus okreslono
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metodg mikrorozcienczen w bulionie zgodnie z normg ISO-20776-1 z wykorzystaniem 96-
dotkowych ptytek polistyrenowych. Do badan wykorzystano nastgpujace antybiotyki:
amikacyng, tobramycyne, klarytromycyng, wankomycyng¢ (Sigma Aldrich, Darmstadt,
Niemcy), tigecykline, tetracykling, linezolid, nitrofurantoing, oksacyline, benzylopenicyline,
erytromycyne, gentamycyne, kanamycyne, cefoksytyne, azytromycyng,
chinuprystyne¢/dalfoprystyng, trimetoprim, trimetoprim/sulfametoksazol, klindamycyng,
rifampicyng, kwas fusydowy, moksyfloksacyne, chloramfenikol (TOKU-E; Bellingham, WA,
USA). Roztwory podstawowe antybiotykow przygotowano przy uzyciu zalecanych
rozpuszczalnikow 1 rozcienczalnikow zgodnie ze wspomniang normg. Przygotowane stocki
antybiotykdw w kazdym dniu badania rozcienczano z zastosowaniem metody 1: 3: 7, opisang
we wspomnianej wczesniej normie ISO (Annex C: Preparation of working dilutions of
antimicrobial agents for use in broth dilution susceptibility tests). St¢zenie nanoszone na ptytke
byto dwukrotnie wigksze niz stezenie docelowe. Nastgpnie przygotowywano zawiesing
badanego szczepu w 9 ml soli fizjologicznej. Gestos¢ zawiesiny doprowadzano do 0,5 w skali
McFarlanda. Z tej zawiesiny przygotowywano inokulum w stezeniu 10° jtk/ml, w pozywce
CAMHB (Cation-adjusted Mueller Hinton Broth). Objeto$¢ inokulum, réwnag objetosci
antybiotyku, dodawano do kazdego dotka ptytki 96-dotkowej. Tym samym, zarowno stg¢zenie
antybiotyku jak 1 gesto$¢ inokulum ulegato dwukrotnemu zmniejszeniu do gestosci
5x10°%jtk/ml. Zawiesina bakterii bez antybiotyku stanowila kontrole dodatnig natomiast czysta
pozywka - kontrole ujemng. Plytki inkubowane byly w temperaturze 35+2°C w warunkach
tlenowych przez 20 godzin. Po zakonczeniu inkubacji dokonywano obserwacji zmetnienia
pozywki. Najnizsze stezenie, w ktorym nie zaobserwowano wzrostu bakterii (zmegtnienia
pozywki), stanowito warto§¢ MIC. Na podstawie warto$ci MIC badane szczepy kwalifikowano

jako wrazliwe (S), wrazliwe przy zwigkszonej ekspozycji (I), oraz oporne (R) (P2).

4.5.2. OKRESLENIE ZDOLNOSCI DO WYTWARZANIA BIOFILMU

I WYDZIELANIA SLUZU
Zdolno$¢ do wytwarzania §luzu okres$lano za pomocg testu agarowego z czerwienig Kongo,
stosujac metod¢ opisang wczesniej przez Arciola i in. (2001). Szczepy hodowano na ptytkach
z agarem TSA (Merck, Darmstadt, Niemcy) z dodatkiem sacharozy (Sigma Aldrich, Steinheim,
Niemcy) i1 czerwieni Kongo (Sigma Aldrich, Steinheim, Niemcy). Plytki inkubowano
w temperaturze 35+2°C w warunkach tlenowych przez 20 godzin. Na podstawie wygladu

kolonii, szczepy zostaty sklasyfikowane jako tworzace $luz (czarne kolonie) i nietworzace $luzu
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(bordowe lub rozowe kolonie).
Zdolno$¢ do wytwarzania biofilmu nadano z wykorzystaniem 96-dotkowych plytek
polistyrenowych (Promed®) wedtug metodyki zaproponowanej przez Stepanovic i in. (2007).
Absorbancje mierzono przy dlugosci fali 570 nm za pomocg spektrofotometrycznego
czytnika ptytek Varioscan LUX. Uzyskang warto$§¢ porownywano z wartoscig OD odcigcia
(ODc), ktora definiowano jako trzy odchylenia standardowe powyzej §redniej OD kontroli

negatywnej (P2).

4.5.3. WYKRYWANIE GENOW KODUJACYCH OPORNOSC NA ANTYBIOTYKI,
GENOW ENTEROTOKSYN I GENOW ZWIAZANYCH Z BIOFILMEM WSROD

IZOLATOW

Wystepowanie gendow zwigzanych z opornoscig na antybiotyki oceniano za pomocg testu
PCR ze specyficznymi starterami 1 warunkami reakcji PCR: obecno$¢ genow
odpowiedzialnych za oporno$¢ na cefoksytyne: mecA (Barski 1 in., 1996) i mecC (Matyszko
iin., 2014), tetracykliny: tetM, tetK 1 tetL (Gevers i in., 2003; Roberts, 1994), makrolidy
I linkozamidy: msr(A/B), ermA, ermB i ermC (Silva i in., 2022), B-laktamy: blaZ (Kaase i in.,
2008) oraz aminoglikozydy: aac(6')-le-aph(2")-la (Padmasini 1 in., 2014) iaph(2")-Ic
(Kobayashi i in., 2001). Determinanty genetyczne odpowiedzialne za zdolno$¢ do tworzenia
biofilmu (icaABCD, eno, bap, agrD, sarA i sigB) zostaty zidentyfikowane zgodnie z wczesniej
opisang metodologia (Arciola i in., 2001b; Heilmann i in., 2003; B. R. Kim i in., 2016; Tristan
1 in., 2003). Kolejno, wsrod wyizolowanych szczepow oceniono geny kodujace klasyczne
enterotoksyny, toksyny enterotoksynopodobne, toksyny eksfoliatywne (eta i etd) oraz toksyny
zespolu wstrzasu toksycznego (zstz-1) (Chajecka-Wierzchowska i in., 2020) (P2).

4.6.ANALIZY WYKORZYSTUJACE SEKWENCJONOWANIE CALEGO GENOMU
4.6.1. 1Zz0LACJA DNA

Wybrane izolaty S. aureus (n=16) poddano sekwencjonowaniu catego genomu technikg
NGS (ang. Next-Generation Sequencing) celem dokladniejszej analizy molekularnej. DNA
wykorzystane do sekwencjonowania wyizolowano z wykorzystaniem zestawu Genomic Mini

AX Bacteria+ (A&A Biotechnology), wedtug protokotu producenta (P3).

4.6.2. SEKWENCJONOWANIE TECHNIKA NGS
Probki DNA, spetniajace wymagania co do czystosci 1 st¢Zenia, mierzonego przy
wykorzystaniu spektrofotometru DeNovix DS-11 (DeNovix Inc., USA) przekazywano do
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sekwencjonowania do firmy zewnetrznej GENOMED (Warszawa). Biblioteki DNA zostaty
uzyskane z wykorzystaniem NEBNext® Ultra™ II DNA Library Prep Kit (Illumina),
a sekwencjonowanie przeprowadzone na platformie MiSeq Illumina®. Surowe sekwencje
zostaly ztozone do formatu FASTA za pomoca programu SPADES. Uzyskane sekwencje
wykorzystano do przeprowadzenia analizy filogenetycznej oraz okre§lenia obecnosci genow

powiazanych z wirulencja jak rowniez oporno$cig na antybiotyki i/lub chemioterapeutyki (P3).

4.6.3. ANALIZY BIOINFORMATYCZNE UZYSKANYCH GENOMOW

Do wykrywania genéw wirulencji, typu spa i mobilnych elementdw genetycznych wsrod
izolatow wykorzystano narz¢dzia dostgpne online na stronie http://genomicepidemiology.org/,
w tym VirulenceFinder 2.0 (Joensen 1 in., 2014), spaTyper 1.0 (Camacho i in., 2009),
PlasmidFinder 2.1 (Carattoli i in., 2014) i MobileElementFinder 1.0.3 (Johansson i in., 2021).
Zbior danych Macori 1 in., (2020) zostal wykorzystany jako uzupelienie programu
VirulenceFinder. Okres§lenie obecno$ci genéw  kodujacych opornos¢ na  $rodki
przeciwdrobnoustrojowe zostato zweryfikowane przy uzyciu identyfikatora genu opornosci
(RGI) 1 ResFinder (Bortolaia i in., 2020). Wykrywanie profagow przeprowadzono za pomocg
narzedzia PHAge Search Tool (PHAST) (Arndt i in., 2018).

Dodatkowo genomy uzyskane w badaniu poréwnano z publicznie dostgpnymi genomami
izolatow (baza danych PubMLST) zwigzanych z przypadkami zatru¢ pokarmowych

wywotanych przez S. aureus na catym §wiecie (P3).

4.7.WPLYW CZYNNIKOW STRESOWYCH ZWIAZANYCH Z PRZEMYSLEM
SPOZYWCZYM NA S. AUREUS

4.7.1. ODDZIALYWANIE CZYNNIKOW STRESOWYCH

Na podstawie obecno$ci co najmniej jednego genu kodujacego enterotoksyny, wybrano
szczepy S. aureus (n=5), ktore zostaly poddane analizom okres$lajagcym wplyw czynnikow
stresowych, wystepujacych podczas produkcji 1 utrwalania zywnosci. Stezenie NaCl i wartosci
pH uzyte w badaniu zostaly wybrane na podstawie literatury i wstgpnie przeprowadzonych

(Schemat 2) (P4).
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Rysunek 3. Schemat blokowy opisujacy projekt eksperymentu.

4.7.1.1. DZIALANIE STRESU OSMOTYCZNEGO

Wplyw stresu osmotycznego zostat przetestowany przy uzyciu $wiezej kultury w 5 ml
TSB (Merck, Darmstadt, Niemcy) dostosowanego do 4,5% NaCl. Stres ten stosowano przez
48 godzin (hodowla statyczna) w temperaturze 37°C. Jednocze$nie jako kontrole zastosowano

inkubacj¢ w 5 ml TSB. Procedur¢ przeprowadzono w dwoch powtorzeniach (P4).

4.7.1.2. DZIALANIE STRESU KWASOWEGO I ALKALICZNEGO
Wplyw réznych wartosci pH (pH = 4,5 i pH = 9,6) analizowano przy uzyciu hodowli
w 5 ml TSB z dodatkiem 20% (v/v) NaOH i 2 M H3POj4 (do uzyskania okreslonego pH). Jako
kontrole wykorzystano szczepy S. aureus hodowane w bulionie. Eksperyment ten

przeprowadzono w dwoch powtorzeniach (P4).

4.7.2. ANALIZA PRZEZYWALNOSCI

4.7.2.1. METODA CYTOMETRYCZNA

Przygotowano roztwory podstawowe fluorochroméw w proporcjach 1:1 SYTO®9 (5
mM) i PI (20 mM). Barwienie zywych (24-godzinna hodowla) i martwych (zabitych 70%
izopropanolem) komorek przeprowadzono dodajac 2 ml hodowli do 6 pl roztwordw roboczych

barwnikow. Dwa roztwory (LCS barwiony SYTO®9 i DCS barwiony PI) zostaly uzyte do
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identyfikacji zywych 1 martwych komoérek bakterii oraz do najbardziej odpowiednich
parametrow cytometrycznych w celu uniknigcia zakldocen z widm emisji. Zastosowano
logarytmiczne wzmocnienie sygnatu w potaczeniu z rozpraszaniem do przodu, rozpraszaniem
bocznym 1 fluorescencja. Analizy cytometryczne wykonano z zastosowywaniem cytometru

przeptywowego BD FASCLyric™ (Becton Sickinson, USA) (P4).

4.7.2.2. METODA PLYTKOWA

W celu okreslenia przezywalnos$ci szczepéw metoda ptytkowa, dla kazdego szczepu
wykonano seri¢ dziesigciokrotnych rozcienczen przed i po ekspozycji na badane czynniki
stresowe. Po inkubacji na agarze TSA w temperaturze 37°C przez 48 godzin, zliczano liczbg
wyrostych kolonii a nastgpnie wyrazano je jako liczbe jednostek tworzacych kolonie (jtk/mL)

(P4).

4.7.3. ANALIZA EKSPRESJI GENOW ENTEROTOKSYCZNOSCI

Do izolacji catkowitego RNA wykorzystano zestaw Total RNA Mini Plus Kit (A&A
Biotechnology, Gdansk, Polska). W kolejnym etapie do oczyszczenia 1 koncentracji
uzyskanego RNA wykorzystano zestaw Clean-Up RNA Concentrator Kit (A&A
Biotechnology, Gdansk, Polska). Aby sprawdzi¢ integralnos¢ RNA, przeprowadzano rozktad
elektroforetyczny, nanoszac 10 pL na 1,2% zelu agarozowego w 0,5% buforze TBE i poddano
dziataniu napigcia 90 V przez 1 h. Integralno§¢ RNA okreslono poprzez wizualizacje dwoch
pasm (16S 1 23S RNA) z wykorzystaniem systemu do dokumentacji i wizualizacji zeli G-BOX
(Syngene, UK). Nastgpnie wszystkie probki RNA wykorzystano do syntezy
pierwszorzedowego cDNA przy uzyciu zestawu TranScriba Kit (A&A Biotechnology, Polska),
stosujac jako starter dN-heksamer.

Uzyskane ¢cDNA byt nastgpnie przechowywany w temperaturze -20°C do dalszej
analizy. Analiz¢ ekspresji gendw przeprowadzono przy uzyciu RotorGene Q-System (Qiagen
Inc., Montreal, ON, Kanada). Dla kazdego badanego genu przeprowadzono trzy niezalezne
reakcje. Jako gen referencyjny wybrano gen 16S rRNA. Dla kazdej pary starterow wydajnos¢
amplifikacji obliczono jako E = 10 (-1/slope). Ekspresje genow wsrdéd badanych probek
analizowano za pomocg wzglednej kwantyfikacji, w ktorej ekspresja odpowiedniego genu jest
znormalizowana do gendw porzadkowych, przy uzyciu modelu matematycznego
zaproponowanego 1 zatwierdzonego przez Pfaffi (2001). Do analiz wykorzystano sekwencje

primeroéw 1 warunki reakcji opisano uprzednio (He & Ahn, 2011; Leke i in., 2017; Merk 1 in.,
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2010; Sanlibaba, 2022) (P4).

4.8. ANALIZA STATYSTYCZNA

Wszystkie analizy statystyczne przeprowadzono przy uzyciu oprogramowania GraphPad
Prism w wersji 8.0 (GRAPH PAD Software Inc, San Diego, CA, USA). Wyniki uznawano za
statystycznie istotne przy p < 0,05. Do analizy na duza skale i wizualizacji danych

wykorzystano platforme statystyczng R (https://www.r-project.org) oraz program RStudio
(https://rstudio.com/). (P2, P4).

Szczegotowy opis zastosowanych technik i metod badawczych przedstawiono w publikacjach
bedqgcych podstawq niniejszej pracy.

4.2 w publikacji

P1. Gajewska, J., Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A. (2023).
Meta-analysis of the global occurrence of S. aureus in raw cattle milk and artisanal cheeses.

Food Control, 147, 109603. https://doi.org/10.1016/J.FOODCONT.2023.109603

4.3-4.5 w publikacji
P2. Gajewska, J., Chajecka-Wierzchowska, W., Zadernowska, A. (2022). Occurrence and

Characteristics of Staphylococcus aureus Strains along the Production Chain of Raw Milk

Cheeses in Poland. Molecules, 27. https://doi.org/https://doi.org/10.3390

4.6. w publikacji

P3. Gajewska, J., Chajecka-Wierzchowska, W., Zadernowska, A. (2023). Genomic
characterisation of the pathogenicity of Staphylococcus aureus isolates recovered from the
cheese chain production. International Dairy Journal, 105774.

https://do1.0rg/10.1016/J.IDAIRYJ.2023.105774

4.7. w publikacji
P4. Gajewska J, Zakrzewski AJ, Chajecka-Wierzchowska W, Zadernowska A. (2023) Impact
of the food-related stress conditions on the expression of enterotoxin genes among

Staphylococcus aureus. Pathogens, 12(7):954. https://doi.org/10.3390/pathogens12070954
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5. REZULTATY PRZEPROWADZONYCH BADAN

5.1.GLOBALNE WYSTEPOWANIE S. AUREUS W MLEKU SUROWYM I SERACH Z

MLEKA NIEPASTERYZOWANEGO

W wyniku analizy globalnych danych dotyczacych wystgpowania S. aureus w mleku
surowym i serach z mleka niepasteryzowanego w latach 2011-2021 wykazano, ze gronkowce
S. aureus zostaly wyizolowane z 29,07% probek mleka 1 42,81% probek serow. Najczestsza
izolacje¢ zaobserwowano zsurowego mleka krowiego 32,23% (95% CI: 29,53-34,92),
a najrzadziej z mleka owczego: 18,78% (95% CI: 13,48-24,08). W przypadku préb serow
szczepy S. aureus najczesciej izolowano z serow z mleka koziego, 68,33% (95% CI: 0-100).
Ze wzgledu na niewielka liczbg publikacji zawierajacych informacje na temat obecnosci MRSA
w probkach sera, nie dokonano rozroznienia migdzy rodzajami mleka, z ktorego je
wyprodukowano. Na podstawie przeprowadzonych analiz ustalono, ze szczepy MRSA byty
obecne w 1,69% (95% CI: 0-3,38) probek sera ogdlem. W probkach mleka wykazano, ze
stosunkowo czesto szczepy MRSA izolowano z mleka bawolego, obecnos¢ tych szczepow
stwierdzono w 4,03% probek (95% CI: 2,04-6,75). Najrzadziej szczepy MRSA byly izolowane
z mleka owczego (1,24% (95% CI: 0,79-1,89) (P1, Tabela 2).

Analiza statystyczna wykazata, ze r6znice w obrebie grup sg znaczace a warto$¢ p wynosi
<0,000001, jednak r6znice migdzy grupami nie sg istotne, a warto$¢ p wynosi 0,09945. Wyniki
tacznej czgstosci wystepowania S. aureus 1 MRSA w mleku 1 serach przedstawiono na
wykresach forestplt (P1. Wykres S1-S6).

Wyniki badan uwzglednionych w metaanalizie charakteryzowaly si¢ wysoka
heterogenicznoécig, a warto$¢ I wynosita 92,54% dla probek mleka i 54% dla probek sera.
Wartosci dla testu Eagger wynosity 0,026269 1 < 0,000001 odpowiednio dla prob sera i mleka
(P1. Rysunek 2).

Ze wzgledu na najwieksza liczbe publikacji okreslajacych obecnos¢ szczepdw S. aureus
1 MRSA z probek mleka krowiego, kolejne analizy przeprowadzono wiasnie na tych danych.
Czestos¢ wystepowania MRSA 1 S. aureus wérdd regionow geograficznych w analizie podgrup
przedstawiono w P1, Rysunek 3 i 4. W wyniku przeprowadzonych analiz wykazano, ze
czgsto$¢ wystgpowania S. aureus wynosita 33,29% (95% CI 27,48-39,10) wsrod 9583 probek
z mleka krowiego w Azji, 27,81% (95% CI 24,82-30,79) wsrod 27 102 probek w Europie,
35,04% (95% CI 10,37-59,70) wsrdd 5527 probek w Ameryce Potnocnej, 27,89% (95% CI
2,90-52,87) wsrod 1424 probek w Ameryce Potudniowej 1 32,62% (95% CI 17,62-47,61) wsérod
7446 probek w Afryce i 57,79% (95% CI 13,02-100) wsrod 312 probek w Oceantii.
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Na podstawie analizy czgsto$ci wystepowania S. aureus 1 MRSA w krajach rozwinigtych i
rozwijajacych si¢ czgstos¢ wystepowania S. aureus w krajach rozwinigtych wynosita 32,84%
(95% CI 32,23-33,36), a w krajach rozwijajacych si¢ 32,19% (95% CI 31,52-32,86). Czgstosc
wystepowania MRSA w krajach rozwinietych wynosita 1,45% (95% CI 1,29-1,62), a w krajach
rozwijajacych si¢ wynosita 4,13% (95% CI 3,69-4,62). Wykazano trend spadkowy w czestosci
wystepowania S. aureus w probkach mleka krowiego, warto$¢ wspotczynnika beta wynosita -
0,005913, jednak warto$¢ p dla modelu wynosita 0.232986. Odmienne wyniki uzyskano dla
czgstosci wystepowania szczepow MRSA, gdzie zaobserwowano trend wzrostowy, ktory
wyniost 0,000934, cho¢ tutaj réwniez brak istotnosci statystycznej, a warto$¢ p dla modelu

wynosita 0.432963.

5.2.WYSTEPOWANIE S. AUREUS W LANCUCHU PRODUKCJI POLSKICH SEROW

ZAGRODOWYCH

W wyniku przeprowadzonych analiz wykazano obecnos$¢ szczepow S. aureus w 93/180
(51,7%) wszystkich analizowanych prob. Obecno$¢ tego patogenu wykazano na kazdym etapie
produkcji serow zagrodowych, w tym m.in. w probach mleka surowego (10/18; 55.6%), mleka
ogrzanego do temperatury 42+0,5°C (13/18; 72.2%) czy probach serow gotowych do spozycia
(10/18; 55.6%). S. aureus wykryto rowniez na powierzchniach majacych kontakt z zywnoscia
— w tym zbiorniku do przechowywania mleka (8/18; 44.4%), naczyniu do produkcji seréw
(8/18; 44,4%) jak réwniez niewielkim odsetku na powierzchniach nie majacych kontaktu

z zywnoscig: zlewy (2/18; 11,1%) (P2, Tabela 1).

5.3. ANTYBIOTYKOOPORNOSC SZCZEPOW S. AUREUS 1 ICH GENETYCZNE

DETERMINANTY

Wsrod wszystkich badanych izolatow S. aureus najczesciej stwierdzano oporno$¢ na
benzypenicyling (54/93 (58,1%)), a nastgpnie na tobramycyng¢ (32/93 (34,4%)). Izolaty byly
rébwniez oporne na antybiotyki z grupy makrolidow: azytromycyne, klarytromycyng
1 erytromycyne: odpowiednio 17/93 (18,3%), 15/93 (16,1%) 1 21/93 (22,6%). Opornos¢ na
tetracykline 1 tigecykling nalezace do klasy tetracyklin wykazano odpowiednio wsrod 19/93
(20,4%) 1 22/93 (23,7%) izolatow. Wsrdd badanych izolatéw wykazano rowniez fenotypowsa
oporno$¢ na oksacyling (9/93 (9,7%)) i cefoksytyne (12/93 (12,9%). Opornos$¢ izolatow na inne
badane antybiotyki wahata si¢ od 1,1% do 16,1%, przy czym zaden z izolatéw nie byt oporny
na gentamycyng, klindamycyne, rifampicyng, moksyfloksacyne czy chloramfenikol (P2,
Tabela 2).
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Wsréd badanych izolatow S. awreus, 21/93 (22,6%) okreslono jako szczepy
wielolekooporne (MDR), co oznacza oporno$¢ na co najmniej trzy antybiotyki z r6znych klas.

Warto podkresli¢, ze wsrod badanych izolatow 12/93 (12,9%) zostato zdefiniowanych jako
MRSA na podstawie testu MIC cefoksytyny/oksacyliny oraz posiadaty gen mecA. Ponadto na
podstawie wynikow wartosci MIC >2mg/mL dla wankomycyny dwa szczepy 2/93 (2,2%)
zostaly sklasyfikowane jako wankomycynooporne VRSA.

Badania dotyczace genetycznych podstaw opornosci na antybiotyki wykazaly wysoka
czestos¢ wystepowania genu blaZ (89/93; 95,7%), kodujacego penicylinaze. Wszystkie izolaty
wykazujace fenotypowa opornos¢ na cefoksytyne posiadaty gen mecA (12/93;12,9%). Mimo,
ze niewielki odsetek szczepow wykazywal fenotypowa opornos$¢ na tetracykling, wyniki badan
wykazaty wysoki odsetek szczepow posiadajacych geny: tet(K) (59/93; 63,4%), tet(L) 16/93;
17,2%) 1 tet(M) (76/93; 81,7%). Wsrod badanych izolatow stwierdzono réwniez obecnosé
gendow zwigzanych z opornoscig na antybiotyki z grupy aminoglikozydow: aac(6')-le-aph(2")-
Ia (56/93; 60,2%) 1 aph(3")I1Ia (86/93; 92,5%) izolatéw. Wykazano réwniez obecnos$¢ gendw
zwigzanych z oporno$cig na makrolidy: ermB (27/93;29,0%) (P2, Tabela 3).

5.4.CZYNNIKI WIRULENCJI WSROD BADANYCH IZOLATOW

Wszystkie analizowane szczepy posiadaly zdolno$¢ do tworzenia biofilmu, przy czym,
wykazywaly r6zng intensywno$¢ w jego produkeji: staby (33/93; 35,4%), umiarkowany: (2/93;
2,2%) 1silny: (58/93; 62,4%) (P2, Tabela 4). Nie stwierdzono zwigzku mig¢dzy produkcja sluzu
a zdolnoscig do tworzenia biofilmu (p < 0,05). Posréd badanych genetycznych determinant
zwigzanych z wytwarzaniem biofilmu i wtasciwo$ciami adhezyjnymi wykazano, Ze najczgsciej
wystepujacy byt gen eno (biatko wigzace lamining), ktory zaobserwowano wsrod wszystkich
izolatow. Ponadto, bap (biatko zwigzane z biofilmem) stwierdzono wsrod 32/93; 34,4%
wszystkich izolatow. Dodatkowo w materiale genetycznym badanych izolatow stwierdzono
réwniez obecnos¢ gendw: sigB (42/93; 45,2%), sarA (74/93; 79,6%) i agrD (33/93; 35,5%).
Po przeanalizowaniu zwigzku migdzy genami wirulencji a tworzeniem biofilmu wykazano, ze
istnialy istotne korelacje migdzy wystepowaniem genu agrD a tworzeniem biofilmu. Wsrod
wszystkich izolatow stwierdzono dodatnig, ale nieistotng korelacje¢ migdzy wystepowaniem
genu agrD i sarA oraz sigB i sarA (p <0,05) (P2, Rysunek 1).

Osiemdziesigt dziewie¢ z 93 badanych izolatow S. aureus (95,7%) posiadato co
najmniej jeden gen kodujacy enterotoksyng. Zaobserwowano, ze geny kodujace SEIs
wystepowaly czesciej] niz geny kodujace klasyczne enterotoksyny (SEs). Wsrod genow
kodujacych SEI najczesciej rejestrowano obecno$¢ selk (61,3%), a nastepnie selg (58,1%), seg
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(46,2%), seln (45,2%), selu (31,2%), selm (19,4%) 1 selj (28%). Warto zauwazy¢, ze najwyzszy
odsetek obecno$ci gendw enterotoksycznosci stwierdzono wsrod szczepdw wyizolowanych
z produktow gotowych (P2, Tabela 4). Analiza statystyczna wykazata dodatnig korelacje¢
pomiedzy wspotwystepowaniem niektorych gendw enterotoksyn, np. selp 1 selk, selp 1 selu,
selm 1 selk, selm 1 selo oraz selm i seg.

Analiza statystyczna nie wykazala statystycznie istotnych réznic migdzy zrédlem
izolacji S. aureus a zdolno$ciga do wytwarzania $luzu (p > 0,999), opornoscig na $rodki
przeciwdrobnoustrojowe (p = 0,4703) czy wystepowaniem gendéw wirulencji (p > 0,999). Aby
systematycznie wykaza¢ wszystkie takie zwigzki w sposob bezstronny, przeanalizowano
réwniez wszystkie potencjalne pary zmiennych (z wyjatkiem tych, ktére byly catkowicie
obecne lub catkowicie nieobecne wérod wszystkich (n=93) izolatow. Wérdd zaobserwowanych
korelacji znalezlismy dodatnie korelacje miedzy zdolno$cig szczepéw do tworzenia biofilmu a

fenotypowa opornoscig na wszystkie testowane antybiotyki. (P2, Rysunek 1).

5.4.1. OMOWIENIE GENOMOW S. AUREUS

Sekwencjonowanie wybranych genomoéw izolatow (n=16) wykazalo, ze naleza one do
roznych typow sekwencyjnych, przy czym wigkszos¢ z nich (6/16) nalezy do ST 109, kolejno
izolaty zakwalifikowano do ST 130 (3/16) i ST 7 (3/16). Pojedyncze izolaty zakwalifikowano
do ST 5, ST 97, ST 352 oraz ST398. Szczepy nalezace do ST 109 wykazywaly typ spa: t693, a
szczep ST 130 - t3218, ST 7 - t91. Pozostate charakteryzowaty si¢ odmiennym typem spa w
zalezno$ci od ST: STS5-t2, ST97-t1109, ST352-t359 oraz ST398-t571 (P3, Tabela 2).
Powigzania filogenetyczne badanych izolatéw na podstawie analizy cgMLST przedstawiono w
P3, Rysunek 1.

Analiza catego genomu pozwolita na dogtebne poznanie cech genetycznych izolatow, co
moze by¢ istotne dla lepszego zrozumienia patogenezy, ewolucji 1 strategii zwalczania tego
patogenu Wykazano, ze wiele gendw wirulencji bylo powigzanych z okreslonymi typem ST
(P3, Rysunek 2). Gen sea kodujacy klasyczng enterotoksyne SEA stwierdzono tylko u jednego
izolatu nalezacego do STS. Wystepowanie genéw leukocydyn /ukD i [ukE stwierdzono u 9
szczepOw nalezacych do ST7 1 ST109.

Dodatkowo analiza catego genomu pozwolita na okreslenie mobilnych elementow
genetycznych. Spos$rod wszystkich szczepow, plazmidy typu rep stwierdzono tylko u trzech
izolatow. Wyspy patogennosci gronkowcow odnotowano wsrod 13 (81,3%) badanych

izolatow, przy czym najczesciej wystepowata [ISSau3 (P3, Tabela 3).
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5.4.2. POROWNANIE IZOLATOW Z GLOBALNYMI IZOLATAMI

ZWIAZANYMI Z SFP

Zsekwencjonowane genomy bakteryjne (n=16) poddano analizie poréwnawczej
z publicznie dostgpnymi genomami (n=230) (baza danych PubMLST) wyizolowanymi
z przypadkow zatru¢ pokarmowych wywotanych przez S. aureus na calym §wiecie. Analiza
cgMLST wykazala, ze szczepy S. aureus, odpowiedzialne za zatrucia pokarmowe na calym
$wiecie, w wiekszosci nalezaty do CCS8. Pomimo, ze zaden z badanych izolatow nie nalezat do
tego CC, wykazano, duze podobienstwo analizowanych szczepdéw z tancucha produkcji seréw
zagrodowych w Polsce do izolatow nalezacych do CC5, CC97 i CCI1 (P3, Rysunek 4).
Uzyskane wyniki sugeruja, ze badane szczepy mogg mie¢ potencjal do wywotywania infekcji

u ludzi i zatru¢ pokarmowych.

5.5.0CENA WPLYWU CZYNNIKOW STRESOWYCH NA PRZEZYWALNOSC
SZCZEPOW S. AUREUS
Okreslenie przezywalnosci S. aureus po ekspozycji na badane czynniki stresowe
przedstawiono w P4. Tabela 3. Najwyzsze wskazniki przezywalno$ci (wartosci $rednie)
S. aureus zaobserwowano po ekspozycji na pH = 9,6 (srednio 95,68%), podczas gdy najnizszy
wskaznik przezywalnosci zaobserwowano w odpowiedzi na pH = 4,5 (Srednio 73,04%).
W zwiagzku z tym najwigksza redukcje komoérek bakteryjnych zaobserwowano po traktowaniu
pH = 4,5 (Srednio 26,96%). Na podstawie analizy statystycznej nie stwierdzono statystycznie
istotnych réznic migdzy przezywalnos$cia szczepow uzyskanych metoda ptytkowa i metoda

cytometrii przeptywowej (p > 0,05).

5.6.EKSPRESJA GENOW ENTEROTOKSYCZNOSCI
Analizy dotyczace ekspresji gendéw enterotoksycznosci wsrdd badanych izolatow
wykazaty, ze wigkszo$¢ badanych gendéw enterotoksyn, po ekspozycji na stres pH = 4,5, ma
podobng ekspresje jak w warunkach optymalnych. Najwyzsza ekspresj¢ zaobserwowano dla
genu selu ($rednio 1,6). W przypadku genu selp, ktory wystgpowat w dwoch szczepach, nie
zaobserwowano znaczacego spadku poziomu ekspresji (wzgledne poziomy ekspresji gendw
<0,5). W szczepie 47 G odnotowano obnizenie ekspresji, ktorej wartos¢ wynosita 0,52 (P4,
Rysunek 2).
Pod wplywem stresu zasadowego (pH = 9,6) stwierdzono, ze podobnie jak w przypadku

stresu kwasowego, wsrod wigkszosci testowanych gendw enterotoksyn zaobserwowano
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podobna ekspresj¢ jak w warunkach optymalnych. Wyzszy poziom ekspresji zaobserwowano
dla genéw selu i selo, ktore wynosity $rednio odpowiednio 1,67 i 1,32. Wyzszy, znaczacy
spadek poziomu ekspresji zaobserwowano dla genu sea, ktory wynosit 0,21. (P4, Rysunek 3).
Wyniki statystyczne wykazaly znaczace roznice w ekspresji genow w obrebie szczepu (p <
0,05).

Analiza ekspresji gendow w odpowiedzi na stres wywotany przez NaCl wykazata, ze
ekspresja selp spadta, ale spadek ten nie byt znaczacy (wzgledny poziom ekspresji gendw >0,5).
W odpowiedzi na ten stres, dla gendw selu, selm 1 selo zaobserwowano wzrost wzglednej
ekspresji, ale nie zostat on okreslony jako znaczacy (Srednia odpowiednio 1,77; 1,42; 1,30).

Zaobserwowano znaczny spadek ekspresji genu sea (<0,5) (P4, Rysunek 4).

Szczegolowy opis uzyskanych wynikow przedstawiono w publikacjach bedgcych podstawq
niniejszej pracy.
5.1 w publikacji
P1. Gajewska, J., Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A., 2023.
Meta-analysis of the global occurrence of S. aureus in raw cattle milk and artisanal cheeses.

Food Control 147, 109603. https://doi.org/10.1016/J.FOODCONT.2023.109603

5.3-5.4 w publikacji
P2. Gajewska, J., Chajecka-Wierzchowska, W., Zadernowska, A. (2022). Occurrence and
Characteristics of Staphylococcus aureus Strains along the Production Chain of Raw Milk

Cheeses in Poland. Molecules, 27. https://doi.org/https://doi.org/10.3390

5.5- w publikacji

P3. Gajewska, J., Chajecka-Wierzchowska, W., Zadernowska, A. (2023). Genomic
characterisation of the pathogenicity of Staphylococcus aureus isolates recovered from the
cheese chain production. International Dairy Journal, 105774.

https://doi.org/10.1016/J.IDAIRYJ.2023.105774

5.6-5.7 w publikacji
P4. Gajewska J, Zakrzewski AJ, Chajecka-Wierzchowska W, Zadernowska A. (2023) Impact
of the food-related stress conditions on the expression of enterotoxin genes among

Staphylococcus aureus. Pathogens, 12(7):954. https://doi.org/10.3390/pathogens12070954
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6. DYSKUSJA

S. aureus jest oportunistycznym patogenem znanym z wywotywania powaznych infekcji
u ludzi i zwierzat (Brahma i in., 2022). Ze wzgledu na rosngcg na catym §wiecie tendencje do
spozywania niepasteryzowanego (surowego) mleka i produktow mlecznych, takich jak sery
z surowego mleka, wazne jest monitorowanie ryzyka mikrobiologicznego zwigzanego ze
spozywaniem tych produktow (Cardozo 1 in., 2021). Okreslenie czestosci wystgpowania
S. aureus jest istotnym krokiem dla interwencji majacych na celu kontrol¢ pojawiania si¢
1 przenoszenia tego patogenu. Pomimo istniejacych na calym $wiecie kryteriow bezpieczenstwa
zywnosci dla S. aureus, czgsto$¢ wystgpowania tego patogenu w surowym mleku i serach
z surowego mleka jest wysoka. Mnogo$¢ ognisk chordb przenoszonych przez zywnos$¢
zwigzanych ze skazonymi produktami mleczarskim wskazuje na znaczenie S. aureus dla
zdrowia publicznego. Doniesienia literaturowe wykazaly, ze zwierz¢ta mleczne sg
prawdopodobnie gldwnym zrddtem zanieczyszczenia surowego mleka S. aureus (Gebremedhin
iin., 2022)

Uzyskane w metaanalizie (P1) wyniki wykazaty, ze S. aureus zostat wyizolowany z 29,07%
probek surowego mleka na calym $wiecie w ciggu ostatnich 10 lat. W poréwnaniu
z wezesniejszymi doniesieniami, zaobserwowano spadek czestosci wystepowania S. aureus
w probkach surowego mleka krowiego w latach 2000-2016 (33,5%) %) (Ou 1 in., 2018)
w porownaniu z wynikami uzyskanymi w publikacji P1 w latach 2011-2021 (29,07%).

Pasteryzacja i obrobka cieplna jest waznym procesem wplywajacym na poprawe
zdrowia konsumentéw 1 przyczynita si¢ do spadku liczby zakazen gronkowcami (James i in.,
2021). Dlatego zanieczyszczone produkty spozywcze sg mozliwym zrodlem infekcji u ludzi,
ale wydaja si¢ stanowi¢ niewielkie ryzyko (EFSA, 2022). Niemniej jednak, brak obrobki
termicznej moze stanowi¢ wyzwanie dla zapewnienia bezpieczefnstwa zywno$ci. Wyniki
uzyskane w publikacji P1, bedacej czescig niniejszej rozprawy doktorskiej wykazaty, ze
szczepy S. aureus wystgpowaty w 42,81% probek sera z surowego mleka w ciggu ostatnich 10
lat.

Wedhlug raportu Europejskiego Urzedu ds. Bezpieczenstwa Zywnosci (EFSA, 2022)
zywno$¢, w tym mleko i przetwory mleczne, nie jest uznawana za potencjalne zrédto szczepow
MRSA, jednak niewiele krajow dobrowolnie raportuje szczepy MRSA izolowane z zywnoSci.
Ostatni raport dotyczacy szczepow MRSA zawieral dane tylko z jednego kraju (Niemcy 2019),
w ktoérym czgsto$¢é wystepowania tych szczepow wyizolowanych z surowego mleka osiagneta

7,7%. W zwiazku z tym przedstawiona metaanaliza dostarcza cennych informacji na temat
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liczby izolatow MRSA w ciggu ostatniego dziesi¢ciolecia. Cz¢stos¢ wystepowania Szczepow
MRSA byta zréznicowana na calym $wiecie 1 wynosito 13,06% w Afryce, 4,99% w Azji
11,08% w Europie, 1,89% w Ameryce Potnocnej. Przeprowadzona metaanaliza i uzyskane
wyniki wykazaty niska czestos¢ wystepowania MRSA w surowym mleku pozyskanym od
zdrowych zwierzat, niemniej jednak jego czgsto$¢ wystepowania wzrosta w ciggu ostatnich 10
lat (0,000934; brak istotnos$ci statystycznej, warto$¢ p dla modelu wynosita 0,432963). Dane
literaturowe wskazuja, ze czesto$¢ wystepowania szczepdw MRSA u zwierzat mlecznych
1 produktow mlecznych jest niska w poréwnaniu z innymi gatunkami zwierzat i nie przekracza
5% (Schnitt & Tenhagen, 2021).

W Europie decyzja wykonawcza Komisji (UE) 2020/17292 nie zobowiazuje do
monitorowania i zglaszania opornosci na $rodki przeciwdrobnoustrojowe u S. aureus. Warto
jednak podkresli¢, ze uzyskane wyniki jak rowniez doniesienia innych autorow, sugeruja ze
czestos¢ wystgpowania MRSA moze znacznie wzrosngé na przestrzeni lat, przynajmniej
w niektorych krajach (Fetsch i in., 2021; Song i in., 2016; Tenhagen i in., 2018). Dlatego tez
wzrost liczby MRSA stanowi powazny problem dla zdrowia publicznego i zastuguje na ciagle
monitorowanie opornosci na metycyling jak réwniez monitorowanie wzorcoOw wrazliwosci na
antybiotyki wsrdd tego patogenu.

Majac powyzsze na uwadze, istotna stata si¢ celowos¢ przeprowadzonych badan, majacych
na celu oszacowanie cz¢stosci wystgpowania 1 uwarunkowan genetycznych wsrod szczepow
S. aureus co moze ulatwi¢ wdrazanie racjonalnych strategii tagodzenia skutkéw 1 unikng¢
rozprzestrzeniania si¢ tego patogenu w tancuchu pokarmowym.

Rézne wyniki dotyczace czestosci wystepowania S. aureus w roznych krajach moga by¢
zwigzane z r6znicami w produkcji sera na calym $wiecie. Zaklada si¢, ze obecnos¢ S. aureus
serach zagrodowych moze wynika¢ z niskiej jakos$ci surowca, wynikajacej ze ztych warunkow
higienicznych podczas produkcji i nieodpowiednich warunkéw przechowywania, nieczystych
rak pracownikéw i/lub nieprzestrzegania podstawowych zasad GMP i GHP.

Biorac pod uwage wiele czynnikow wplywajacych na jako$¢ produktu koncowego niniejsza
praca traktuje o r6znorodnosci szczepow S. aureus wyizolowanych z tancucha produkcji serow
z mleka niepasteryzowanego w Polsce, pozwalajac okresli¢ genetyczne determinanty
odpowiedzialne za jego ewolucje i potencjat patogenny.

Nadrzednym celem publikacji P2 byto okreslenie wystgpowania, opornosci na antybiotyki
i czynnikdw wirulencji wéréd szczepow S. aureus wyizolowanych na réznych etapach
produkcji serow zsurowego mleka. Wedlug mojej wiedzy aktualnie niewiele badan

koncentruje si¢ na ocenie catego tancucha produkcji seréw z niepasteryzowanego mleka.
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W przeprowadzonych badaniach zaobserwowano, ze wsrdd badanych szczepow S. aureus
najczesciej wystepowata opornos¢ na B-laktamy (w tym penicyling). Obserwacje te s zgodne
z doniesieniami innych autoréw, ktorzy w ostatnich latach donosili o ogélno§wiatowym
wzroscie opornosci S. aureus na antybiotyki B-laktamowe (Aragdo i in., 2019; Kayili &
Sanlibaba, 2020; Panchal i in., 2020; Sanlibaba, 2022). Wysoki odsetek szczepow opornych na
penicyling moze wynika¢ z czgstosci stosowania tego antybiotyku w leczeniu zakazen bydta
w Polsce (Rola i in., 2016). Tetracykliny sg czesto uzywane do leczenia infekcji u bydta (Liu i
in., 2017). W przeprowadzonym badaniu stwierdzono nizszg cz¢sto$¢ wystepowania opornosci
szczepow na tetracykliny (19/93 (20,4%)) w poroéwnaniu do innych badan, ktére wykazaly
oporno$¢ na ten antybiotyk u szczepow S. aureus w zakresie od 19% do 100% (Alves i in.,
2018; Massawe 1 in., 2019). Innym antybiotykiem, na ktory badane szczepy byly oporne, byta
erytromycyna (21/93 (22,6%)), ktora jest antybiotykiem makrolidowym. Makrolidy sa
powszechnie stosowane w leczeniu mastitis u bydta. Erytromycyna jest rowniez stosowana
w leczeniu zakazen gronkowcowych u pacjentéw, ktorzy sg uczuleni na penicyling (Kayili &
Sanlibaba, 2020). Istotne jest podkreslenie, ze uzyskane w ramach realizacji niniejszej pracy
wyniki opornosci przeciwdrobnoustrojowej $cisle koreluja z antybiotykami stosowanymi
w leczeniu zakazen bydia w Polsce. Wedlug raportu Europejskiej Agencji Lekow, w Polsce
w 2020 r. tetracykliny, penicyliny 1 makrolidy stanowily ponad 70% wszystkich sprzedanych
weterynaryjnych $§rodkéw przeciwdrobnoustrojowych (European Medicines Agency &
Agency, 2019). Obserwacje te podkreslajg istotno$¢ uswiadamiania i racjonalnego stosowania
antybiotykow w produkcji zwierzecej. Alarmujace jest réwniez wykazanie szczepow
wielolekoopornych (22,6%).

Warto zauwazy¢, ze wysoka czesto$¢ wystepowania S. aureus jako nosicieli genu blaZ oraz
identyfikacja szczepéw opornych na metycyling wsrod izolatow z serOw stanowi zagrozenie
dla zdrowia konsumentéw takich produktéw. Z punktu widzenia zdrowia publicznego wazne
jest ciggte monitorowanie S. aureus w mleku i produktach mlecznych oraz ich $§rodowisku
produkcyjnym. Ciagle monitorowanie pozwoli na zapewnienie S$rodkow tagodzacych
zagrozenie dla zdrowia publicznego zwigzane z tym opornym patogenem (Aliyu i in., 2022).

Zgodnie z uzyskanymi wynikami i ustaleniami Ammar 1 in., (2016), wazne jest, aby
stosowa¢ kompleksowe $rodki kontroli podczas lokalnej produkcji seréw, a rozsadne
stosowanie antybiotykow powinno by¢ stosowane w celu przezwyci¢zenia rozprzestrzeniania
si¢ AMR i1 zminimalizowania ryzyka infekcji u ludzi.

Kolejnym istotnym aspektem jest zdolno$¢ szczepow do wytwarzania biofilmu. Tworzenie

biofilmu przez Staphylococcus spp. jest ewolucyjng przewaga tego mikroorganizmu, poniewaz
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komorki bakteryjne sg odporne na niekorzystne warunki Srodowiskowe, takie jak $rodki
przeciwdrobnoustrojowe i dezynfekujace czy tez promieniowanie UV (Castro i in., 2020).
Uzyskane wyniki wykazaly, ze 59/93 (63,4%) izolatéw bylo w stanie wytworzy¢ biofilm.
Podobny odsetek szczepow zdolnych do tworzenia biofilmu wykazano w badaniu Castro 1 in.
(2020), ktorzy sklasyfikowali 69,7% izolatow jako tworzace biofilm. Za gltéwny czynnik
odpowiedzialny za produkcje biofilmu wsrod S. aureus uwaza si¢ PIA, ktory wraz z innymi
polimerami, takimi jak kwasy teichojowe, biatka i zewnatrzkomorkowe DNA (eDNA), stanowi
gtownga czes$¢ macierzy zewnatrzkomorkowej tworzacej biofilm przez S. aureus. Geny zawarte
w operonie ica s3 odpowiedzialne za biosynteze¢ PIA 1 obejmuja transferaze N-
acetyloglukozaminy (icaA 1 icaD), deacetylaze PIA (icaB) i eksporter PIA (icaC) (Sugimoto i
in., 2018). Obecnos$¢ tego operonu wykazano wsrod 26,9% badanych izolatow. Zgodnie
z literaturg, oprocz fenotypowej zdolnosci do wytwarzania biofilmu i obecnos$ci operonu ica,
zjawisko to moze by¢ zwigzane z obecnoscig innych biatek (niezaleznych od PIA), ktore sg
niezalezne od operonu ica (Kirmusaoglu, 2016). W zwigzku z tym konieczne jest okreslenie
wystepowania innych genow odpowiedzialnych za tworzenie biofilmu i zastosowanie ich do
badania tworzenia biofilmu na sprzecie 1 naczyniach gospodarstwa mleczarskiego (Cai 1 in.,
2021).

W przeprowadzonych w ramach niniejszej pracy badaniach stwierdzono, ze wigkszo$¢
badanych izolatow byta nosicielami gendéw kodujacych niektére z badanych enterotoksyn.
W literaturze autorzy wskazuja na wspotwystepowanie gendow sed i selj ze wzgledu na wspdlng
lokalizacj¢ tych genéw na tym samym plazmidzie (Rola i in., 2016; Zhang i in., 1998), co nie
zostato potwierdzone wynikami niniejszego badania. Jednak Jergensen i in., (2005) wykazali,
ze ponad 50% szczepdw S. aureus izolowanych z mleka krowiego i 14,7% izolowanych
zr6znych etapéw produkceji sera posiadalo geny enterotoksyn, ale zidentyfikowano tylko
markery seg 1 sei.

Dodatkowo, oprécz charakterystyki szczepoéw metoda PCR przedstawionej w publikacji P2
dokonano kompleksowej analizy wirulomu wybranych szczepdw z zastosowaniem technologii
sekwencjonowania catego genomu (P3). Wykazana obecno$¢ roznych typow ST w tancuchu
produkcyjnym wskazuje na bior6znorodnos¢ S. aureus. W niniejszym badaniu stwierdzono, ze
najbardziej rozpowszechnionymi typami wsrdéd wszystkich szczepow byty ST 109; CC1 1t693.
Wiadomo, ze CC1 obejmuje rézne szczepy S. aureus oporne na metycyling (CA-MRSA).
Chociaz CC5 kojarzone sg ze srodowiskiem szpitalnym w kilku krajach, izolaty ST5/CC5
wykazano w wymazach w tancuchu produkcji sera. Zgodnie z danymi literaturowymi, szczepy

CC97 w wigkszosci pochodza od zwierzat, obecnos¢ tego izolatu wsrod badanych szczepow
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moze by¢ wynikiem niehigienicznych praktyk. Jeden ze szczepow w poddanych
sekwencjonowaniu nalezy do ST398, ktoéra jest linig opisana jako kolonizujaca zwierzgta
gospodarskie, np. krowy, cieleta, konie i $winie (Silva, Alfarela, i in., 2022; Zhao 1 in., 2021).
Izolaty ST398 pochodzace od zwierzat sa w wiekszosci oporne na metycyling (Price 1in., 2012).
W przeprowadzonym badaniu u szczepu ST398 nie wykryto genow kodujacych opornos¢ na
metycyling, niemniej jednak zgodnie z danymi literaturowymi wystgpowanie tego klonu
w tancuchu pokarmowym nie powinno by¢ ignorowane, poniewaz odnotowano infekcje u ludzi
wywotane przez szczepy MSSA (methicillin-sensitive Staphylococcus aureus) ST398 (Li i in.,
2015).

Okreslenie typow sekwencyjnych badanych izolatoéw i powigzanie ich z dostgpnymi danymi
literaturowymi sugeruje, ze obecnos¢ S. aureus w badanych tancuchach produkcji zywnosci
jest wynikiem nieodpowiednich praktyk higienicznych w gospodarstwach. Niezwykle istotne,
jest stwierdzenie obecno$¢ tych samych ST na réznych etapach produkcji co wskazuje na
przezywalno$¢ tego patogenu, ktora zalezy od etapow produkcji podczas wytwarzania sera,
wlasciwosci fizyko-chemicznych sera (pH, zawarto$¢ soli, aktywno$¢ wody) oraz wymagan
wzrostu mikroorganizmow (Kousta i in., 2010). Przewidywanie patogenicznos$ci izolatow dla
ludzi dato wysoki sredni wynik prawdopodobienstwa (Pscore ~0,982). Podsumowujac, wyniki
badan przedstawione w publikacji P3 potwierdzono potencjal patogenny szczepow S. aureus.

Aby zagwarantowa¢ bezpieczenstwo zywnos$ci, kluczowe jest ustanowienie norm
mikrobiologicznych dla oznaczania liczby S. aureus i wykrywania enterotoksyn w produktach
spozywczych. Pomimo ich powszechnego stosowania, normy te maja kilka ograniczen. Jednym
z nich jest to, ze liczba komorek S. aureus nie zawsze jest wystarczajagcym wskaznikiem
obecnosci enterotoksyn w zywnosci. Jest to zwigzane z faktem, ze nie wszystkie szczepy
S. aureus sa enterotoksyczne i/lub wykazuja ekspresj¢ enterotoksyn. Warto zauwazy¢, ze
pomimo faktu, ze wigkszo§¢ komorek S. aureus moze zosta¢ zredukowana przy uzyciu obrobki
cieplnej, enterotoksyny gronkowcowe wykazujac odpornos¢ na wysokie temperatury nadal
moga wykazywac aktywnos$¢ biologiczng 1 by¢ czynnikiem wywotujgcym zatrucia pokarmowe.

Zgodnie z przepisami, badanie enterotoksyny jest obowigzkowe tylko wtedy, gdy warto$ci
komorek S. aureus przekraczaja 10° jtk/g. nawet w przypadkach, gdy liczba ta w produkcie
gotowym jest nizsza, obecnos$¢ enterotoksyn moze by¢ nadal identyfikowana. Sugeruje si¢, ze
obecnosé enterotoksyn w gotowych produktach przy poziomie komérek <10° jtk/g moze byé
zwigzana z szybko$cig osiagniecia odpowiedniego poziomu komorek i produkcji enterotoksyn
w poczatkowych etapach produkcji, a nastgpnie kolejne etapy, w tym np. ogrzewanie moze

wptyna¢ na redukcje liczby komoérek S. aureus, przy zachowaniu wytworzonej przez szczepy
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enterotoksyny (Johler i in., 2015; Schwendimann i in., 2021).

Uzyskane w ramach realizacji niniejszej pracy badania wykazaty, Zze testowane szczepy
mialy wysoka przezywalno$¢ (73,04-95,68%) wobec czynnikow stresowych (stres
osmotyczny, zasadowy i1 kwasowy) (P4). Wysoki wskaznik przezywalnosci w roéznych
warunkach §rodowiskowych potwierdzit, ze S. aureus moze tatwo zanieczyszcza¢ zywnos$¢
i potencjalnie w niej rosnaé. Jednocze$nie warto wspomnie¢, ze zaleznos¢ ekspresji SE od
wzrostu jest powigzana z elementami regulacyjnymi. Przyktadowo, SarA jest aktywna podczas
wyktadniczej fazy wzrostu, podczas gdy Agr jest aktywna, gdy gestos¢ komoérek wzrasta
podczas przejécia do stacjonarnej fazy wzrostu. Aktywacja Agr prowadzi do obnizenia regulacji
Rot, co prowadzi do zwigkszonej ekspresji toksyn (Carfora i in., 2015; Pader i in., 2014).

Jak opisano wczesniej, S. aureus moze posiada¢ jeden lub wiecej genéw enterotoksyn
1 enterotoksynopodobnych (SEs/SEls) (Schwendimann 1 in., 2021). Niemniej jednak warto
podkresli¢, ze posiadanie genow enterotoksyn nie oznacza, ze majg one zdolnos¢ do ich
ekspresji, nawet w przypadku zapewnienia idealnych warunkéw wzrostu (Sihto i in., 2015).
W zwigzku z powyzszym, niezmiernie wazne jest okreslenie wplywu stresu zwigzanego
z zywnos$cig (np. zmiana pH, rézne temperatury, obnizenie wartosci aw, a takze dodatek
konserwantow) na enterotoksycznos$¢ gronkowcow (Etter, Ukowitz, 1 in., 2022).

Jedna z metod konserwacji zywnosci jest dodawanie soli. Niemniej jednak S. aureus moze
przetrwa¢ w wysokich stezeniach NaCl, co powoduje zanieczyszczenie S. aureus w solonej
zywnosci, ktérego nie mozna wyeliminowac (Kim i in., 2017). W zwigzku z powyzszym wazne
jest poznanie mechanizmoéw odpowiedzialnych za produkcje enterotoksyn w obecnosci NaCl
(Bronner i in., 2004).

Wiekszo$¢ patogendw, w tym S. aureus, moze by¢ hamowana, gdy ayw miesci si¢ w zakresie
0,80-0,92. W tym celu stosuje si¢ suszenie lub dodawanie wysokich stezen soli lub cukru.
Wybrany poziom NaCl zastosowany w przeprowadzonym badaniu nasladowal warunki
stresowe wystepujace podczas produkcji wielu produktéw spozywcezych (w tym produktow
mlecznych i migsnych).

Wiadomo, ze S. aureus moze rosng¢ w wysokich stezeniach NaCl (3,5 M). Wykazano
jednak, ze warunki niskiej aktywnosci wody (aw) (~0,86) skutecznie ograniczajg produkcje SE
(Lopes i in., 2021). W badaniu przeprowadzonym przez Etter i in. (2022) stwierdzono rowne
lub podwyzszone poziomy mRNA sec po traktowaniu tagodnym stresem NaCl wsrod
wszystkich testowanych szczepow. Autorzy wykazali, ze nawet niewielki wzrost w zakresie
1-4,5% NaCl miat wptyw na ekspresje sec (Etter, Ukowitz, i in., 2022). W badaniach

przeprowadzonych w ramach realizacji niniejszej pracy zaobserwowano wzrost wzglednej
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ekspresji gendw selu, selm 1 selo pod wptywem 4,5% NaCl. Dlatego tez, zgodnie z uzyskanymi
danymi 1 wcze$niejszymi obserwacjami, mozna zatozy¢, ze zmieniajace si¢ poziomy stezenia
NaCl wplywaja na transkrypcyjna regulacj¢ genow enterotoksyn wsrod gronkowcow.

W przemysle spozywczym dodatek kwasu jest stosowany w celu zmniejszenia lub
zahamowania wzrostu bakterii. Osiaga si¢ to poprzez dodanie §rodka zakwaszajacego, a takze
poprzez proces fermentacji. Jednak hamujacy wplyw kwaséw zalezy od wielu czynnikéw,
w tym migdzy innymi od stezenia i rodzaju kwasu, czasu ekspozycji i zdolnosci buforowe;j
zywnos$ci. Dane literaturowe wskazuja, ze na poziomie biatka produkcja enterotoksyn jest
najwyzsza w zakresie pH miedzy 6 a 7 (Genigeorgis i in., 1971). Co wigcej, dane wykazaly
réwniez, ze ekspresja sea zachodzita pod wptywem kwasu octowego (pH = 6,0) w wyniku
indukcji profagéw (Susilo i in., 2017). Przeciwnie, Sihto i wsp. (2015) wykazali, ze stres kwasu
mlekowego (pH = 6,0) wptywat na ekspresje sed, ale stres ten nie prowadzit do znaczacych
zmian (Sihto 11n., 2015). W starszym badaniu wykazano, ze tagodny stres kwasu octowego (pH
7-5,5) mial wplyw na indukcje profagdéw, a takze zwiekszat ekspresje sea wsrod badanych
izolatow. Autorzy wykazali réwniez, ze przy pH 4,5-5,0 nie wykryto zadnych lub bardzo niskie
poziomy mRNA i1 SEA (Wallin-Carlquist i in., 2010). W niniejszym badaniu zaobserwowano,
ze wiekszo$¢ badanych genow enterotoksyn, po ekspozycji na stres pH = 4,5 1 pH = 9,6, miata
podobng ekspresje jak w warunkach optymalnych.

Warto zauwazy¢, ze S. aureus jest patogenem przenoszonym przez zywnos$¢, ktory
wykazuje konkurencyjng przewage wzrostu w zywnosci o wysokim stezeniu cukru lub soli lub
niskim pH. Chociaz w ciggu ostatnich kilku lat wielu badaczy (Etter, Biichel, 1 in., 2022; Schelin
i in., 2017; Sihto i in., 2015, 2016) probowalo rozszerzy¢ wptyw warunkow stresowych
zwigzanych z zywnos$cia na ekspresj¢ SE, nadal istnieje ograniczona liczba danych
wyjasniajacych role stresu w ekspresji genow enterotoksyn.

Pomimo faktu, ze podejmowane w ramach niniejszej pracy badanie koncentrowaty si¢ na
ekspresji gendow nowo opisanych enterotoksyn gronkowcowych, w oparciu o eksperymenty
w pozywkach hodowlanych, uzyskane wyniki wykazaty, ze ekspresja genéw enterotoksyn
gronkowcowych moze zmienia¢ si¢ w odpowiedzi na czynniki stresowe wystepujace podczas
produkcji 1 konserwacji zywno$ci. Uzyskane wyniki implikujg potrzebe dalszych badan
ekspresji genow SEs w matrycy zywnosciowe;.

Uzyskane wyniki badan w ramach niniejszej pracy wypetniaja istotng luk¢ na temat
szczepow S. aureus izolowanych z tancucha produkeji serow z mleka niepasteryzowanego
w Polsce. Uzyskane wyniki sugeruja potrzeb¢ monitorowania i kontroli S. aureus w tancuchu

produkcji zywnosci, szczegolnie w kontekscie ryzyka zwigzanego z opornoscig na antybiotyki
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1 potencjalnym zagrozeniem dla zdrowia publicznego. Badania te dostarczaja istotnych
informacji dla opracowywania skutecznych strategii zarzadzania ryzykiem zwigzanym z tym

patogenem w $rodowisku spozywczym.
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7. PODSUMOWANIE I WNIOSKI

Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej potwierdzilty
postawione hipotezy badawcze, ze tancuch produkcji serow zagrodowych jest Zrodiem
antybiotykoopornych (w tym MRSA), wirulentnych szczepdw S. aureus a stresy sSrodowiskowe
wystepujace podczas produkcji serow zagrodowych wplywaja na ekspresje genow
enterotoksycznosci.

Przeprowadzone badania pozwolity na sformutowanie nastgpujacych wnioskow:

1. Wykazanie obecno$ci szczepéw S. aureus na réznych etapach produkceji sugeruje

potrzebe skupienia uwagi na procedurach higienicznych na etapach produkcji.
W praktyce wymagane jest zwigekszenie Swiadomosci znaczenia praktyk higienicznych
wsrdd polskich producentéw serow zagrodowych.

2. Wystepowanie szczepow opornych na antybiotyki w fancuchu przetwarzania zywnos$ci
oznacza potrzebe monitorowania S. aureus w celu zidentyfikowania wzorcow
wrazliwo$ci na S$rodki przeciwdrobnoustrojowe, aby wyjasni¢ drogi przenoszenia
opornosci na antybiotyki w tancuchu zywnosciowym.

3. Krytyczne czynniki stresowe zwigzane z produkcja i utrwalaniem zywnosci (zmiana pH
1 stezenia NaCl) maja wplyw na ekspresje genow SEs u S. aureus. Obserwacja ta moze
by¢ przydatna do oceny ryzyka zwigzanego z wystepowaniem zatru¢ pokarmowych.

4. Stres zwigzany z przetwarzaniem i utrwalaniem zywno$cig moze wptywac na ekspresje
enterotoksyn gronkowcowych, czego nie mozna przewidzie¢ wytgcznie na podstawie
liczby zywych komorek.

5. Potencjat patogenicznos$ci jak 1 zmiany poziomdw ekspresji gendw pod wptywem stresu
sa cechg szczepowa.

6. Regularne monitorowanie serow z mleka niepasteryzowanego jest niezbedne dla
zapewnienia bezpieczenstwa zdrowotnego konsumentow.

Wyniki badan zaprezentowane w tematycznie powigzanym cyklu publikacji majg charakter
poznawczy oraz dostarczaja nowych informacji dotyczacych fenotypowych i genotypowych
determinant odpowiadajacych za ewolucje S. aureus w tancuchu produkcji polskich serow
zagrodowych z mleka niepasteryzowanego. Przeprowadzone badania pomagaja lepiej zrozumied
mechanizmy, ktére wplywaja na rozwoj i rozprzestrzenianie si¢ S. aureus w tancuchu produkcji
serow. Wnioski wynikajagce z przeprowadzonych badah moga mie¢ istotne implikacje dla
producentéw seréw z mleka niepasteryzowanego, ktorzy moga dostosowaé swoje praktyki
produkcyjne w celu minimalizacji ryzyka zwigzanych z obecno$cig S. aureus 1 poprawy jakosci i

bezpieczenstwa swoich produktow.
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e 2021- obecnie- Polskie Towarzystwo Mikrobiologdéw
* sekretarz Oddzialu w Olsztynie na kadencj¢ 2023-2026
e 2016-2019 Naukowe Koto Technologéw Mleczarstwa — cztonek

UDZIAL W SZKOLENIACH

1.

Szkolenie online: AMR Workshop, “Bioinformatics tools and methods for antimicrobial
resistance”, Organised by PHA4GE, JPIAMR and CLIMB-BIG-DATA, 15.10.2021

. Szkolenie online: ,Jako$§¢ wody w badaniach analitycznych. Dlaczego woda moze

stanowi¢ zagrozenie?”, 04.10.2021, Merck

. Udziat w webinarium z cyklu Vademecum Bezpieczenstwa Zywnosci pt. ,,0znaczanie

mykotoksyn 1 alergenow w zywnosci technika ELISA”, ARGENTA
Szkolenie Molecular Techniques For Food and Feed Testing - Techniki molekularne do
testowania zywnosci i1 pasz, 30.04.2021, ARGENTA

. Szkolenie w zakresie obstugi aparatéw sterylizacyjnych (autoklawdéw) z uwzglednieniem

warunkow BHP, Olsztyn, (14.10.2020)
Szkolenie z obstugi Vitek 2 Compact bioMerieux, Olsztyn (20-21.11.2019)

. Szkolenie z obstugi MALDI-TOF vitek ms bioMerieux, Olsztyn (25-27 09.2019)

NAGRODY I WYROZNIENIA

1.

2019 - Nagroda Tetra Pak dla najbardziej wyrdzniajacego si¢ absolwenta Wydziatu Nauki
o Zywnosci Uniwersytetu Warminsko-Mazurskiego w Olsztynie

. 2019 - Laureat nagrody firmy ECOLAB dla najlepszego Absolwenta Wydziatu Nauki o

Zywnosci — cztonka Studenckich Kot Naukowych

2019 - Dyplom uznania Dziekana Wydzialu Nauki o Zywnosci za ukoficzenie studiow II
stopnia z wyrdznieniem

2019 - Il miejsce w V edycji Konkursu organizowanego przez Wydziat Nauki o Zywnosci
Uniwersytetu Warminsko Mazurskiego w Olsztynie oraz Zentis Polska Sp. Z. o. o.,
,Nowatorska Przekgska mleczna dla pokolenia Z” Zespot: Dziurlikowska W., Gajewska
J. za produkt Gouda Chips.

. 2019 - I1I miejsce w V edycji Konkursu organizowanego przez Wydziat Nauki o Zywnosci

Uniwersytetu Warminsko-Mazurskiego w Olsztynie oraz Zentis Polska Sp. Z. o. o.,
,Nowatorska Przekaska mleczna dla pokolenia Z” Zespot: Dziurlikowska W., Gajewska
J. za produkt Twarogella- twarogowy miks kulkowy

2018 — I-miejsce za referat ,,Wystgpowanie w zZywnosci antybiotykoopornych szczepoéw
gronkowcow” w konkursie migdzynarodowym na najlepsza prace badawcza podczas
XLVII Migdzynarodowego Seminarium Kot Naukowych, Olsztyn

. 2018 - Udziat w XX European Dairy Sensory Contest, 15-18. 05.2018, miejsce:

Leeuwarden, Holandia; Organizator: Van Hall Larenstein University Of Applied Sciences
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we wspolpracy z EUROPEL (European Alliance of DairyTeachers; 4 miejsce dla zespotu:
Dziurlikowska W., Gajewska J., Mederska H.

WYKONANE RECENZJE NAUKOWYCH
Wykonano recenzje antykow naukowych dla czasopism:

Antibiotics, MDPI (3)
Antioxidants (MDPI) (1)
Microorganisms (MDPI) (2)
Toxins (MDPI) (1)

STYPENDIA NAUKOWE

Stypendium Rektora Uniwersytetu Warminsko Mazurskiego w Olsztynie dla
najlepszych studentéw w roku akademickim 2018/2019
Stypendium Rektora Uniwersytetu Warminsko Mazurskiego w Olsztynie dla
najlepszych studentéw w roku akademickim 2016/2017
Stypendium Rektora Uniwersytetu Warminsko Mazurskiego w Olsztynie dla
najlepszych studentow w roku akademickim 2015/2016

DZIALALNOSC ORGANIZACYJNA I DODATKOWA

Redaktor goscinny wydania specjalnego (Guest Editor of Special Issue) wspolnie z dr
inz. Wioleta Chajecka- Wierzchowska oraz dr hab. inz. Anng Zadernowska, prof UWM,
Special Issue czasopisma Microorganisms (ISSN: 2076-2607, IF: 4.926) Special Issue:
Antibiotic Resistance and Virulence Factors of Bacteria Isolated from Food (2022-
2023)

Przygotowanie prezentacji tematycznych Dni Otwartych UWM, Mikotajki z NoZami
Wspoétudziat w organizacji w XIX European Dairy Sensory Contest, 14-17.09.2017,
Uniwersytet Warminsko-Mazurski w Olsztynie

Udziat w organizacji OGOLNOPOLSKIEGO SWIETA SERA - Festiwal Seréw
1 Twarogow Polskiego Mleczarstwa, Edycja 2017 12018

2016-2017- Wolontariusz fundacji Uniwersytet Dzieci
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CALKOWITE ZESTAWIENIE DOROBKU NAUKOWEGO

Publikacje naukowe
Catkowity liczba publikacji 25
Publikacje stanowigce rozprawe doktorska 4
Rozdzialy w monografiach pokonferencyjnych 6
Autorstwo/wspolautorstwo w pracach naukowych
. Punkty )
L.p. | Rok | Czasopismo MNiSW/MEIN' IF
1 | 2019 |Journal of the Science of Food and Agriculture 100 2.422
2 | 2019 | International Journal of Food Microbiology 100 4.187
3 | 2020 | Pathogens* 100 3.492
4 | 2020 | Pathogens 100 3.492
5 | 2022 | Przeglgd Mleczarski 5 -
6 | 2022 | Molecules* 140 4.6
7 | 2023 | International Dairy Journal* 200 3.1
8 | 2023 | Pathogens* 100 3.7
9 | 2023 | Food Control* 140 6.0
10 | 2023 | NF'S Journal 140 0.663
International Journal of Environmental Research
1112023 and Public Health 20 4.614
12 | 2023 | Foods 140 52
13 | 2023 | Life-Basel* 70 3.2
14 | 2023 | Microorganisms* 40 4.5
15 | 2023 | Science of The Total Environment 200 9.8
16 | 2024 | Science of The Total Environment 200 9.8
17 | 2024 | Toxins 140 4.2
18 | 2024 | Przeglgd Mleczarski - -
19 | 2024 | Molecules 140 4.6
Rozdzialy w monografiach 45
SUMA 2120 77.52
Inne aktywnosci naukowe
Doniesienia na konferencjach naukowych 15
krajowe 9
mi¢dzynarodowe 6
Wyjazdy badawcze/staze naukowe 3
Udziat w kotach i towarzystwach naukowych 4
Udzial w projektach badawczych 7
Wykonane recenzje artykutow 7
Wskaznik oceny dorobku naukowego (Web of Science)
H-index 6
Liczba cytowan bez autocytowan 101

! Liczba punktow zgodnie z zalgcznikami do komunikatéw MNiSZW oraz wykazem MEIN zgodna z rokiem
opublikowania pracy

2 Impact Factor (IF) wedtug listy Journal Citation Reports (JCR), zgodnie z rokiem opublikowania pracy, .dla
prac ktorych IF nie zostat obliczony liczono ostatni aktualny

* funkcja autora korespondencyjnego



11. ZALACZNIKI

Pelne teksty publikacji bedace podstawa niniejszej rozprawy wraz z o§wiadczeniami

wspoOlautorow.
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ZALACZNIK 1

Gajewska, J., Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A. (2023).
Meta-analysis of the global occurrence of S. aureus in raw cattle milk and artisanal
cheeses. Food Control 147, 109603.
https://doi.org/10.1016/J. FOODCONT.2023.109603
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ARTICLE INFO ABSTRACT

Keywords: Due to the rich source of compounds, milk and dairy products are an excellent environment for the growth of
Meta-analysis many groups of microorganisms, including Staphylococcus aureus. The presence of pathogens in raw materials can
Milk

threaten the dairy industry around the world.

The objective of this study was to evaluate the prevalence and diversity of Staphylococcus aureus and methi-
cillin - resistance Staphylococcus aureus (MRSA) isolates in raw milk (buffalo’s, cow’s, goat’s, sheep’s) and raw
milk cheeses worldwide by using meta-analytical methods. For this purpose, the searched relevant articles
published in PubMed, Scopus and Web of Science were searched for studies in the years 2011-2021 using related
keywords. Results showed that the S. aureus were isolated from 29.07% of the milk samples and 42.81% of the
cheese samples. The most frequent isolation was observed from raw cow’s milk, 32.23% (95% CI: 29.53-34.92),
and least frequent from sheep’s milk, 18.78% (95% CI: 13.48-24.08). In cheeses, S. aureus was most often iso-
lated from goat’s milk cheeses, 68.33% (95% CI: 0-100) (Table 2).

The results showed a downward trend in S. aureus prevalence in cow’s milk samples can be observed over the
years. Obtained results of this meta-analysis improved understanding of the prevalence of S. aureus in different
raw milk and raw milk cheeses and provided results that can be useful as input for quantitative microbiological

Artisanal cheeses
Staphylococcus aureus
Methicillin-resistant Staphylococcus aureus

risk evaluation modeling.

1. Introduction

Milk and dairy products, due to their rich source of chemical com-
pounds, are an excellent environment for the growth of many groups of
microorganisms, including Staphylococcus aureus (Haque et al., 2018).
This pathogen is responsible for causing infectious, diseases as well as
food poisoning (Fursova et al., 2020). The occurrence of S. aureus in
dairy cattle is associated with subclinical or clinical mastitis (Srednik
et al., 2018; Zaatout et al., 2019).

The presence of pathogenic strains in raw material may pose a threat
to the dairy industry worldwide (Riva et al., 2015). Contamination of
raw milk with S. aureus strains consequently may be a source of
contamination of dairy products, especially from unpasteurized milk
(Fitzgerald et al., 2001; Johler et al., 2018).

The criterion for the enumeration of coagulase-positive staphylo-
cocci and for the detection of staphylococcal enterotoxins is described in
Commission Regulation (EC) No 2073/2005. Although literature data
indicate the frequent presence of S. aureus strains in raw milk and milk

products (Dittmann et al., 2017; Ou et al., 2018; Regasa et al., 2019;
Rola et al., 2016), if the level of contamination does not exceed 10°
CFU/g, it is not considered hazardous.

S. aureus is thought to be one of the most common causes of food-
borne outbreaks (Asiimwe et al., 2017; da Silva et al., 2020). The viru-
lence of this pathogen is closely related to the toxins. Staphylococcal
enterotoxins (SEs) and SE-like toxins (SEls) are involved in causing food
poisoning, toxic shock syndrome, and staphylococcal infectious diseases
in humans. Literature data report that several outbreaks of food
poisoning caused by staphylococci have been associated with the con-
sumption of raw milk cheeses (Filipello et al., 2020; Johler et al., 2018;
Simeao Do Carmo et al., 2002). It is therefore important to continuously
monitor S. aureus strains in the dairy production chain and develop
strategies to prevent the spread of this pathogen.

Therefore, the aim of present research was performed to assess the
global prevalence in last 10 years rate of S. aureus contamination in raw
milk (raw cow’s, sheep’s, goat’s, buffalo’s milk) and cheeses made from
raw, unpasteurized milk sampled from retail markets, farms and

* Corresponding author. Department of Industrial and Food Microbiology, Faculty of Food Science, University of Warmia and Mazury in Olsztyn, Plac Cieszynski 1,
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processing companies.

2. Materials and methods
2.1. Search strategy

Prepared systematic review was conducted following the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines. We performed systematic searches in PubMed, Scopus and
Web of Science. The keywords used as search queries in the databases
were “milk” AND “cheeses” AND (“Staphylococcus aureus” OR “S. aureus”
AND (“occurrence” OR “prevalence”) in the present survey both sepa-
rately and simultaneously in December 2021-March 2022. The search
was limited to the publication dates from January 2011 to December
2021. Articles without a population size of S. aureus, experimental work,
other types of milk (human, camel) were excluded from the study. Titles
and abstracts of retrieved articles were reviewed independently by the
author (JG) and any discrepancy was resolved through discussion with
the second and last author (AJZ, WCh-W, AZ).
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2.2. Eligibility criteria

The inclusion criteria were testing for the presence of S. aureus in raw
milk or cheeses made from raw, non-pasteurized milk.

2.3. Data extraction

The data were collected based on the authors’ last names, year of
publication, type of milk, sample size, S. aureus isolate number and
MRSA strains. Data were extracted by a reviewer (JG) and disagree-
ments were resolved by consulting with AJZ, WCh-W, AZ.

2.4. Statistical analysis

To estimate the overall prevalence meta-analyses, PQStat version
1.4.8 statistical software was used. Meta-analysis was performed by
using the random-effects model to estimate the pooled prevalence and
corresponding 95% confidence interval (CI). Heterogeneity between
estimates was assessed using the Higgin’s I? and Cochran’s Q method,
which describes the percentage of variation not due to a sampling error
across studies. An I2 value above 75% indicates high heterogeneity.
Sensitivity analysis was applied to determine if the exclusion of any

Identification of studies via databases and registers
)
=
2 Records removed before
é Records identified from™*: screening:
g Databases (n =3601) Duplicate records removed
= (n = 1458)
L
—
SR
Records screened Records excluded**
(n=2143) (n =1607)
=1
-
£
& Piepsll’ts assessed for 5 Reports excluded:
= |g_1§13 ':y *no S.aureus number (n=54)
(n=532) *no samples size (n =62)
*sampled sick animals (n =43 )
sreviews (n =15)
() *not English (n=30)
sexperimental work (n=75)
«different source (not cow’s, goat’s,
— sheep’s and buffalo’s milk) (n=87)
-]
£
2 Studies included in review
g (n=166
—

Fig. 1. Flow diagram showing the study selection process.
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study had a significant effect on the estimated pooled prevalence while
ignoring each one. ANNOVA test was used to compare a statistical sig-
nificance among species and clusters. Meta-regression for S. aureus
clusters was used to investigate whether changes in methicillin-
resistance occurrence could be observed over the years. The results
show models for which the Q value of the model was statistically sig-
nificant p < 0.05.

3. Results
3.1. Study characteristics

During systematic research 3601 articles were obtained among with
532 were fully reviewed. Finally. 166 articles were included in the meta-
analysis (Fig. 1). The characteristics of the articles are presented in
Table 1.

In the studies included in the meta-analysis, a total of 62,267 samples
were tested, including 58,795 samples of milk, including cow’s, goat’s
sheep’s and buffalo’s milk as well as 3472 cheese samples made from
cow’s, goat’s and mixed milks.

3.2. Pooled prevalence of S. aureus and MRSA

As a result of the analysis, it was shown that the S. aureus species
were isolated from 29.07% of the milk samples and 42.81% of the cheese
samples. Statistical analysis showed that differences within and between
groups are significant and the p-value is < 0.000001 and 0.028591,
respectively. The most frequent isolation was observed from raw cow’s
milk, 32.23% (95% CI: 29.53-34.92), and least frequent from sheep’s
milk, 18.78% (95% CI: 13.48-24.08). In cheeses, S. aureus was most
often isolated from goat’s milk cheeses, 68.33% (95% CI: 0-100). The
studies in the group of cheese and milk were characterized by high
heterogeneity and the I? coefficient was 99.24% and 99.45%, respec-
tively. Based on the Eagger’s test, it was determined that there was no
bias in the studies and for both the p value was <0.000001 (Fig. 2).

Due to the small number of publications containing information on
the presence of MRSA in cheese samples, no differentiation was made
between the types of milk the cheese was made of. From the analyzes it
was determined that MRSA strains were present in 1.69% (95% CI:
0-3.38) of the cheese samples overall. In milk samples it was shown that
the most frequent MRSA strains were in milk, the origin of which was
not specified, and it was 6.52% (95% CI: 4.69-8.82), relatively often
MRSA strains were isolated from buffalo’s milk, as they were found in
4.03% samples (95% CI: 2.04-6.75). The least frequently MRSA strains
were isolated from sheep’s milk (1.24% (95% CI: 0.79-1.89) (Table 2).
Statistical analysis showed that differences within groups are significant
and the p-value is < 0.000001, however the differences between groups
are not significant and the p-value is 0.09945. The results of S. aureus
and MRSA pooled prevalence in milk and cheeses are shown in forest
plots (Figs. S1-S6. Supplementary materials).

The results of the studies included in the meta-analysis were also
characterized by high heterogeneity and the I value was 92.54% for the
milk samples and 54% for the cheese samples. Eagger was 0.026269 and
< 0.000001 corresponding to cheese and milk (Fig. 2).

3.3. Distribution of MRSA, among different countries based on meta-
analysis of published original articles-subgroup analysis

Due to the largest number of publications specifying the presence of
S. aureus strains and MRSA strains from cow’s milk samples, subsequent
analyzes focus on them. The prevalence of MRSA and S. aureus among
geographic regions in the subgroup analysis, are shown in Figs. 3 and 4.
The prevalence of S. aureus was 33.29% (95% CI 27.48-39.10) among
9583 cow’s milk samples in Asia, 27.81% (95% CI 24.82-30.79) among
27,102 samples in Europe, 35.04% (95% CI 10.37-59.70) among 5527
samples in North America, 27.89% (95% CI 2.90-52.87) among 1424
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samples in South America and 32.62 (95% CI 17.62-47.61) among 7446
samples in Africa and 57.79% (95% CI 13.02-100) among 312 samples
in Oceania. The most frequent S. aureus prevalence was 53.33% (95% CI
50.50-56.16) in Turkey, followed by 50.17% (95% CI 48.62-51.72) in
Norway and the least frequent was 13.88 (95% CI 9.66-18.76) in
Indonesia, followed by 14.67% (95% CI 13.61-15.77) in South Africa.
Statistical analysis showed that differences within groups are significant
and the p-value is 0.000159, however the differences between groups
are not significant and the p-value is 0.844251.

The analysis of the data from the publications on the occurrence of
MRSA strains showed the occurrence at the 4.99% (95% CI 4.43-5.59)
among 5637 cow’s milk samples in Asia, 1.08% (95% CI 0.94-1.23)
among 20,096 samples in Europe, 1.89% (95% CI 0.94-1.23) among
281 samples in North America and 13.06 (95% CI 10.69-15.72) among
728 samples in Africa. There was not enough data to analyze MRSA
prevalence from Oceania and South America (Fig. 5). Statistical analysis
showed that differences within and between groups are significant and
the p-value is < 0.000001 and 0.000001, respectively.

The most frequent MRSA prevalence was 30.90% (95% CI
25.21-37.41) in Egypt, and the least frequent was 0.77 (95% CI
0.44-1.24) in Czech Republic, followed by 1.87% (95% CI 1.69-6.86) in
China (Fig. 6).

Based on the analysis of the prevalence of S. aureus and MRSA in
developed and developing countries, the prevalence of S. aureus in
developed countries was 32.84% (95% CI 32.23-33.36) and in devel-
oping countries was 32.19% (95% CI 31.52-32.86). Statistical analysis
showed that differences within groups are significant and the p-value is
0.000001, however the differences between groups are not significant
and the p-value is 0.85608. The prevalence of MRSA in developed
countries was 1.45% (95% CI 1.29-1.62) and in developing countries
was 4.13% (95% CI 3.69-4.62). Statistical analysis showed that differ-
ences within and between groups are significant and the p-value is <
0.000001 and 0.000003, respectively.

A meta-regression analysis was performed for the study year as a
categorical variable. The results of meta-regression are showed in sup-
plementary materials (Figs. S7-S20). A downward trend in S. aureus
prevalence in cow’s milk samples can be observed, the value of beta
coefficients is —0.005913, however the p value for a model was
0.232986. Different results were obtained for the occurrence of MRSA
and an upward trend was observed, which was 0.000934, although here
also no statistical significance, and the p value for a model was
0.432963.

4. Discussion

S. aureus is an opportunistic pathogen known to cause severe in-
fections in humans and animals (Brahma et al.,, 2022). Due the
increasing worldwide trend of consumption of unpasteurized (raw) milk
and milk products such as raw milk cheese, it is important to monitor the
microbiological risks associated with the consumption of these products
(Cardozo et al., 2021). Determining the prevalence of S. aureus is a
significant step for interventions to control the emergence and trans-
mission of this pathogen. Despite food safety criteria for S. aureus that
exist worldwide, the prevalence of this pathogen in raw milk and raw
milk cheeses is high. The multiplicity of food-borne disease outbreaks
linked to tainted dairy products demonstrates S. aureus public health
importance. Literature reports showed that dairy animals are probably
the main source of contamination of raw milk with S. aureus (Gebre-
medhin et al., 2022).

Our results showed that the S. aureus were isolated from 29.07% raw
milk samples worldwide in the past 10 years. Compared to previous
reports, we observed a decrease in the prevalence of S. aureus in raw
cow’s milk samples between the years 2000-2016 (33.5%) (Ou et al.,
2018) and the results of the present study 2011-2021 (29.07%). This
study showed the low prevalence of S. aureus rates in raw milk in Europe
27.81% (95% CI 24.82-30.79) and Asia 33.29% (95% CI 27.48-39.10)
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Table 1
Main characteristics of included studies.
Authors Year Country Economic Continent  Source  Milk Type N N N
condition samples” S. aureus”  MRSA
Sasidharan et al. (2011) 2011  Malaysia developing Asia milk cow’s 12 4 1
Kav et al. (2011) 2011  Turkey developing Asia cheese  sheep’s/ 127 53 3
COW’s
Tasci et al. (2011) 2011  Turkey developing Asia cheese  not specified 50 18 -
Korpysa-Dzirba and Osek (2011) 2011  Poland developed Europe milk cow’s 237 77 -
Addis et al. (2011) 2011  Ethiopia developing Africa cheese  not specified 200 10 -
Arslan and Ozdemir (2011) 2011  Turkey developing Asia cheese  not specified 200 135 -
Vyletélova et al. (2011) 2011  Czech developed Europe milk cow’s 1427 506 23
Republic milk goat’s 76 21 21
milk sheep’s 117 12 12
Mirzaei (2011) 2011 Iran developing Asia milk COW’s 50 22 0
Jakobsen et al. (2011) 2011  Norway developed Europe milk cow’s 73 34 -
Aydin et al. (2011) 2011  Turkey developing Asia milk cow’s 303 64 -
Persson and Olofsson (2011) 2011  Sweden developed Europe milk goat’s 222 9 -
Fotou et al. (2011) 2011  Greece developed Europe milk sheep’s 240 58 -
(Deresse Daka, 2012) 2012  Ethiopia developing Africa milk cow’s 160 78 -
Alian et al. (2012) 2012 Iran developing Asia milk CoOw’s 190 34 0
milk sheep’s 78 7 0
milk goat’s 80 5 0
Wang et al. (2012) 2012  China developing Asia milk cow’s 58 17 -
Costa Sobrinho et al. (2012) 2012 Brazil developing America milk CoOw’s 154 145 -
Linage et al. (2012) 2012  Spain developed Europe milk sheep’s 390 57 0
Lee et al. (2012) 2012  Brazil developing America milk cow’s 340 38 -
Desissa et al. (2012) 2012  Ethiopia developing Africa milk cow’s 195 92 -
Can and celik (2012) 2012  Turkey developing Asia cheese 200 12 2
Stastkova et al. (2012) 2012 Czech developed Europe milk cow’s 511 199 -
Republic
(Giiciikoglu et al., 2012) 2012  Turkey developing Asia milk cow’s 297 235 -
Hill et al. (2012) 2012  New Zealand developed Oceania milk cow’s 297 235 -
Bingol et al. (2012) 2012 Turkey developing Asia cheese 150 40 -
Haran et al. (2012) 2012 USA developed America milk COW’S 150 93 2
Kreausukon et al. (2012) 2012  Germany developed Europe milk cow’s 635 - 28
Mork et al. (2012) 2012  Norway developed Europe milk cow’s 3982 166 -
Kouamé-Sina et al. (2012) 2012 Cote d’Ivoire developing Africa milk COW’S 118 21 -
Cicconi-Hogan et al. (2013) 2013 USA developed America milk cow’s 290 159 -
Rahimi (2013) 2013  Iran developing Asia cheese sheep’s/ 60 10
COW’s
Thaker et al. (2013) 2013 India developing Asia milk COW’s 100 6 0
Dambrosio et al. (2013) 2013  Italy developed Europe cheese 404 15
Hu et al. (2013) 2013  China developing Asia milk cow’s 40 12 0
Kamal et al. (2013) 2013  Egypt developing Africa milk cow’s 35 33 3
Spanu et al. (2013) 2013  Italy developed Europe milk goat’s 78 60 0
de Garnica et al. (2013) 2013  Spain developed Europe milk sheep’s 752 199 -
Lim et al. (2013) 2013 Korea developed Asia milk COW’S 559 - 35
Cervinkova et al. (2013) 2013 Czech developed Europe milk COW’S 669 60 0
Republic
Rahimi and Alian (2013) 2013  Iran developing Asia milk cow’s 50 8 -
milk goat’s 40 3 -
milk sheep’s 40 4 -
Mullen et al. (2013) 2013 USA developed America milk CoOwW’s 4660 185 -
He et al. (2013) 2013 China developing Asia milk COW’S 30 4
(Wang et al., 2014a) 2014  China developing Asia milk cow’s 67 6 -
Wang et al. (2014b) 2014  China developing Asia milk cow’s 295 43 -
Fadaei (2014) 2014 Iran developing Asia milk COW’S 300 125 -
Gargouri et al. (2014) 2014  Tunisia Africa milk cow’s 80 80 -
Arefi et al. (2014) 2014  Iran developing Asia cheese 50 18 6
Gundogan and Avci (2014) 2014  Turkey developing Asia milk cow’s 50 28 -
Chaalal et al. (2014) 2014  Algeria developing Asia milk cow’s 55 23 1
McAuley et al. (2014) 2014  Australia developed Ocean milk cow’s 15 5 -
Paterson et al. (2014) 2014 UK developed Europe milk cow’s 465 11 10
Saadat et al. (2014) 2014 Iran developing Asia milk COW’S 100 9 -
Walcher et al. (2014) 2014  Austria developed Europe milk cow’s 35 18 -
Rall et al. (2014) 2014  Brazil developing America milk cow’s 280 1 -
Kamana et al. (2014) 2014 Rwanda developing Africa milk COW’s 54 23 -
Cicconi-Hogan et al. (2014) 2014 USA developed America milk cow’s 11 - 1
Ngasala et al. (2015) 2015  Tanzania developing Africa milk cow’s 105 35 -
Tigabu et al. (2015) 2015  Ethiopia developing Africa milk cow’s 477 120 -
Li et al. (2015) 2015 China developing Asia milk COW’s 214 121 1
Nusrat et al. (2015) 2015  Bangladesh developing Asia milk Cow’s 40 9 5
cheese 40 8 4
Song et al. (2015) 2015  China developing Asia milk cow’s 248 50 7
Traversa et al. (2015) 2015  Italy developed Europe milk cow’s 453 46 -
Riva et al. (2015) 2015  Italy developed Europe milk cow’s 282 30 -

(continued on next page)
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Table 1 (continued)

Authors Year Country Economic Continent  Source  Milk Type N N N
condition samples” S. aureus”  MRSA
Jamali et al. (2015) 2015 Iran developing Asia milk CoOwW’s 1035 162 21
milk sheep’s 895 86 11
Sudhanthiramani et al. (2015) 2015 India developed Asia milk cow’s 110 43
Mashouf et al. (2015) 2015 Iran developed Asia milk cow’s 271 29 3
Rola et al. (2015) 2015 Poland developed Europe milk COW’S 115 69 0
Antonios et al. (2015) 2015  Greece developed Europe milk sheep’s 342 79 -
Sharma et al. (2015) 2015 India developing Asia milk cow’s 160 65 17
Cortimiglia et al. (2015) 2015  Italy developed Europe milk goat’s 197 85 4
Taherikalani et al (2015) 2015 Iran developing Asia milk cow’s 112 91 -
Akindolire et al. (2015) 2015  South Africa developing Africa milk cow’s 895 86 -
Zeinhom et al. (2015) 2015  Egypt developing Africa milk cow’s 100 12 -
Oliveira et al. (2016) 2016 Brazil developing America milk COW’s 552 65 21
Reta et al. (2016) 2016  Ethiopia developing Africa milk cow’s 120 29 -
Tarekgne et al. (2016) 2016  Ethiopia developing Africa milk cow’s 297 100 -
Ben Said et al. (2016) 2016 Tunisia developing Africa milk COW’s 162 43 0
Mausam et al. (2016) 2016  India developing Asia milk cow’s 150 85 44
Caruso et al. (2016) 2016  Italy developed Europe milk sheep’s/ 162 2
goat’s
Knight-Jones et al. (2016) 2016  Zambia developing Africa milk cow’s 86 19 -
Bogdanovicova et. al (2016) 2016  Czech developed Europe milk cow’s 175 47 -
Republic milk sheep’s 23 9 -
milk goat’s 32 11 -
Basanisi et al. (2016) 2016  Italy developed Europe cheese 90 37 1
Pexara et al. (2016) 2016  Greece developed Europe milk sheep’s 140 34 1
Rola et al. (2016) 2016  Poland developed Europe milk cow’s 26 12 -
developed cheese 26 18 -
Cortimiglia et al. (2016) 2016  Italy developed Europe milk cow’s 844 398 32
(Mohammad Reza, Kazemian, Tabar, & Hosseini, 2016 Iran developing Asia milk COW’s 271 29 -
2016)
Parisi et al. (2016) 2016  Italy developed Europe milk cow’s 486 12
Bao et. al. (2016) 2016 China developing Asia milk COW’S 121 52 5
Al-Ashmawy et al. (2016) 2016  Egypt developing Africa milk cow’s 200 - 106
Bi et al. (2016) 2016  China developing Asia milk cow’s 894 448 -
(L. B. Da Costa et al., 2016) 2016 USA developed America milk COW’s 307 146 -
Aqib et al. (2017) 2017 Pakistan developing Asia milk CoOwW’s 450 135 20
Berhilevych et al. (2017) 2017  Ukraine developing Europe milk Ccow’s 32 4 -
Sharma et al. (2017) 2017  India developing Asia milk cow’s 368 73 15
Mansour et al. (2017) 2017  Egypt developing Africa milk cow’s 33 3 -
milk buffallo’s 58 5 -
Pekana et al. (2017) 2017  South Africa developing Africa milk cow’s 384 63 -
Taban et al. (2017) 2017  Turkey developing Asia cheese 63 11 -
Bulajic et al. (2017) 2017  Serbia developing Europe cheese 71 36 -
Lan et al. (2017) 2017  China developing Asia milk cow’s 160 84 -
Can et al. (2017) 2017  Turkey developing Asia milk cow’s 20 25
milk goat’s 15
milk sheep’s 15
Nunes and Caldas (2017) 2017  Brazil developing America cheese 350 65 -
Beyene et al. (2017) 2017  Ethiopia developing Africa milk cow’s 48 10
Giacinti et al. (2017) 2017  Italy developed Europe milk sheep’s 286 153
Liu et al. (2017) 2017  China developing Asia milk cow’s 195 54 16
Mehli et al. (2017) 2017  Norway developed Europe milk cow’s 15 15 -
cheese  Cow’s 12 6 -
Resende et al. (2018) 2018  Brazil developing America cheese 35 9 -
Saka and Terzi Gulel (2018) 2018  Turkey developing Asia milk bufallo’s 100 30
Serrano et al. (2018) 2018 Switzerland developed Europe cheese 51 3 —
Zulauf et al. (2018) 2018  Switzerland developed Europe milk cow’s 73 22 -
Pereira et al. (2018) 2018 Brazil developing America milk CoOwW’s 30 10 -
cheese 30 22 -
Alves et al. (2018) 2018  Brazil developing America cheese 17 14 -
Mohammed et al. (2018) 2018  Tanzania developing Africa milk cow’s 117 46 -
Hussain et al. (2018) 2018 Iraq developing Asia cheese 120 30 -
Giirbiiz et al. (2018) 2018  Turkey developing Asia cheese 106 25 -
Papadopoulos et al. (2018) 2018  Greece developed Europe milk cow’s 10 4 1
milk sheep’s 10 6 0
milk goat’s 5 4 0
Johler et al. (2018) 2018  Italy developed Europe milk cow’s 36 7 -
cheese 96 77 -
Moura et al. (2018) 2018 USA developed America milk COW’S 120 9 4
Omoshaba et al. (2018) 2018  Nigeria developing Africa milk goat’s 145 31 52
milk sheep’s 290 41
Abdel-Hameid Ahmed et al. (2019) 2019  Egypt developing Africa milk cow’s 50 21 -
Tyasningsih et al. (2019) 2019  Indonesia developing Asia milk cow’s 80 14 14
Amenu et al. (2019) 2019  Ethiopia developing Africa milk cow’s 126 14 -
milk goat’s 15 2 -
Costa et al. (2019) 2019 Brazil developing America milk COW’s 30 7 -

(continued on next page)
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Authors Year Country Economic Continent  Source  Milk Type N N N
condition samples” S. aureus”  MRSA
Effendi et al. (2019) 2019 Indonesia developing Asia milk CoOW’s 160 20 -
Maisano et al. (2019) 2019  Italy developed Europe milk cow’s 661 236 -
Titouche et al. (2019) 2019  Algeria developing Africa milk cow’s 190 51 11
Qian et al. (2019) 2019  China developing Asia milk cow’s 289 68 -
Gharsa et al. (2019) 2019 Tunisia developing Africa milk COW’S 57 14 -
milk goat’s 9 0 -
Khemiri et al. (2019) 2019  Tunisia developing Africa milk cow’s 150 47 -
milk goat’s 30 0 -
milk sheep’s 100 9 -
Alnakip et al. (2019) 2019  Spain developed Europe milk cow’s 100 5 -
Korpysa-Dzirba and Osek (2019) 2019  Poland developed Europe milk cow’s 610 229
Holko, Tancin, Tvarozkova, et al. (2019) 2019  Slovakia developed Europe milk sheep’s 310 9
Kadlec et al. (2019) 2019  Germany developed Europe milk cow’s 14924 372 11
Amandeep et. al. (2019) 2019  Pakistan developing Asia milk cow’s 204 32 -
Holko, Tanc¢in, Tvarozkova, et al. (2019) 2019 Slovakia developed Europe milk CoOwW’s 521 65 0
Papadopoulos et al. (2019) 2019  Greece developed Europe milk bufallo’s 9 3 1
milk sheep’s 7 4 1
milk goat’s 2 0 0
Anderson et al. (2019) 2019 USA developed America milk goat’s 497 6 -
Abdeen et al. (2020) 2020  Egypt developing Africa milk cow’s 90 22 -
Friker et al. (2020) 2020  Switzerland developed Europe milk goat’s 99 16 -
milk sheep’s 24 2 -
Gajewska and Chajecka-Wierzchowska (2020) 2020  Poland developed Europe milk cow’s 30 12 -
(de Oliveira et al., 2020) 2020  Brazil developing America milk goat’s 70 43 -
America cheese 70 70 -
Issa and Aksu (2020) 2020  Turkey developing Asia milk cow’s 406 119 1
Lourenco et al. (2020) 2020  Ireland developed Europe milk cow’s 57 38 -
Europe milk goat’s 11 9 -
Europe cheese cow’s 74 61 -
Europe cheese goat’s 5 5
da Silva et al. (2020) 2020 Brazil developing America milk COW’S 38 8 -
AKklilu and Ying (2020) 2020  Malaysia Malaysia milk cow’s 63 28 13
Agbortabot Bissong et al. (2020) 2020  South Africa developing Africa milk cow’s 39 19 -
Rahi et al. (2020) 2020 Iran developing Asia milk COW’S 130 11 8
milk sheep’s 120 9 7
milk goat’s 120 6 4
milk bufallos’s 110 10 8
Mehramuz et al. (2020) 2020 Iran developing Asia cheese 42 42 -
Keyvan et al. (2020) 2020  Turkey developing Asia milk Ccow’s 142 120 40
Hegab et al. (2020) 2020  Egypt developing Africa cheese 150 40 -
Mphabhlele et al. (2020) 2020 South Africa developing Africa milk COW’S 2862 50 -
Laukova et al. (2020) 2020  Slovakia developed Europe cheese 54 5
Bastam et al. (2021) 2021  Iran developing Asia milk cow’s 35 13 -
Asia cheese 30 21 -
Lianou et al. (2021) 2021  Greece developed Europe milk sheep’s 325 54 -
Tamendjari et al. (2021) 2021  Algeria developing Africa milk bufallos’s 87 29 2
Africa milk goat’s 29 2 2
Hasan et al. (2021) 2021  Bangladesh developing Asia milk cow’s 20 11 -
Kasem et al. (2021) 2021  Egypt developing Africa cheese 100 57
Lika et al. (2021) 2021  Albania developing Europe milk cow’s 50 5
2021  Serbia developing Europe milk cow’s 50 7 -
Silva Jtnior et al. (2021) 2021  Brazil developing America milk goat’s 510 98 17
Yahya Ahmed et al. (2021) 2021  Sudan developing Africa milk cow’s 100 63 -
Shi et al. (2021) 2021 China developing Asia milk CoOw’s 750 276
Lemma et al. (2021) 2021  Ethiopia developing Africa milk cow’s 175 43
Cai et al. (2021) 2021  China developing Asia cheese 399 56 -
(Kou et al., 2021) 2021  China developing Asia milk cow’s 60 37 -
Zhao et al. (2021) 2021 China developing Asia milk COW’S 418 121 3
Tibebu et al. (2021) 2021 Ethiopia developing Africa milk cow’s 141 36 2
Manovska et al. (2021) 2021 Macedonia developing Europe milk cow’s 153 108 -
Lianou et al. (2021) 2021  Italy developing Europe milk goat’s 119 21

-: no information.
2 Number of S. aureus positive samples.
b Number of methicillin -resistant S. aureus MRSA positive -samples.

compared to results obtained in other continents and indicates the high
quality of European and Asian milk. Pasteurization and heat treatment is
an important food process for public health and has contributed to
decline in staphylococcal infections (James et al., 2021). Therefore,
contaminated food products are a possible source of human infections
but seem to be a minor risk (EFSA, 2022). Food safety could be an issue
due to the consumption of contaminated raw milk and unpasteurized
raw milk products. Our study showed, that S. aureus was occurred in

42.81% of the raw milk cheese samples in the past 10 years. Occurrence
of this pathogen in farmhouse cheeses may be link to a low quality of
milk, unhygienic process conditions and also possible source of
contamination are people involved in cheese manufacturing, since
S. aureus is frequently present on skin of cheese maker (Rola et al.,
2016).

Our results showed that there are no differences of prevalence of
S. aureus in raw milk between developed and developing countries
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Fig. 2. Funnel plot of the meta-analysis on MRSA prevalence in cheese (A) and raw milk (B) and S. aureus prevalence in cheese (C) and raw milk (D) in

included studies.

Table 2
Pooled prevalence of S. aureus and methicillin - resistance S. aureus (MRSA) isolates.

Microorganism Isolation source N n pooled prevalence [%] SE —95%CI +95%CI

S. aureus cheese cow’s 9 740 59.46* 0.114866 36.95 81.98
goat’s 3 275 68.33* 0.381422 0.00 100.00
sheep’s/cow’s 3 237 31.38* 0.083733 14.97 47.79
sheep’s/goat’s 3 282 56.02* 0.273131 2.49 100.00
not specified 14 1938 26.25* 0.04689 17.06 35.44
sum 32 3472 42.81 0.061712 30.71 54.90

milk buffalo’s 5 364 21.02* 0.059359 9.39 32.66

cow’s 119 51394 32.23* 0.013754 29.53 34.92
goat’s 21 2386 22.75% 0.033984 16.09 29.41
sheep’s 19 4489 18.78* 0.027033 13.48 24.08
sum 164 58795 29.07* 0.011361 28.70 29.44

MRSA cheese sum 6 567 1.69 0.008611 0.00 3.38

milk buffalo’s 4 306 4.03 0.012009 2.04 6.75

cow’s 45 27294 2.80% 0.002742 2.61 3.01
goat’s 9 1097 3.07* 0.012178 2.16 4.30
not specified 2 597 6.52% 0.053592 4.69 8.82
sheep’s 8 1757 1.24* 0.005996 0.79 1.89
sum 66 31051 2.62 0.002392 2.15 3.09

N: Number of articles, n: number of samples; 95% CI: 95% Confidence Interval; SE—standard error; *statistical coefficient.

(32.84% vs. 32.19% respectively). The result obtained in the study was
similar to the previously study (Ou et al., 2018).

According to European Food Safety Authority (EFSA) report (EFSA
2022) food, including milk and milk products is not recognized as po-
tential source of MRSA strains, however, few countries are reporting
MRSA strains in food voluntarily. Last report about MRSA strains
included only data from one country (Germany 2019), where prevalence
reached 7.7% MRSA strains from raw cow’s milk for manufactures.
Therefore, our meta-analysis provides a valuable information about
rates of MRSA isolates in recent ten years. The incidence rates of MRSA
strains have diverse all over the world: the occurrence of MRSA was
13.06% in Africa, 4.99% in Asia and 1.08% in Europe, 1.89% in North

America. The results of our meta-analysis suggest that there is a low
prevalence of MRSA in raw milk recovered from healthy animals, but its
prevalence increased in the past 10 years (0.000934; no statistical sig-
nificance, p value for a model was 0.432963). We found that prevalence
of MRSA among isolates differs between developed and developing
countries (1.45% vs. 4.13%). Literature data report that the prevalence
of MRSA in dairy animals and dairy products is low compared to other
animal species, and does not exceed 5% (Schnitt & Tenhagen, 2021). In
Europe, Commission Implementing Decision (EU) 2020/17292 does not
oblige to monito and report of antimicrobial resistance in S. aureus.
Nevertheless, as well as reports by other authors, it appears that the
prevalence of MRSA may increase significantly over the years, at least in
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Fig. 4. World map showing the continental-wise prevalence of MRSA based on subgroup meta-analysis.

some countries (Fetsch et al., 2021; J. W. Song et al., 2016; Tenhagen
et al., 2018). Therefore, with increase in the number of MRSA is a major
public health problem and merit implicating the continuous surveillance
and monitoring of antibiotic sensitivity patterns among this pathogen.

Our meta-analysis has a few limitations, which need to be addressed
here. Among included articles there was no published data on preva-
lence on S. aureus and/or MRSA in many countries. In this case, national
or regional registry of S. aureus isolates can provide better information to
fill this gap in current knowledge. Nevertheless, it is worth noting that
there is a significant publication bias in S. aureus frequency data since
the studies with no contamination in food and food environment are
more likely to be rejected by journals.

5. Conclusions
Presented meta-analysis provide a quite comprehensive overview of

global occurrence of S. aureus and MRSA isolates from 2011 to 2021. The
obtained results showed a downward trend in S. aureus prevalence in

cow’s milk samples over the years. The results of this study showed that
there is a low prevalence of MRSA in raw milk, but its prevalence
increased in the past 10 years, especially in developing countries.
Nevertheless, the hygiene of raw milk and raw milk products should be
taken into consideration in strategies for preventing and controlling the
risk of contamination.
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Abstract: Cheeses produced from unpasteurized milk by traditional production methods may contain
many groups of microorganisms, including Staphylococcus aureus. The aim of this study was to
determine the occurrence of S. aureus in the artisanal cheese production chain from unpasteurized
milk. We investigated the prevalence of S. aureus strains isolated from various stages of artisanal
cheese of unpasteurized milk production from farms in the northeastern and southern parts of
Poland and characterized them. Characterization included antimicrobial susceptibility by microbroth
dilution and biofilm formation by in vitro assay. Among all strains, the presence of enterotoxigenic
genes and genes involved with biofilm formation and antibiotic resistance were screened by PCR-
based methods. A total of 180 samples were examined. A high percentage of strains were resistant
to penicillin (54/58.1%) and tobramycin (32/34.4%). Some tested isolates also showed resistance
to the macrolide class of antibiotics: azithromycin, clarithromycin, and erythromycin at 17/18.3%,
15/16.1%, and 21/22.6%, respectively. Among tested isolates, we also found phenotypic resistance
to oxacillin (9/9.7%) and cefoxitin (12/12.9%). The blaZ gene encoding penicillin resistance was the
most common gene encoding antibiotic resistance among the tested strains. All isolates showing
phenotypic resistance to cefoxitin possessed the mecA gene. The study also evaluated the prevalence of
biofilm-associated genes, with eno the most frequently associated gene. Eighty-nine out of 93 S. aureus
isolates (95.7%) possessed at least one enterotoxin-encoding gene. The results of this study showed
that production of raw milk cheeses may be a source of antibiotic resistance and virulent S. aureus.
Our results suggest that artisanal cheese producers should better control production hygiene.

Keywords: S. aureus; staphylococcal enterotoxins genes; antimicrobial resistance; virulence; raw
milk cheese

1. Introduction

The consumption of milk and dairy products has a long tradition in human nutri-
tion [1]. Milk production is one of the most important branches of the agricultural economy
in Poland, and each year production increases. Milk and dairy products have been shown
to have a positive impact on human health due to the abundance of nutrients present
within them, such as calcium, potassium, proteins, fat and vitamins [2]. In recent years,
traditional foods such as farmhouse artisanal cheese have become increasingly popular
with consumers in Poland [3]; an upward trend in the consumption of raw milk and raw
milk processed products purchased in local markets and/or farms has been observed.

Cheeses produced from unpasteurized milk by traditional production methods may
contain very diverse microbiota, which impacts their unique organoleptic characteristics [4].
However, due to their rich source of chemical compounds, these cheeses are also an
excellent environment for the development of many groups of microorganisms, including
S. aureus [5].

The occurrence of S. aureus in an artisanal cheese production chain may be due to the
fact that milk is subjected to low-temperature processing without the pasteurization process,
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which creates the risk of the occurrence of S. aureus in finished products. Furthermore,
artisanal production involves the risk of contamination of finished products at various
stages of production [6] due to unhygienic practices. In addition to low milk quality,
each further processing step facilitates the entrance of S. aureus in the dairy chain. One
possible source of contamination of finished products is the people involved in cheese
manufacturing, since S. aureus is frequently present on the skin of cheesemakers [4]. Along
with this human-to-food contamination route, several other entrance points of S. aureus
into the dairy chain have been described previously [7]. One factor allowing S. aureus to
grow during cheese production is insufficient acidification by the starter cultures of the
lactic acid bacteria. In addition, biofilm formation on dairy equipment allows niches to
grow and contaminate the processing line [7,8].

S. aureus is one of the most important causative agents of food poisoning worldwide.
S. aureus strains are known to be resistant to several types of antibiotics [9]. Overuse of
antibiotics causes selective pressure in animals and humans to develop antibiotic resis-
tance [10]. Nowadays, the most severe types of antibiotic-resistant S. aureus are methicillin-
resistant S. aureus (MRSA) and vancomycin-resistant S. aureus (VRSA) [11]. MRSA strains
are of great importance in public health and can pose a zoonotic risk to humans. S. aureus
can be transmitted by contaminated food and cause food-borne outbreaks, which are mostly
caused by toxins. On the other hand, S. aureus can also lead to severe diseases, e.g., sepsis,
endocarditis, and necrotizing pneumonia [12]. Methicillin resistance of S. aureus, important
in farming and food-processing plants, stems from the possibility of zoonotic infection of
consumers and workers involved in animal husbandry [13]. Global surveillance has shown
that MRSA is a problem in some continents and countries where studies have been carried
out, increasing mortality and the need to use expensive last-resource antibiotics [14-17].
MRSA strains are those that carry the mecA and/or mecC gene and are resistant to all
penicillins, cephalosporins, and carbapenem [18]. Vancomycin is an important antibacterial
agent used to treat serious infections caused by MRSA [19]. It is worth noting that, at
present, the emergence and spread of VRSA strains remains a challenge to the global health
crisis due to the lack of effective control and treatment efficacy [20].

Some S. aureus isolates are capable of producing enterotoxins, which are potent emetic
agents. Staphylococcal food poisoning (SFP) is caused by the consumption of products
containing enterotoxins known as superantigens (SAgs) [4]. Consumption of products
containing enterotoxins may cause a diverse range of gastrointestinal symptoms, including
nausea, violent vomiting, and abdominal cramping, with or without diarrhea [21]. The
ability to form biofilm among S. aureus strains is also known. In the food industry, S. aureus
biofilm may be distributed throughout the dairy food chain by the food raw products, raw
milk tanks, and the food processing environment and equipment [22]. Microbial biofilms
that form on the surfaces of machinery and equipment in food processing plants affect not
only the safety and quality of the final product, but also the technological process flow [23].
This ability is mediated by many genetic determinants, including operon icaADBC, which
encodes the synthesis of the polysaccharide intercellular adhesin (PIA) molecule, the
agr locus, and different genes recognized as microbial surface components recognizing
adhesive matrix molecules (MSCRAMMs) [22].

Nowadays, studies on the prevalence and characterization of S. aureus isolated from
final dairy products available for consumers are very common, with examples from China,
Norway, and Greece, among other countries [24-29]. In addition, numerous articles have
been published on the prevalence and characterization of S. aureus in raw milk, especially
in China, Iran, and Australia [30-34]. It is worth emphasizing that S. aureus may enter the
food chain during processing and preparation of the products [35]. Despite this, few data
are available on the prevalence and characteristics of S. aureus in the food production chain,
especially in Poland [4,36].

Therefore, the aim of the study was to determine the occurrence of S. aureus in an
artisanal cheese production chain from unpasteurized milk. Moreover, the antibiotic
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resistance, enterotoxicity, and biofilm formation and slime production, as well as the
frequency of virulence-related genes among S. aureus strains were investigated.

2. Results
2.1. Occurrence of S. aureus Strains along the Cheese Production Chain

In the current study, the presence of S. aureus was found in 93/180 (51.7%) of all
samples tested for S. aureus (Table 1). S. aureus was isolated from raw material, semi-
products, and in the final product. S. aureus was also found on food contact surfaces—form
(9/50.0%), tank (8/44.4%), and jar (8/44.4%)—and in a small percentage of non-food contact
surfaces: sinks (2/11.1%).

Table 1. Contamination with S. aureus at different stages of cheese production chain.

Source No. of Samples No. (%) of S. aureus-Positive Samples
Sample
Raw milk 18 10 (55.6%)
Heated milk 18 13 (72.2%)
Curd 18 15 (83.3%)
Whey 18 8 (44.4%)
Brine 18 10 (55.6%)
Cheese 18 10 (55.6%)
Swab
Tank 18 8 (44.4%)
Jar 18 8 (44.4%)
Form 18 9 (50.0%)
Sink 18 2 (11.1%)
Total 180 93 (51.7%)

2.2. Antibiotic Resistance Profiles among S. aureus Strains

In this study, all the S. aureus (n = 93) isolates were evaluated for the phenotypic
resistance to antibiotics and the presence antibiotic-resistant genes.

Resistance to benzypenicillin was the most common among the tested S. aureus strains
(54/93 (58.1%)), followed by tobramycin (32/93 (34.4%)). Isolates were also resistant to
macrolides: azithromycin, clarithromycin, and erythromycin: 17,/93 (18.3%), 15/93 (16.1%),
and 21/93 (22.6%), respectively. Resistance to tetracycline and tigecycline belonging to
the tetracycline class was shown among 19/93 (20.4%) and 22/93 (23.7%) of isolates,
respectively. Among tested isolates, phenotypic resistance to oxacillin (9/93 (9.7%)) and
cefoxitin (12/93 (12.9%)) were also shown both in raw materials and in ready-to-eat cheeses.
The isolates’ resistance to the other tested antibiotics ranged from 1.1% to 16.1%, with
none of the isolates being resistant to gentamycin, clindamycin, rifampicin, moxifloxacin,
or chloramphenicol (Table 2). Multidrug-resistant (MDR) status of S. aureus isolates was
tested against 15 classes of antimicrobials. Multi-drug resistance in this study was taken as
resistant to at least three antibiotics from different chemical classes of antibiotic. Therefore,
among all isolates of S. aureus, 21/93 (22.6%) were defined as multidrug-resistant. It was
found that the multiple antibiotic resistance index (MAR) among isolates ranged from 0.04
to 0.43, with an overall mean of 0.12. In this study, 12/93 (12.9%) isolates were defined as
MRSA by the cefoxitin/oxacillin MIC test and were positive for the mecA gene, and two
strains 2/93 (2.2%) were classified as phenotypic VRSA based only on phenotypic results
using microdilution assay.
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Table 2. Antimicrobial resistance profiles of S. aureus against tested antimicrobial agents.
Samples Swabs
Antimicrobial Antimicrobial =~ Raw Milk Heated Milk Curd Whey Brine Cheese Tank Jar Form Sink Total
Class Agent (n=9) (n=14) (n =15) (n=8) (n =10) (n =10) (n=8) (n=8) (n=9) n=2) (n =93)
AK 0 4 (28.6%) 6 (40.0%) 4 (50.0%) 0 3(30.0%) 3 (37.5%) 1(125%)  2(222%) 0 23 (24.7%)
Aminoglycosides TOB 4 (44.4%) 6 (42.9%) 5 (33.3%) 2 (25.0%) 2 (20.0%) 4(400%)  3(375%)  3(375%)  2(222%)  1(50.0%) 32 (34.4%)
K 1(11.1%) 0 1 (6.7%) 0 1(10.0%) 1 (10.0%) 1 (12.5%) 0 0 1 (50.0%) 6 (6.5%)
Cephalosporins FOX 1 (11.1%) 1(7.1%) 3 (20.0%) 1(12.5%) 0 2 (20.0%) 1 (12.5%) 1(12.5%) 2 (22.2%) 0 12 (12.9%)
Macrolides, AZM 0 3 (21.4%) 3 (20.0%) 2 (25.0%) 0 3 (30.0%) 1(125%)  3(375%)  2(22.2%) 0 17 (18.3%)
lincosamides and CLM 2 (22.2%) 3 (21.4%) 2 (13.3%) 2 (25.0%) 0 3 (30.0%) 0 0 3 (33.3%) 0 15 (16.1%)
streptogramins E 2(22.2%) 5 (35.7%) 2 (13.3%) 2 (25.0%) 0 3(30.0%)  2(25.0%)  3(37.5%)  2(22.2%) 0 21 (22.6%)
BP 5 (55.6%) 8 (57.1%) 11 (73.3%) 7 (87.5%) 5 (50.0%) 6(60.0%)  4(50.0%)  4(50.0%) 4 (44.4%) 0 54 (58.1%)
B-lactams OXA 0(0.0%) 1 (7.1%) 1 (6.7%) 1(10.0%) 1 (10.0%) 3 (30.0%) 1(12.5%) 0 1(11.1%) 0 9 (9.7%)
Oxazolidinones LZD 0 0 0 0 0 1 (10.0%) 0 0 0 0 1(1.1%)
Nitrofurantoins FT 1(11.1%) 0 0 0 0 1 (10.0%) 0 0 0 0 2 (2.2%)
TE 2(22.2%) 5 (35.7%) 2 (13.3%) 0 4 (40.0%) 2(20.0%) 2 (25.0%) 2(25.0%) 0 0 19 (20.4%)
Tetracyclines
TGC 2 (20.0%) 3 (21.4%) 4(26.7%) 2 (25.0%) 1(10.0%) 3 (30.0%) 2 (25.0%) 3 (37.5%) 2 (22.2%) 0 22 (23.7%)
TMP 3 (33.3%) 2 (14.3%) 1(6.7%) 2 (25.0%) 0 2 (20.0%) 1(125%)  2(250%)  2(22.2%) 0 15 (16.1%)
Sulfonamides SXT 1(11.1%) 3 (21.4%) 3 (20.0%) 0 1(10.0%) 2(200%)  1(12.5%) 0 0 0 11 (11.8%)
Glycopeptides VA 0 0 1(6.7%) 0 0 1(10.0%) 0 0 0 0 2 (2.2%)
Streptogramins QD 0 0 0 0 1 (10.0%) 0 0 0 1(11.1%) 0 2 (2.2%)
Steroidal FD 1(11.1%) 0 0 0 0 0 0 0 0 1 (50.0%) 2 (2.2%)

Abbreviations: n—number of S. aureus isolates; AK—amikacin; TOB—tobramycin; K—kanamycin; FOX—cefoxitin; AZM—azithromycin; CLM—clarithromycin; E—erythromycin;
BP—benzylpenicillin, OXA—oxacillin; LZD—linezolid; FT—nitrofurantoin; TE—tetracycline; TGC—tigecycline; TMP—trimethoprim; SXT—trimethoprim/sulfamethoxazole;
VA—vancomycin; QD—quinupristin/dalfopristin; FD—fusidic acid.
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The presence of tested resistance genes ranged from 12/93 (12.9%) to 89/93 (95.7%)
among all S. aureus isolates. The most prevalent gene encoding antibiotic resistance among
the tested isolates was blaZ (89/93 (95.7%)), encoding penicillinase. All isolates showing
phenotypic resistance to cefoxitin possessed the mecA gene (12/93 (12.9%)). Although a
small percentage of strains showed phenotypic resistance to tetracycline, a high percent-
age of strains possessing the tet(K), tet(L), and tet(M) genes were found (59/93 (63.4%),
16/93 (17.2%), and 76/93 (81.7%), respectively). The presence of aac(6’)-Ie-aph(2”)-In and
aph(3')I1la genes, which determine aminoglycoside resistance, was also found among the
tested isolates, and were present among 56/93 (60.2%) and 86/93 (92.5%) of the isolates,
respectively. The tested strains also harbored an ermB gene in 27/93 (29.0%) (Table 3).

Table 3. Occurrence of antimicrobial resistance genes against tested antimicrobial agents in S. aureus.

Samples Swabs
Antimicrobial I?:stilsbtla?\téi II\{/[TIT( l-llvel?ltlid Curd Whey Brine Cheese tank Jar Form Sink Total
Class (n =15) n=8 (n=10) (n=10) (n=28) n=8 (n=9) (n=2) (n =93)
Gene n=9) (n=14)
Oxacillin mecA 1(11.1%) I 3(20.0%) 1 0 2(200%) 1(125%) 1 2 0 12
‘ (7.1%) : (12.5%) : ' (125%)  (22.2%) (12.9%)
o ) 13 15 8 8 10 8 8 9 1 89
Penicillin blaz 9(100%)  (9r99%)  (100.0%)  (100.0%) (80.0%) (100.0%)  (100.0%)  (100.0%) (100.0%) (50.0%)  (95.7%)
. 9 10 4 5 . . 6 6 2 59
tetK 5656%)  (gaz%)  (667%)  (500%) (500%) 7 700%)  5O25%) m5gen (67%)  (100%)  (63.4%)
) ., 12 14 6 5 i . 7 9 1 76
Tetracyclines tetM 666.7%) 570 (933%)  (75.0%) (50.0%) ° 0%} TE75%) ersey (100.0%) (50.0%)  (81.7%)
i 1 i 2 1 i . 2 2 1 16
fetL. TALI%) g9y 3Q00%) o500 (r0.0%) 2@00%)  1A25%) o500 (200%)  (50.0%)  (17.2%)
Macrolides,
lincosamides, o 5 o 3 1 o o 2 3 1 27
and strep- ermB 2222%) (3570 BG33%) g5y 10.0%) 2(R00%) 3G75%) o509 (333%)  (50.0%)  (29.0%)
togramins
aac(6')-Ie- o 9 3 8 8 4 7 1 56
. . aph(2")-Ia 3333%)  (ga30) BG33%) (a5 go.0%)  ©©00%)  (lo00w)  (B0%)  (778%) (50.0%)  (60.2%)
Aminoglycosides 9 12 12 8 10 8 7 9 2 86
/ 0,
aph(3")llla (1000%)  (85.7%)  (80.0%)  (100.0%) (100.0%) °©00%)  (100.0%)  (87.5%) (100.0%) (100%)  (92.5%)

n—number of S. aureus isolates.

Statistical analysis showed a positive but not significant at p < 0.05 correlation between
occurrence of the erm(B) gene and phenotypically resistant clarithromycin (r = 0.2348),
azithromycin (r = 0.4943), and erythromycin (r = 0.5041) (p < 0.05). Further, we found
positive correlation between tet(K) and phenotypic resistance to tetracycline (r = 0.163)
and tigecycline (r = 0.265) (p < 0.05) and negative but not significant at p < 0.05 correlation
between tet(L) and phenotypic resistance to tetracycline among isolates (r = —0.090).

2.3. Presence of Virulence Factors in S. aureus Isolates

Among all isolates, including those from raw materials and swabs from surfaces,
the ability to form biofilm has been found. Biofilm formation by S. aureus included the
following: weak formers 33 (35.4%), intermediate formers 2 (2.2%), and strong formers
58 (62.4%). Table 4 summarizes the biofilm-forming strength of tested S. aureus isolates at
different stages of cheese production. There was no association between slime production
and the ability to form biofilm at p < 0.05 (p = 0. 0981026).
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Table 4. Virulence characteristics among S. aureus isolates.

Samples Swabs
Raw Milk Heated Milk Curd Whey Brine Cheese Tank Jar Form Sink Total

n=9) (n=14) (n=15) (n=28) (n=10) (n =10) (n=8) (n=28) n=9) n=2) (n=93)
strong 5 (55.6%) 9 (64.3%) 12 (80.0%) 4 (50.0%) 7 (70.0%) 9 (90.0%) 3(37.5%) 3(37.5%) 4 (44.4%) 2 (100%) 58 (62.4%)

Biofilm MTP method intermediate 1(11.1%) 1(7.1%) - - - - - - - - 2 (2.2%)
weak 3(33.3%) 4 (28.6%) 3(20.0%) 4 (50.0%) 3(30.0%) 1 (10.0%) 5 (62.5%) 5 (62.5%) 5 (55.6%) 33 (35.4%)
Slime production 4 (44.4%) 7 (50.0%) 9 (60.0%) 4 (50.0%) 4 (40.0%) 7 (70.0%) 3(37.5%) 5 (62.5%) 3(33.3%) 2 (100%) 48 (51.6%)
ica ADBC 2 (22.2%) 4 (28.6%) 4 (26.7%) 3(37.5%) 1 (10.0%) 4 (40.0%) 2 (25.0%) 2 (25.0%) 2 (22.2%) 1 (50.0%) 25 (26.9%)
bap 3(33.3%) 7 (50.0%) 8 (53.3%) 2 (25.0%) 1 (10.0%) 5 (50.0%) 2 (25.0%) 1 (12.5%) 3(33.3%) 0 32 (34.4%)
Biofilm-associated eno 9 (100%) 14 (100.0%) 15 (100.0%) 8 (100.0%) 10 (100%) 10 (100.0%) 8 (100.0%) 8 (100.0%) 9 (100.0%) 2 (100%) 93 (100.0%)
genes sigB 5 (55.6%) 6 (42.9%) 8 (53.3%) 4 (50.0%) 2 (20.0%) 6 (60.0%) 3(37.5%) 5 (62.5%) 7 (77.8%) 1 (50.0%) 42 (45.2%)
sarA 7 (77.8%) 13 (92.9%) 12 (80.0%) 6 (75.0%) 8 (80.0%) 8 (80.0%) 6 (75.0%) 5 (62.5%) 7 (77.8%) 2 (100%) 74 (79.6%)
agrD 2 (22.2%) 6 (42.9%) 5(33.3%) 4 (50.0%) 5 (50.0%) 3(30.0%) 2 (25.0%) 3(37.5%) 3(33.3%) - 33 (35.5%)

sed - 1(7.1%) - - 1 (10.0%) 1(10.0%) - - - - 3 (3.2%)
seg 4 (44.4%) 9 (64.3%) 8 (53.3%) 7 (87.5%) 5 (50.0%) 6 (60.0%) 5 (62.5%) 4 (50.0%) 5 (55.6%) 1 (50.0%) 54 (58.1%)
sei 2 (22.2%) 4 (28.6%) 1(6.7%) 1 (12.5%) - - 2 (25.0%) 2 (25.0%) 1 (11.1%) - 13 (14.0%)
selj 1(11.1%) 3(37.5%) 4 (26.7%) 3(37.5%) 2 (20.0%) 4 (40.0%) 2 (25.0%) 2 (25.0%) 3(33.3%) - 26 (28.0%)
selk 7 (77.8%) 10 (71.4%) 10 (66.7%) 4 (50.0%) 4 (40.0%) 7 (70.0%) 3(37.5%) 5 (62.5%) 5 (55.6%) 2 (100.0%) 57 (61.3%)
selm - 2 (14.3%) 3(20.0%) 2 (25.0%) 3(30.0%) 3(30.0%) 3(37.5%) - 1(11.1%) 1 (50.0%) 18 (19.4%)
Enterotoxigenic seln 2 (22.2%) 7 (50.0%) 4 (26.7%) 6 (75.0%) 4 (40.0%) 6 (60.0%) 4 (40.0%) 3(37.5%) 5 (55.6%) 1 (50.0%) 42 (45.2%)
genes selo - 1(7.1%) 3(20.0%) 1 (12.5%) 2 (20.0%) 3(30.0%) 3(37.5%) - - 1 (50.0%) 14 (15.1%)
selp 2(22.2%) - 4 (26.7%) 2 (25.0%) 3(30.0%) 1 (10.0%) - 3(37.5%) 1(11.1%) - 16 (17.2%)
ser 1(11.1%) 4 (28.6%) 3(20.0%) 1 (12.5%) - - 2 (25.0%) 1 (12.5%) 1 (11.1%) 1 (50.0%) 14 (15.1%)
selq 3(33.3%) 8 (57.1%) 8 (53.3%) 6 (75.0%) 2 (20.0%) 6 (60.0%) 3(37.5%) 3(37.5%) 3(33.3%) 1 (50.0%) 43 (46.2%)
selu 5 (35.7%) 5 (33.3%) 3(37.5%) 2 (20.0%) 4 (40.0%) 3(37.5%) 2 (25.0%) 4 (44.4%) - 29 (31.2%)

eta - 1(7.1%) - - - - - 1 (12.5%) 1(11.1%) - 3(3.2%)

etd - - - - 1 (10.0%) 1 (10.0%) - - - - 2(2.2%)

tst-1 - - - 1(10.0%) 1 (12.5%) 2 (22.2%) - 4 (4.3%)

(-) not detected. n—number of S. aureus isolates.
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The study also evaluated the prevalence of biofilm-associated genes, and it was shown
that the most frequent gene was eno (laminin-binding protein), which was observed among
all isolates. Moreover, bap (biofilm-associated protein) was found among 32/34.4% of all
isolates. The genes sigB, sarA, and agrD were found in 42/45.2%, 74/79.6%, and 33/35.5% of
isolates, respectively. After analyzing the relationship between virulence genes and biofilm
formation, it was shown that there were significant correlations between the occurrence of
agrD gene and biofilm formation (r = 0.3038). Among all isolates, we found a positive but
not significant correlation between the occurrence of agrD gene and sarA (r = 0.0414) and
sigB and sarA (r = 0.4055) (p < 0.05).

Each strain was tested for the presence of staphylococcal enterotoxins genes. Eighty-
nine out of 93 S. aureus isolates (95.7%) possessed at least one enterotoxin-encoding gene. It
was observed that genes encoding SEI (enterotoxin-like toxin) were more frequent than
genes encoding classical enterotoxins (SEs) among the isolates studied. Among the genes
encoding SEI, the presence of selk (61.3%) was recorded most frequently, followed by selg
(58.1%), seg (46.2%), seln (45.2%), selu (31.2%), selm (19.4%), and selj (28%). It is worth noting
that the highest percentage of the presence of enterotoxigenic genes was found among
strains isolated from finished products. Statistical analysis showed positive correlation
between co-occurrence of some enterotoxins genes, e.g., selp and selk (r = 0.0698), selp and
selu (r = 0.1061), selm and selk (r = 0.1709), selm and selo (r = 0.8582), and selm and seg
(r=0.3676).

Statistical analysis showed no statistically significant differences between the source of
isolation of S. aureus and the ability to produce slime (p > 0.999), resistance to antimicrobial
agents (p = 0.4703), or occurrence of virulence genes (p > 0.999).

To systematically detect all such associations in an unbiased way, we analyzed all
potential pairs of variables (except those that were entirely present or completely ab-
sent among all (n = 93) isolates. Among the observed correlations, we found posi-
tive correlations between the ability of the strains to form biofilm and phenotypic re-
sistance to all the antibiotics tested. Interestingly, we found negative correlations be-
tween slime production and phenotypic resistance to trimethoprim, kanamycin, and quin-
upristin/dalfopristin (Figure 1).
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Figure 1. Correlation matrix indicating all correlations between pairs of genetic or phenotypic
determinants (resistance phenotypes).

3. Discussion

In the current study, the occurrence, antibiotic resistance, and virulence of S. aureus
isolated at different production stages of raw milk cheeses were tested. There are currently
few studies focusing on assessing the whole production chain of cheeses from unpasteur-
ized milk [4,37,38]. Most studies have focused on the evaluation of S. aureus strains isolated
from raw milk from cows with clinical or subclinical mastitis or only in finished prod-
ucts [24,29,39-42]. Nevertheless, estimation of the prevalence and genetic determinants
of S. aureus is always important to facilitate the implementation of rational mitigation
strategies and to avoid the dissemination of this pathogen through the food chain [43].

Compared to the results obtained for the presence of S. aureus in unpasteurized milk
cheeses (finished products), previous studies reported percentages of samples in which
S. aureus was found as follows: 56.4% (44 /78) in Mexico [44], 87.3% (62/71) in Serbia [45],
and 45% (31/69) in Norway [46]. The different results regarding the prevalence of S. aureus
in different countries may be related to differences in cheese production worldwide. It is
assumed that the presence of S. aureus in farmstead cheeses may be due to the low quality
of raw material, resulting from poor hygienic conditions during production and inadequate



Molecules 2022, 27, 6569

9of 17

storage conditions, unclean hands of workers, and/or failure to follow basic GMP and
GHP principles.

In this study, we observed that among the tested S. aureus strains, resistance to 3-
lactams (which include penicillin) was the most frequent. These observations are in line
with reports by other authors, who have reported in recent years on the worldwide increase
in S. aureus resistance to 3-lactam antibiotics [9,41,47,48]. The high percentage of penicillin-
resistant strains may be due to the frequency of use of this antibiotic in the treatment of
cattle infections in Poland [4].

Tetracyclines are also commonly used to treat infections in cattle [49]. In the present
study, a lower incidence of tetracycline resistance was observed (19/93 (20.4%)) compared
to studies by other authors, which showed resistance to this antibiotic in S. aureus strains
ranging from 19-100% [50,51]. Another antibiotic against which the tested strains showed
resistance was erythromycin (21/93 (22.6%)), which is a macrolide antibiotic. Macrolides are
commonly used to treat mastitis in cattle. Erythromycin is also used to treat staphylococcal
infections in patients allergic to penicillin [41].

Nevertheless, compared to the present results, studies by other authors have shown
a higher percentage of strains resistant to this antibiotic (22.4% and 44%) [41,52]. The
erm genes confer cross-resistance to macrolides, lincosamides, and streptogramins B [53].
Antimicrobial resistance results obtained in this study correlate with antibiotics that are
used to treat cattle infections in Poland. According to a report by the European Medicines
Agency, in Poland in 2020, tetracyclines, penicillins, and macrolides represented over 70%
of total veterinary antimicrobial agents sold [54].

The study showed that a small percentage (21/93 (22.6%)) of the tested isolates were
multidrug-resistant (resistant to at least three antibiotics from different chemical classes of
antibiotic), with 19.4% of isolates having a MAR index of >0.20. Nevertheless, it is worth
emphasizing the need for constant prevention of excessive use of antibiotics in animal
treatment, and it is necessary to monitor the prevalence of antibiotic-resistant foodborne
pathogens, including S. aureus. It is worth noting that the high prevalence of S. aureus as
carriers of the blaZ gene and the identification of methicillin-resistant strains among isolates
from cheese pose a threat to the health of consumers of such products. It is important from
a public health perspective to continuously monitor S. aureus in milk and milk products
and their production environment. Continuous monitoring will allow the provision of
measures for mitigating the public health threat associated with this resistant pathogen [55].
According to obtained results and findings showed by Ammar et al. [56], it is important
to have comprehensive control measures during processing of handmade cheeses, and
judicious application of antibiotics should be adopted to overcome the spread of ARM and
minimalize the risk of human infection.

The ability to form biofilm is one of the hazards encountered not only in healthcare
facilities but also in the food industry. Pathogenic bacteria are able to form biofilms
inside processing equipment, leading to food spoilage and subsequent health risks to
consumers [57]. Biofilm formation by Staphylococcus spp. is an evolutionary advantage
for this microorganism, as bacterial cells are resistant to adverse environmental conditions
such as antimicrobial and sanitizing agents, desiccation, and UV radiation [58].

The obtained results showed that 59/93 (63.4%) of the isolates were able to produce
biofilm. A similar percentage of strains capable of producing biofilm was shown in a
study by Castro et al. (2020) [58], who classified 69.7% of isolates as biofilm-forming. The
main factor responsible for biofilm production among S. aureus is considered to be PIA,
which, together with other polymers such as teichoic acids, proteins, and extracellular
DNA (eDNA), constitutes the main part of the extracellular matrix of biofilm-forming S.
aureus. Genes contained in the ica locus are responsible for PIA biosynthesis and include
N-acetylglucosamine transferase (icaA and icaD), PIA deacetylase (icaB), and PIA exporter
(icaC) [59]. The presence of this operon was demonstrated among 26.9% of the tested
isolates. According to the literature, in addition to the phenotypic ability to produce biofilm
and the presence of the ica operon, this phenomenon may be related to the presence of
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other proteins (PIA-independent) that are independent of the ica operon [60]. In this regard,
it is necessary to determine the occurrence of other genes that were responsible for biofilm
formation and apply them to the study of biofilm formation on dairy farm equipment and
utensils [29].

The current study found that the majority of examined isolates carried genes encoding
for some of the studied enterotoxins. In the literature, other authors point to the co-
occurrence of sed and selj genes due to the common location of these genes on the same
plasmid [4,61], which was not confirmed by the results of the present study. However,
Jorgensen et al. [62] showed that more than 50% of S. aureus strains isolated from cow’s
milk and 14.7% isolated from different stages of cheese production possessed enterotoxin
genes, but only seg and sei markers were identified.

4. Materials and Methods
4.1. Sample Collection

A total of 180 samples from various stages of artisanal cheese production from unpas-
teurized milk were collected from farms in the northeastern and southern parts of Poland.
The samples were collected along the cheese production chain and included: raw milk,
semi-finished products (heated milk, curd, and formed cheese), final products, and swabs
from the production environment (from food and non-food contact surfaces).

The following samples were collected from cheese production stages: 18 of raw milk,
72 of semi-finished products (heated milk, n = 18; curd, n = 18; whey, n = 18; brine, n = 18),
18 of final products, and 72 swabs from the production environment, i.e., swabs from:
tank (n = 18), jar (n = 18), form (n = 18), and sink (n = 18). Fluid and solid samples
were collected at volumes of 100 mL or 100 g in sterile plastic tubes. Swab samples
were collected with sterile cotton swabs (Equimed, Cracow, Poland) that were moistened
in sterile peptone water, rolled on the test surface, and placed in tubes with transport
media. The samples were collected in sterile containers and transported immediately to the
microbiological laboratory.

4.2. Isolation and Identification of S. aureus Isolates

For isolation, Baird Parker agar (Merck Millipore, Darmstadt, Germany) was used.
After 48 h of incubation at 37 + 1 °C, one colony with typical morphology for S. aureus
(black and shiny with a thin white border and surrounded by a light area) was selected for
further identification. Firstly, suspected bacterial colonies were subjected to conventional
methods such as Gram-stain, catalase test, and coagulase test.

Next, identification was performed using MALDI-TOF MS (Matrix-Assisted Laser
Desorption/lIonization Time-of-Flight Mass Spectrometry) analysis with a Vitek MS instru-
ment (bioMérieux, Marcy 'Etoile). Before the analysis, isolates were streaked on tryptic
soy agar (TSA) (Merck, Darmstadt, Germany) and incubated at 37 &= 1 °C overnight. One
colony was then applied to one spot of the test slide with an inoculating loop, covered with
1 pL of matrix solution (x-cyano-4-hydroxy- cinnamic acid) (bioMérieux, Marcy 1'Etoile,
France), and completely air-dried [63].

4.3. Antimicrobial Susceptibility Testing by Microdilution Broth Assay

Antimicrobial susceptibility profiles for the S. aureus isolates were determined by
microbroth dilution in accordance with ISO 20776-1 “Susceptibility testing of infectious
agents and evaluation of the performance of antimicrobial susceptibility test devices. Annex
B: Solvents and diluents for making stock solutions of selected antimicrobial agents” [64]
using 96-well bottom polystyrene plates.

The study used amikacin, tobramycin clarithromycin, vancomycin (Sigma Aldrich,
Darmstadt, Germany), tigecycline, tetracycline, linezolid, nitrofurantoin, oxacillin,
benzylpenicillin, erythromycin, gentamycin, kanamycin, cefoxitin, azithromycin, quin-
upristin/dalfopristin, trimethoprim, trimethoprim/sulfamethoxazole, clindamycin, ri-
fampicin, fusidic acid, and moxifloxacin, chloramphenicol (TOKU-E; Bellingham, WA,
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USA). Stock antibiotic solutions were prepared using recommended solvents and diluents
according to ISO 20776-1, Annex B: “Solvents and diluents for making stock solutions
of selected antimicrobial agents” [1]. On each day of testing, stock antibiotic solutions
were diluted according to ISO 20776-1, Annex C: “Preparation of working dilutions of
antimicrobial agents for use in broth dilution susceptibility tests” [1] to appropriate starting
concentrations for serial dilution in the Mueller—-Hinton broth. The concentration applied to
the plate was twice the target concentration. S. aureus isolates were plated on TSA (Merck,
Darmstadt, Germany) and incubated overnight. Next, single pure colonies from overnight
culture were suspended in 0.9% saline solution to obtain turbidity equal to the McFarland
0.5 turbidity. Turbidity was checked using a McFarland densitometer DEN 1B, Bioscan
(Bioscan, Riga, Latvia). Each 50 pL of antibiotic solutions and bacteria solutions was added
to the well of each row. One set of wells was left blank as media controls and another as
growth controls. The assay was performed in triplicate.

The 96-well plates (Promed®, Torreglia, Italy) were incubated at 35 4 2 °C under
aerobic conditions for 20 h. At the end of the incubation, the turbidity of the medium was
observed. The lowest concentration at which no bacterial growth (medium turbidity) was
observed is the MIC. Results were interpreted as susceptible, intermediate resistant, or
resistant. Results were interpreted according to the criteria of the Clinical and Laboratory
Standards Institute guidelines CLSI 2022 [65]. Results were read only when there was
sufficient growth of the test organism (i.e., obvious button or definite turbidity in the
positive growth control) and when there was no growth in the un-inoculated or negative
growth control. The amount of growth in each well was compared with that in the positive
growth control, and the MIC recorded was the lowest concentration of agent that completely
inhibited visible growth. The antimicrobials, dilution ranges, and cut-off values used in the
study are described in Table 5. S. aureus strain ATCC 25923 was used as a quality control.

The Multiple Antibiotic Resistance (MAR) index was calculated and interpreted as
a/b, where “a” means the number of antibiotics to which the isolate was resistant, and “b”
means the number of antibiotics for which the isolate was tested. The calculated formula is
shown below [66]:

MARingex = /b

4.4. In Vitro Biofilm Production Analysis

Biofilm production was tested using Congo red agar assay using the method described
previously by Arciola [39]. The strains were cultured on TSA plates (Merck, Darmstadt, Ger-
many) and supplemented with sucrose (Sigma Aldrich, Steinheim, Germany) and Congo
red (Sigma Aldrich, Steinheim, Germany). Sucrose was added due to its characteristic
of abundant exopolysaccharide synthesis among Staphylococcus spp. Based on colony ap-
pearance, strains were classified as slime-forming (black colonies) and non-slime-forming
(bordeaux or pink colonies). Additionally, biofilm-producing ability was evaluating using
the crystal violet assay method described previously by Kouidhi et al. [67].

4.5. Detection of Antibiotic Resistance, Enterotoxins, and Biofilm-Associated Genes among Isolates

The occurrence of tested genes was evaluated using a PCR assay with the specific
primers and PCR reaction conditions as described in Supplementary Table S1. For all
isolates, we tested for the presence of the following antibiotic resistance genes responsible
for resistance to cefoxitin: mecA [68], and mecC [69]; tetracyclines: tetM, tetK, and tetL [70,71];
macrolides and lincosamides: msr(A/B), ermA, ermB, and ermC [72]; 3-lactams: blaZ [73];
and aminoglycosides: aac(6')-Ie-aph(2")-1a [74] and aph(2"”)-Ic [75].
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Table 5. Antimicrobials, dilution ranges, and cut-off values used for minimum inhibitory concentra-
tion (MIC) determination in S. aureus.

.. . .. . Dilution Range Cut-Off Values
Antimicrobial Class Antimicrobials Agent (mg/L) (mg/L); Resistant > R
Amikacin (AK) 0.25-128 16
Tobramycin (TOB) 0.063-16 2
Aminoglycosides
Gentamycin (CN) 1-4 2
Kanamycin (K) 0.25-128 16
Cephalosporins Cefoxitin (FOX) 1-32 4
Azithromycin (AZM) 0.25-16 2
Macrolides Clarithromycin (CLM) 0.063-16 4
Erythromycin (E) 0.125-16 1
Benzylpenicillin (BP) 0.063-8 0.125
B-lactams e
Oxacillin (OXA) 0.063-16 2
Oxazolidinones Linezolid (LZD) 0.5-16 4
Nitrofurantoins Nitrofurantoin (FT) 2-128 64
Tetracycline (TE) 0.063-32 2
Tetracyclines - -
Tigecycline (TGC) 0.016-8 0.5
Trimethoprim (TMP) 0.125-32 2
Sulfonamides Trimethoprim/sulfamethoxazole 0.125:2.375-32:608 2
(SXT)
Glycopeptides Vancomycin (VA) 0.25-64 2
Streptogramins Quinupristin/dalfopristin 0.125-8 2
(QD)
Lincosamides Clindamycin (DA) 0.031-32 2
Rifamycins Rifampicin (RD) 0.002-8 0.06
Steroidal Fusidic acid (FD) 0.5-4 1
Fluoroquinolones Moxifloxacin (MXF) 0.004-8 0.25
Phenicols Chloramphenicol (C) 2-32 8

Genetic determinants responsible for the ability to form biofilm (icaABCD, eno, bap,
agrD, sarA, and sigB) were identified as described previously [76-79].

Among isolated strains, genes coding classical enterotoxins, enterotoxin-like toxins,
exfoliative toxins (eta and etd), and shock syndrome toxins (fstt-1) were evaluated as
described previously [80].

All PCR amplicons were electrophoresed on 1.5% (w/v) agarose (Agarose Basica
LE) in 1x TBE (Tris-borate-EDTA) buffer stained with 0.5 ng/mL Midori green (ABO,
Gdansk, Poland) and visualized under ultraviolet light using the G-Box system (Syngene,
Cambrige, UK).

4.6. Statistical Analyses

All statistical analyses were performed using GraphPad Prism software version 8.0
(GRAPH PAD Software Inc, San Diego, CA, USA). To determine the relationship between
phenotypic and genetic determinants, the chi-square Pearson test was used. All correlation
analyses were calculated using Pearson correlation. The occurrence of genes was marked as
“1” when the gene was present, and “0” when it was absent, in which case the results of the
Pearson correlation are identical to the point-biserial correlation. Results were considered
statistically significant at p < 0.05. The R statistical platform (https://www.r-project.org)
(accessed on 13 September 2022) and RStudio program (https://rstudio.com/) (accessed
on 13 September 2022) were used for large-scale analysis and data visualization.
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5. Conclusions

In this study, it was found that artisanal cheese chain production might potentially lead
to contamination of finished cheeses with multidrug-resistant and virulent S. aureus. The
application of good manufacturing practices and standard sanitation operating procedures
in the farmhouse industry must be stricter. Occurrence of antibiotic-resistant strains in
the food processing chain implies the need to monitor S. aureus to identify patterns of
antimicrobial susceptibility to elucidate antibiotic-resistance transmission routes through
the food chain. In addition, the presence of enterotoxin genes among S. aureus may
be a health concern for consumers of artisanal cheeses. Our results showed that it is
necessary to follow up with hygienic measures to prevent or minimize the contamination
of handmade products.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules27196569/s1, Table S1. List of primer sequences used in
PCR reactions. References [61,68,70-74,76-79,81,82] are cited in the Supplementary Materials.
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Staphylococcus aureus is one of the major foodborne pathogens contaminating milk and milk products.
Isolates recovered from different stages in the cheese production chain and food processing environment
(n = 16) in Poland were characterised using whole genome-sequencing and bioinformatic analyses. Most
strains belonged to multi-locus sequence type (MLST) ST109 (6/37.5%) and ST130 (3/18.8%). Spa-typing of
S. aureus isolates revealed six different spa types (t693, t91, t3218, t571, t359, t1109, t2). At least one gene
belonging to the groups of adherence, exoenzymes, secretion machinery factors or toxin genes was
detected among all strains. Also, some antimicrobial resistance genes (e.g., norA, norC, blaZ, ermA) were
identified in tested strains. Molecular characterisation and comparison of isolates with strains respon-
sible for food poisoning worldwide showed the potential pathogenicity of the tested S. aureus strains,
suggesting that hygiene should be improved during food production practices to control the transmission
of foodborne S. aureus.
© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

containing an appropriate amount of staphylococcal enterotoxins
(Macori et al., 2020).

1. Introduction

Staphylococcus aureus is a major food-poisoning pathogen that is
a common contaminant in the dairy industry worldwide (Dittmann
et al., 2017). According to literature data, raw milk and raw milk
products are frequently contaminated with different types of
S. aureus around the world (Dai et al., 2019). In addition, in the dairy
industry, S. aureus can be introduced at almost every step of pro-
duction (Dittmann et al., 2017). It is reported that food has been a
vehicle for the spread of pathogens that cause foodborne illnesses
due to contamination during the handling process from the farm to
the table (Samutela et al., 2021).

S. aureus produces a variety of toxins and invasive enzymes,
such as staphylococcal enterotoxins (SEs), haemolysins, leucocidin,
toxic shock syndrome toxin-1 (TSST-1), exfoliative A toxins (Spanu
et al.,, 2013). It is suggested that each of the virulence factors may
have an impact on contributing to enhanced virulence of isolates. It
is worth noting that enterotoxin-producing strains are responsible
for food poisoning, which is related to the consumption of food

* Corresponding author.
E-mail address: joanna.gajewska@uwm.edu.pl (J. Gajewska).

https://doi.org/10.1016/j.idairyj.2023.105774

The pathogenicity of S. aureus largely depends on its ability to
form a biofilm, which is determined by a number of genetic factors
(Hait et al., 2021). S. aureus can express several cell-wall-associated
adhesins specific for recognising matrix proteins; these adhesins
are referred to as MSCRAMM s (microbial surface components rec-
ognising adhesive matrix molecules) (Pohlmann et al., 2000).

Virulence factors among S. aureus were encoded in the mobile
genetic elements (MGEs), which can be categorised into prophages,
plasmids, transposons, insertion sequences and pathogenicity
islands (Macori et al., 2020; Malachowa & Deleo, 2010; Partridge,
Kwong, Firth, & Jensen, 2018). It is worth emphasising that the
presence of virulence factors on mobile genetic elements is
extremely important since horizontal gene transfer (HGT) is the
most important mechanism in the food chain for the exchange of
antimicrobial resistance and virulence determinants in bacterial
populations (Neyaz, Rajagopal, Wells, & Fakhr, 2020).

Conventional methods of bacterial typing, including spa typing
and multi-locus sequence typing (MLST), are limited by their low-
resolution power and inability to discriminate closely related bac-
terial strains (Soliman et al,, 2020). Nowadays, thanks to next-
generation sequencing (NGS), it is possible to predict virulence
factors and antimicrobial resistance (Yin, Kwoh, & Zheng, 2019).

0958-6946/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Thanks to whole genomic sequencing, it is possible to compare
genomes of microorganisms associated with foodborne outbreaks
and human diseases (Allard et al., 2018). The ability of S. aureus to
spread worldwide and cause outbreaks in both hospitals and the
community has fostered the study of its global epidemiology
(Ravenni et al., 2018), which is important in understanding the
pathogenesis of S. aureus infection (Dabul & Camargo, 2014).

Therefore, the aim of this study was the molecular characteri-
sation of S. aureus isolated from different stages of the cheese
production chain in Poland using NGS and bioinformatic analysis.
The study also compared isolates with global data on food
poisoning cases related to S. aureus.

2. Materials and methods
2.1. Strains

A total of 16 S. aureus were selected for the whole genome
sequencing and genomic analyses. Strains were isolated from
different stages of the cheese production chain, including ready-to-
eat cheeses and the processing environment as described previ-
ously (Gajewska, Chajecka-Wierzchowska, & Zadernowska, 2022)
and presented in this work in Table 2.

2.2. DNA isolation

For genomic DNA extraction, bacterial strains were streaked on
tryptic soy agar (Merck, Germany) and incubated at 35 + 2 °C for
24 h. Genomic DNA extraction was provided using the Genomic
Mini AX Bacteria+ (A&A Biotechnology, Poland), according to the
manufacturer's instructions. The DNA concentration was measured
in a DeNovix DS-11 spectrophotometer (DeNovix Inc., USA).

2.3. Library preparation and sequencing

The isolated DNA samples were sent to an external company
Genomed S.A (Warsaw, Poland) for sequencing. Genomic DNA was
fragmented mechanically using a Focused-ultrasonicator Covaris
E220. The DNA library was prepared by the NEBNext® Ultra™ II
DNA Library Prep Kit for [llumina® (New England Biolabs, E7645L)
according to the manufacturer's instructions. The DNA was
sequenced on MiSeq Illumina® in PE 2 x 300 cycles using a MiSeq
Reagent Kit v3 (600-cycle) MS-102-3003. Readings from MiSeq
were filtered with Cutadapt version 3.0. Quality control of the re-
sults was performed using the FastQC program. Denovo folding was
performed by Spades version 3.14.1. The quality and completeness
of the genome assemblies were assessed by testing the contami-
nation with ContEst16S (Lee et al., 2017) and CheckM tools, which is
available from the homepage https://kbase.us.

2.4. MLST characterisation

The MLST analysis of all the strains was conducted with the
following scheme, which comprises seven housekeeping genes:
arcC, aroE, glpF, gmk, pta, tpi, and yqi (Ullah et al., 2021). The ob-
tained result was compared with the PubMLST database, and each
locus was converted into a single numerical value to determine the
MLST sequence type (ST) of the strains. MLST and cgMLST profile
comparisons were conducted using Bionumerics 7.6 software
(Applied Maths, Belgium) with a single linkage algorithm, ignoring
missing values in pairwise comparisons.

International Dairy Journal 147 (2023) 105774
2.5. Identification of virulence genes and mobile genetic elements

To detect virulence genes, spa type and mobile genetic elements
among isolates, online tools available from the homepage http://
genomicepidemiology.org/VirulenceFinder 2.0 (Joensen et al,
2014), spaTyper 1.0 (Bartels et al, 2014), PlasmidFinder 2.1
(Carattoli et al., 2014) and MobileElementFinder 1.0.3 (Johansson
et al., 2021) were used. The dataset by Macori et al. (2020) was
used to complement the VirulenceFinder program. The presence of
virulence genes was validated using BLAST+ (v.2.5.0), applying a
cut-off value of >80% base identity and >95% coverage (Macori
et al,, 2020). Determination of the presence of genes encoding
antimicrobial resistance was validated using the resistance gene
identifier (RGI) and ResFinder (Bortolaia et al., 2020).

Prophage detection was performed by PHAge Search Tool
(PHAST) (Arndt, Marcu, Liang, & Wishart, 2018). In this study, only
prophage regions detected with a completeness score >90 were
considered.

3. Results
3.1. Bacterial strains and genotypic characterisation

The bacterial strains used for the sequencing were isolated from
different stages of artisanal cheese production in Poland, including
raw material, semi-product, finished product and food environ-
ment swabs. Table 1 shows the summary of whole-genome
assemblies.

Sequencing the genomes of these isolates showed that they
belong to different multi-locus sequence types (ST). Most of the
isolates (n = 6) belong to ST109 multi-locus sequence types. Three
strains were identified as ST130 and 3 as ST7. The other isolates
belong to ST5, ST97, ST352 and ST398.

The ST109 strains were t693, and the ST130 strain was t3218 spa
sequence types. The ST7 strains shared the t91 spa type, although
the other ST types revealed ST5-t2, ST97-t1109, ST352-t359, and
ST398-t571 spa types (Table 2).

The sources of different ST isolates are shown in Table 2 and
Fig. 1. ST109 was most common and originated from whey (n = 2),
cheese (n = 2), heated milk (n = 1), swab (n = 1). ST5 (n = 1) isolate
was isolated from a swab only. ST130 were isolated from raw milk
(n=1)and swabs (n = 2). ST 7 were isolated from curd (n = 2), and
whey (n = 1), since ST 97 from swab (n = 1). ST398 and ST352 were
isolated from heated milk (n = 1) and curd (n = 1).

3.2. Virulome analysis

The genomes were analysed for virulence, which was classified
into categories: adherence, exoenzymes, secretion machinery fac-
tors and toxin genes.

Among all isolates, different genes were found according to
different STs. Genes encoding aureolysin (aur) were detected in 15
(93.9%) S. aureus isolates. Genes encoding staphylococcus comple-
ment inhibitor (SCIN) and staphylokinases were detected at fre-
quencies of 9 (56.3%) and 8 (50%) isolates, respectively. Gene sea
encoding classical enterotoxin SEA was found only in one isolate
belonging to ST5. Toxin-like enterotoxin genes were found more
frequently than classical enterotoxin genes. Genes encoding en-
terotoxins like toxins: seg, sei, sem, sen, sep, seo and seu were
detected in 7 (43.8%), 7 (43.8%), 7 (43.8%), 7 (43.8%), 2 (12.5%), 7
(43.8%), and 7 (43.8%) isolates, respectively. Exfoliative A gene (eta)
was found among strains belonging to ST7, ST97 and ST109.
Epidermal Cell Diff.

Inhibitor (edinB) was found only among strains belonging to ST5
and ST130. The prevalence of leucocidins lukD, lukE were found in 9


https://kbase.us
http://genomicepidemiology.org/
http://genomicepidemiology.org/

J. Gajewska, W. Chajecka-Wierzchowska and A. Zadernowska

International Dairy Journal 147 (2023) 105774

Table 1

Summary of characteristics of whole-genome and assembly properties of tested S. aureus isolates.”
Isolate code Number contigs Total length (bp) N50\(bp) L50 %GC Contamination level values
SA/JG/031 47 2,795,359 422,551 3 32.69 0.08
SA/JG/032 47 2,795,359 422,551 3 32.69 0.08
SA/JG/033 48 2,804,408 422,551 3 32.67 0.08
SA/JG/034 49 2,800,667 422,551 3 32,69 0.08
SA/JG/035 49 2,800,773 422,551 3 32.69 0.08
SA/JG/036 38 2,780,570 707,629 3 32.73 0.08
SA/JG/037 45 2,773,741 640,821 2 32.77 0.36
SA/JG/038 56 2,794,924 300,095 4 32.88 0.08
SA/]JG/039 50 2,795,358 422,551 3 32.69 0.08
SA/JG/040 35 2,774,794 640,821 2 32.77 0.36
SA/JG/041 30 2,775,252 640,821 2 32.77 0.08
SA/]G/042 35 2,741,960 442,644 3 32.74 0.08
SA/JG/044 37 2,800,122 509,416 3 32.77 0.37
SA/JG/045 50 2,805,712 319,588 3 32.79 0.08
SA/JG/046 35 2,717,127 318,839 3 32.75 0.08
SA/]G/047 46 2,777,192 447,808 3 32.72 0.08

@ Coverage was 100x in all cases; completeness was 99.67% in all cases except SA/JG/038 and SA/JG/044 that were at 99.11% and 99.63%, respectively.

(56.3%) strains. The results showed a high frequency of haemolytic
activity among S. aureus. y-Haemolysins (hlgA, higB, higC) were
identified in all the strains. a-Haemolysin gene (hla) and B-hae-
molysin gene (hlb) were also detected and were found among 15/
93.8% and 13/81.3% isolates, respectively.

The genes coding for serine protease-like protein (splA-F)
occurrence among strains: splA (8/50.0%), spIB (8/50.0%), splE (7/
43.8%), splC (9/56.3%), spID (8/50.0%) and splF (10/62.5%).

Among all strains, genes related to adherence were also found.
All strains possess autolysin gene (atl) and intercellular adhesion
genes (icaAD, icaR, icaB, icaC). The prevalence of the other genes
involved in biofilm production and adhesion was: fnbA (13/81.3%),
fnbB (13/81.3%), fib (15/93.8%), clfA (15/93.8%), clfB (16/100%) and
ebpS (14/87.5%) (Fig. 2, Supplementary material Table S1).

Many virulence genes were associated with specific STs. A hi-
erarchically clustered coloured matrix (Fig. 2) shows correspondent
virulence profiles between the genetically related S. aureus strains.
Toxins constitute an important group of S. aureus virulence factors
(with enterotoxins being important to food safety). A statistical
analysis indicated that there is a relationship between the occur-
rence of seu, seo, sep, sen, sem, sei, seg and STs type (p < 0.05) and
they were mostly detected in ST109 isolates. Most genes encoding
antimicrobial resistance factor were found in strains belonging to
ST 109. In all of the tested isolates the quinolone resistance genes
(norA) and its regulator (mgrA) was found, as well as the major

Table 2
Characteristic and genotypic details of the S. aureus isolates investigated with
whole-genome sequencing.

Isolate code Source ST type CcC spa type
SA[JG/031 Whey ST 109 CcC1 t693
SA[JG/032 Cheese ST 109 Cc1 t693
SA/JG/033 Heated milk ST 109 CC1 t693
SA[JG/034 Whey ST 109 CC1 t693
SA/JG/035 Cheese ST 109 CC1 t693
SA/JG/036 Curd ST7 t91
SA[JG/037 Raw milk ST 130 - 3218
SA/JG/038 Heated milk ST 398 - t571
SA/JG/039 Swab-form ST 109 CC1 t693
SA[JG/040 Swab-jar ST 130 - t3218
SA[JG/041 Swab-form ST 130 - t3218
SA[JG/042 Curd ST 352 Ccco7 t359
SA[JG/044 Swab-tank ST 97 CCo7 t1109
SA[JG/045 Curd ST7 - t91
SA[JG/046 Whey ST7 - t91
SA[]G/047 Swab ST 5 CC5 t2

facilitator superfamily MDR efflux pump in S. aureus (LmrS), the
multidrug efflux pump (sdrM). Among all genomes was also found
the mepA gene that is a binding transcription regulator that re-
presses expression of the S. aureus multidrug efflux pump and the
sepA gene that confers resistance to disinfecting agents. Addition-
ally, some strains possess genes associated with resistance to
different drug classes, including the: aminoglycoside resistance
gene (ant(9)-Ia) (6, 37.5%) and kdpD (16, 100%), gene coding resis-
tance to erythromycin (ermA) (7, 43.8%) and penicillin resistance
gene (blaz) (7, 43.8%) (Fig. 3; Supplementary material Table S2).

3.3. Mobile genetic elements among tested S. aureus isolates

Among all strains, rep-type plasmids were found only in three
isolates. Strain SA/JG/036 isolated from curd had a repis and repsp,
SA/JG/047 had repqg, repyo, SA/JG/042 had reps.. Staphylococcal
pathogenicity islands were detected among 13 (81.3%) of the tested
isolates, with the most frequent occurrence of ISSau3. Regarding
phages, different prophage types were found among different ST
types. Among strains belonging to ST109, phage B166 was detected.
Among other strains, inter alia phage SA1014ruMSSAST7 (n = 1),
©2958PVL (n = 3) were found (Table 3).

3.4. Comparison of isolates from cheese and the cheese production
environment with food-poisoning related to S. aureus

The isolates in the current study were compared with publicly
available (PubMLST database) isolates obtained from food poisoning
cases worldwide (Fig. 4), which indicated that S. aureus, responsible
for food poisoning worldwide, mostly belonged to CC8. Although
none of the isolates in the current study belonged to this CC, it was
found that strains in the study were similar to strains belonging to
CC5, CC97 and CC1. This suggests that the studied strains may have
the potential to cause human infection and food poisoning. There-
fore, it is important to understand the prevalence and transmission
of epidemical S. aureus strains, which are widely distributed in the
environment, including in humans, animals and foods.

4. Discussion

The presented study provides insights into the virulome char-
acteristics of S. aureus recovered from dairy farms with the small-
scale production of raw milk cheeses in Poland. The contamina-
tion of dairy herds, raw milk and raw milk products by S. aureus
remains an important problem in dairy food production (McMillan,
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Fig. 1. A minimum-spanning tree based on the whole-genome cgMLST typing profiles of 16 S. aureus isolates. The minimum spanning tree graph (MST) was created with the
BioNumerics v7.6 advanced cluster analysis tool. Branch labels represent the allelic distances shown on a logarithmic scale. The corresponding sources of isolates are indicated by

different shades of colours.

Moore, McAuley, Fegan, & Fox, 2016). Thanks to sequencing tech-
nologies (e.g., NGS), it is possible to detect and characterise food-
borne pathogens, including S. aureus.

The presence of different types of STs in the production chain
indicates the biodiversity of S. aureus. In the current study, it was
found that the most prevalent types among all strains were ST 109;
CC1 and t693. CC1 is known to contain various community-
associated methicillin-resistant S. aureus (CA-MRSA). Although
CC5 has been spreading in hospitals in several countries, ST5/CC5
isolates were found from swabs in the cheese production chain.

According to literature data, since CC97 in most isolates of this
lineage originates from animals, the presence of this isolate in the
current study may be the result of unhygienic practices. One of the
strains in the current study belongs to ST398, which is a lineage
described as colonising livestock animals, e.g., cows, veal calves,

horses and pigs (Silva et al., 2022; Zhao et al., 2021). ST398 isolates
from animals are mostly methicillin-resistant (Price et al., 2012). In
this study, in strain ST398 genes encoding resistance to methicillin
were not detected, nevertheless according, to literature data
occurrence this clone in food chain should not be ignored, because
human infections caused by MSSA (methicillin-sensitive Staphylo-
coccus aureus) ST398 have been reported (Li, Wu, Wang, & Meng,
2015). The presence in all tested genomes norA (the most well-
known efflux system among S. aureus and determine resistance
to fluoroquinolones and some antiseptics and disinfectants) is
coherent with previously data, which described that this gene as a
part of the core genome of S. aureus (Costa et al., 2019; Fergestad
et al., 2021).

The presence of the same STs at different stages of production
indicates the survivability of this pathogen, which is dependent on
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Fig. 2. Hierarchical clustering of the isolates against the combined pattern of virulence phenotype. Colour = presence of gene; white = gene absence. Similar sequence types are
highlighted with similar shade. The figure highlights virulome genetic profiles as well as the unsupervised clustering of isolates that parallels their sequence type classification. The

figure was generated in R by the heatmap package using default clustering settings.

the manufacturing steps during cheese making, the physic-
chemical characteristics of the cheese (pH, salt content, water ac-
tivity), and the growth requirements of the microorganisms
(Kousta, Mataragas, Skandamis, & Drosinos, 2010). Nevertheless, it
is worth noting the demonstration of individual types of STs at each
stage. As a result of these observations, it can be concluded that
each stage of production can be a potential source of entry of
S. aureus with varying characteristics of this pathogen into the
production chain.

Regarding the pathogenicity of the isolates, the co-existence of
multiple virulence groups was identified. Exotoxins produced by
S. aureus can cause epidemics of staphylococcal food poisoning
(SFP) from milk and dairy products intended for human con-
sumption (Abril et al., 2020; Fergestad et al., 2021). SFP is one of the
most common foodborne diseases, which results from the con-
sumption of foods containing sufficient amounts of staphylococcal

enterotoxins (SEs). According to literature data, it was shown that
in SFP, S. aureus isolates did not possess the classical enterotoxin
genes (sea-see), although they did possess SE-like toxin genes, and
those could cause disease (Macori et al., 2020; Thwala et al., 2022).
In the present study, sep, seg, sem, sen, seo and seu genes were
detected more frequently among the studied isolates than classical
enterotoxin genes, among which the sea gene was found in only
one isolate (1/6.25%). It is noteworthy that enterotoxicity genes
were possessed only by isolates belonging to ST109 and ST5. Our
observations are consistent with previous findings, that S. aureus
isolates which different sequence types may be able to produce the
same enterotoxins (Qian, Castaneda-Gulla, Sattlegger, &
Mutukumira, 2022). It was also found that 6/37.5% of strains
possess a toxic shock syndrome gene (tsst-1). This gene is charac-
teristic of S. aureus isolates and has been previously detected in
bovine S. aureus (Fergestad et al., 2021; Vaughn, Abdi, Gillespie, &
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Table 3
Detection of mobile genetic elements among S. aureus isolates.”
Isolate code Plasmid rep family MGEs (family) Prophage Pathogenicity score
SA/JG/031 - ISSau3, 1SSau5 phage B166 0.98 (569)
SA/JG/032 - Tn554, ISSau3, ISSau5 phage B166 0.98 (569)
SA/JG/033 - Tn554, ISSau3, ISSau5 phage B166 0.98 (570)
SA/JG/034 - ISSau3, 1SSau5 phage B166 0.98 (569)
SA/JG/035 - Tn554, ISSau3, 1SSau5 phage B166 0.98 (569)
SA/JG/036 rep16, rep5b ISSau3 oJB 0.98 (524)
phage SA1014ruMSSAST7
SA[JG/037 - - 0.986 (308)
SA/JG/038 - ISSau8 Phage StauST398_5 0.975 (359)
$®2958PVL
SA/JG/039 - ISSau3, ISSau5 — 0.98 (569)
SA/JG/040 - — @ 2958PVL 0.986 (307)
SA/]G/041 - - ¢ 2958PVL 0.986 (308)
P282
SA/JG/042 rep5c ISSau3, ISSau5 oPV83 0.984 (476)
SA/]G/044 - ISSau3 ©2958PVL 0.983 (492)
SA/JG/045 - ISSau5, phage 96 0.978 (537)
CT: cn_26928_ISSau3
SA/JG/046 - ISSau3, phage 53 0.984 (466)
CT: cn_26928_ISSau3
SA/JG/047 rep19, rep20 - oNM3 0.983 (910)

2 Abbreviations are: IS, insertion sequence; CT, composite transposon; MGEs, mobile genetic elements. Pathogenicity score (no. of pathogenic families): prediction of a
bacteria's pathogenicity toward human hosts using PathogenFinder.

Kerro Dego, 2020). The current study also showed a high preva- One of the most important virulence factors among S. aureus is
lence of leucocidins lukE/D, which are reported as one of the most the ability to form biofilm and adherence to biotic and abiotic
important pore-forming toxin genes among S. aureus (Zhu et al,, surfaces (Miao et al, 2017). The ability to form biofilm may
2022). contribute to the persistence of this pathogen in food processing
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Fig. 4. A minimum-spanning tree (MST) representing the comparison of S. aureus isolated analysed in this study with the published genomes recovered from food-poisoning
outbreaks worldwide. Analysis was made on the base MLST profiles using a single linkage method. Graph was created with the BioNumerics v7.6.

environments and, consequently, increase cross-contamination
risks (Vazquez-Sanchez, Habimana, & Holck, 2013). Biofilm for-
mation is determined by a number of genetic determinants, of
which the most documented are the icaA and icaD (Azmi, Qrei, &
Abdeen, 2019). The current study also presents the occurrence of
other genes associated with adhesion, invasion, and evasion among
genes of the sdr family (A—F), which were previously reported in
clinical isolates (Askarian et al., 2016; Castro, Santos, Meireles, Silva,
& Teixeira, 2016; Sharp et al., 2012). Our results showed, that most
virulence factors depends of STs, with the most virulent being the
strain belonging to ST5. The observed variations in occurrence
virulence genes among different STs may represent evolution to-
ward adaptation distinct niches or environments.

The current study also determined the prevalence of mobile
genetic elements among S. aureus. Bacteriophage transduction,

conjugation by plasmids, and natural transformation by extracel-
lular DNA each allow genetic material to jump between strains and
species (Lerminiaux & Cameron, 2019). This is important because
the food chain is a good environment for horizontal gene transfer.
The detected MGEs are important to consider horizontal gene
transfer, potentially from S. aureus to different non-pathogenic
species and genera, as a way for these bacteria to gain pathoge-
nicity (Argemi et al., 2018).

Predicting the pathogenicity of isolates to human hosts yielded a
high average probability score (Pscore ~0.982). A high pathogenicity
score with the several virulence genes possessed by the studied
isolates from food and food processing plants indicates their
pathogenic potential (Asante et al., 2021).

Even though a limited number of S. aureus isolates were used in
this study, it is worth emphasising that NGS sequencing provides
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yielding information on the complete genomic profile and relations
between strains. The population sampled in this study is not
representative of the whole artisanal cheese chain production in
Poland. Nevertheless, it is worth emphasising the need for constant
monitoring and compliance with food safety and food quality
standards: Good Manufacturing Practices (GMP) and Hazard
Analysis Critical Control Points (HACCP) systems in the food chain.

5. Conclusions

The presented studies demonstrate that the use of NGS
sequencing provides a valuable characterisation of foodborne
pathogens. The results of the study provide an understanding of the
evolution of S. aureus and the genetic determinants which are
responsible for the spread and survival of this pathogen. Further-
more, the current study revealed that S. aureus strains isolated from
the food production chain carried toxin genes. This finding suggests
that S. aureus from food is a potential human health threat, which
necessitates improving hygiene practices to prevent the spread of
this pathogen.
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Abstract: Staphylococcus aureus is one of the most important foodborne pathogens. S. aureus has the
capability to produce a variety of toxins, including staphylococcal enterotoxins (SEs). The aim of this
study was to evaluate the survival rate of S. aureus cells and analyze enterotoxins gene expression
after exposure to osmotic stress and acidic/alkaline stress. To determine survival rates, the traditional
plate counting method and flow cytometry were used. The expression levels of the enterotoxin
genes were performed by quantitative reverse transcription PCR (RT-qPCR). Expression changes
differed depending on the stressors chosen. The obtained results in this study showed the effect
of critical food-related stress conditions on SE gene expression in S. aureus. The study showed
different expression levels of the tested enterotoxins genes depending on the stress. The most tested
enterotoxin genes (seg, sei, and selo) after exposure to pH = 4.5 stress have similar expression as in
the optimal condition. After alkaline treatment (pH = 9.6), a similar expression gene value as for the
optimal condition was observed. The analysis of gene expression in response to stress caused by
NaCl, showed that the expression of selp decreased, whereas selu, selm, and selo genes increased. A
significantly decreased expression of the sea gene was observed.

Keywords: S. aureus; gene expression; enterotoxin gene

1. Introduction

Staphylococcal food poisoning (SFP) belongs to one of the most frequently occurring
food poisonings globally, caused by eating food contaminated with staphylococci entero-
toxin (SEs) secreted by Staphylococcus aureus [1]. In the European Union, the number of
SFP cases is decreasing, with 43 outbreaks, 402 cases, and 32 hospitalizations reported in
2020, whereas in 2021 there were only 13 reported outbreaks caused by staphylococcal
toxins [2,3].

The literature data report that foods of animal origin, such as milk and dairy products,
are the cause of SFP. It is worth emphasizing that staphylococcal food poisoning is one of the
most common foodborne illnesses worldwide [4]. Nowadays, over 20 different enterotoxins
have been characterized [5]. These enterotoxins were subdivided into two groups. The first
of these includes SEA-SEE, called classical enterotoxins (SEs) with demonstrated emetics
activity, and the second one is staphylococcal enterotoxin-like proteins (SEls), which are
potential emetics in a primate model or have yet to be tested [5-7]. Enterotoxins encoding
genes can be located on various mobile genetic elements, such as transposons, plasmids,
prophages, pathogenicity islands (SaPls), and highly variable genomic regions (vSa). The
role of SE genes as virulence determinants in S. aureus is thought to be regulated by the
agr (accessory gene regulator) gene and sar (staphylococcal accessory regulator) gene,
alternative sigma factor B (oB), and repressor of toxins (Rot). [8,9]. Enterotoxins have the
capability to stimulate large populations of T cells, leading to unregulated immune system
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activation [10]. The most common symptoms of SFP include acute gastroenteritis, diarrhea,
and vomiting, which occur within 2 to 6 h after consumption of food containing SEs [1,11].
The SFP is a mild, self-limiting disease. Symptoms usually resolve within 12 to 24 h [10].
The most frequently identified enterotoxin genes in SPF have been documented to be ses,
seb, and sed, although this pattern appears to be evolving over time. A study carried out
by Omoe et al. (2013) [12] demonstrated that the SEK, SEL, SEM, SEN, SEO, SEP, and
SEQ enterotoxins, following oral administration, also induce vomiting in monkeys (Macaca
fascicularis). The authors showed that a dose (of all enterotoxins) of 100 ug/kg caused a
vomiting response in the tested monkeys. Nevertheless, it is worth emphasizing that the
percentage (average 28%) of monkeys affected after consuming SEls was lower than the
percentage (average 79%) affected after consuming SEA or SEB.

Although the emetic activity of SEG, SEI, SEM, SEN, and SEO in humans is not well
understood. Baumgartner et al. (2014) [13] described two cases of staphylococcal food
poisoning in which only isolates carrying the newly described enterotoxins genes (seg, sei,
selm, seln, and selo) were detected. This fact indicates that a new type of SE with relatively
mild vomiting activity can cause human food poisoning.

Staphylococcal enterotoxins are very stable and cannot be inactivated by methods
such as heating, so it is important to prevent the growth of S. aureus and the production of
enterotoxins in food [14]. However, it is worth emphasizing that each of the food processing
elements may be a stress factor for a cell, which induces an increase in enterotoxicity. Stress
conditions (a low pH value, decreased/increased temperature, or a change in osmotic
pressure) result in metabolic changes in bacterial cells through the expression of specific
gene sets, including enterotoxins. In this case, it is important to study the expression of
each enterotoxin gene. Most studies have focused on the expression under stress conditions
encountered in food processing environments of genes encoding classical enterotoxins,
whereas knowledge about the expression of newer enterotoxins is limited.

Therefore, this study aimed to estimate the presence of genes coding enterotoxins in
S. aureus by bioinformatic assay and determine the effect of the stress factors (osmotic, acidic,
and alkaline stress) that occur in food and food processing environments on the expression
of those genes among S. aureus strains. We intended to estimate whether food-related
stressors have an impact on the enterotoxicity of S. aureus.

2. Materials and Methods
2.1. Strains

In this study, five S. aureus strains isolated from cheese chain production were used. All
strains belong to the collection of the Department of Industrial and Food Microbiology and
have been described previously [15]. The strains were kept in Microbanks® (Biomaxima,
Lublin, Poland) at —80 °C until the start of analysis. Strains were resuscitated by streaking
the beads on TSA (Tryptic Soy Agar; Merck, Darmstadt, Germany) and incubated statically
at 37 °C for 24 h (late stationary phase) for further investigation.

2.2. Gene Prediction and ANI Analysis

Strains were chosen for whole genome sequencing and further analysis (Illumina
HiSeq paired end). De novo assemblies of the S. aureus genomes were generated using
MiSeq Illumina. The quality and completeness of the genome assemblies were assessed
by testing for contamination with ContEst16S [16]. The genetic biodiversity among tested
S. aureus strains was determined using the ANI calculator [17], which estimates the average
nucleotide identity (ANI). The ANI calculator is a tool based on the alignment of genomic
fragments. Online tools available from the homepage, http:/ /genomicepidemiology.org
(accessed on 20 May 2023), were used to characterize the strains.

2.3. Stress Determination

The tested strains were subjected to conditions carried out under laboratory conditions
related to the stress conditions that occur during food production and preservation. The
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NaCl concentration and pH values used in the study were chosen based on the literature
and preliminary studies.

2.3.1. Osmotic Stress Treatment

The impact of osmotic stress was tested using the fresh culture in 5 mL of TSB (Merck,
Darmstadt, Germany) adjusted to 4.5% NaCl. These conditions were chosen to mimic the
NaCl concentration that occurs in the manufacture or preservation of food [18]. This stress
was applied for 48 h (statically cultured) at 37 °C. Simultaneously, incubation in 5 mL of
TSB was used as a control. The procedure was performed in duplicate.

2.3.2. Acidic and Alkaline Stress Treatment

The effect of different pH values (pH = 4.5 and pH = 9.6) was analyzed using the
culture in 5 mL of TSB with 20% (v/v) NaOH and 2 M H3PO,4. TSB was mixed with
NaOH or H3POj (sterilization was performed by filtering the additives on syringe filters
(MF-Millipore™ Membrane Filter, 0.22 um pore size) and adding them to a sterile medium
under a laminar chamber) to obtain the appropriate pH value. The pH of the medium
after the addition of NaOH or H3PO, was confirmed with a pH meter (CP-501, Elmetron,
Zabrze, Poland). S. aureus strains were grown in TSB broth as a control. This experiment
was performed in duplicate to obtain two independent samples of each staphylococci strain
grown under control conditions (TSB), and stress conditions (TSB adjusted pH = 4.5 and
pH = 9.6). Strains were statically cultured at 37 °C for 24 h (late stationary phase).

2.4. Survival Analysis

After stress treatments, the samples were divided into three equal volumes. Each
sample constituted the material for conducting flow cytometry analysis, plate count method
analysis, and RNA extraction (Figure 1).

S. aureus strains
(n=3)

TSB (5mL) |
[ I I |
Alkaline stress Acidic stress Osmotic stress Control samples

pH-9.6 pH-15 NaCl 45.% s ﬁ)
(37 °C/24 h) (37°C/24h) (37°C/24 h)

Gene expression

Survival analysis analysis

Figure 1. Flow chart describing the experiment’s design.

2.4.1. Flow Cytometer Adjustment

A flow cytometer was adjusted as described in previous work [19]. Shortly, fluo-
rochrome stock solutions were prepared in proportions of 1:1 of SYTO®9 (5 mM) and PI
(20 mM). Staining of live (24 h culture) and dead (killed with 70% isopropanol) cells was
performed by adding 2 mL of culture to 6 puL of dye working solutions. Then, the solutions
were kept for 15 min at room temperature (20 & 2 °C) and analyzed with a flow cytometer
(FACSlyric, Beckton Dickinson, Franklin Lakes, NJ, USA). The flow cytometer’s excitation
laser had a wavelength of 488 nm, and the fluorescence emissions were collected in the red
and green channels. Two solutions (SYTO®9-stained LCS and PI-stained DCS) were used
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for the identification of live and dead bacteria cells and for the most appropriate cytometric
parameters to avoid interference from emission spectra. Logarithmic signal amplification
was employed in combination with forward scatter, side scatter, and fluorescence.

2.4.2. Plate Count Method

To check the survival rate of staphylococci strains by the plate count method, a series
of ten-fold dilutions was performed for each strain before and after exposure to the tested
stressors. After incubation on TSA agar at 37 °C for 48 h, the number of colony forming
units (CFU/mL) was counted.

2.5. RNA Extraction and Reverse Transcription

The Total RNA Mini Plus Kit (A&A Biotechnology, Gdansk, Poland) was used to
extract a total RNA from fresh 24 h culture (as a control) and from strains subjected to
osmotic, alkaline, and acidic stress. In the next step, the Clean-Up RNA Concentrator Kit
(A&A Biotechnology, Gdarisk, Poland) was used for purification and concentration of the
obtained RNA. To check the RNA integrity, 10 uL. of RNA was loaded into a 1.2% agarose
gel in 0.5% Tris/Borate/EDTA (TBE) buffer and run at 90 V for 1 h. The RNA integrity
was determined by visualizing the two bands (16S and 23S RNA). RNA concentration
was measured using a DeNovix DS-11 spectrophotometer (DeNovix Inc., Wilmington,
NC, USA).

After that, all RNA samples were used for first-strand cDNA synthesis using the
TranScriba Kit (A&A Biotechnology, Gdansk, Poland), using a dN-heksamer as primers.
The obtained cDNA was then stored at —20 °C for further analysis.

2.6. Real-Time PCR Analysis of Gene Expression

Gene expression analysis was carried out using a RotorGene Q-System (Qiagen Inc.,
Montreal, ON, Canada). Three independent reactions were performed for each tested
gene. As the housekeeping gene, the 16S rRNA gene was chosen. For each primer pair,
amplification efficiency was calculated as E = 10 (—1/slope) [20].

Gene expression among tested samples was analyzed using relative quantification,
in which relevant gene expression is normalized to housekeeping genes, using the mathe-
matical model proposed and validated by Pfaffi (2001) [20]. A threshold was defined using
the software for real-time PCR reactions. The obtained results were interpreted as follows:
values > 2 indicate a significant increase in gene expression, while values < 0.5 indicate a
significant decrease in gene expression.

Primers sequences for housekeeping genes (165 RNA) and enterotoxin genes according
to the data from the literature, are presented in Table 1. Gene expression analysis was
performed three times. The qPCR reactions were performed in a volume of 10 uL, which
contained 5 pL of PowerUp SYBR Green MasterMix (ThermoFischer Scientific, Waltham,
MA, USA), 1 uL of each primer (800 nM), and 10 ng of template cDNA, filled up with
ddH;O to a final volume. The relative gene expression (REG) detected for each gene and
stress condition were considered significant (p < 0.05) based on a t-test utilizing the RGE
of the control as the reference. The real-time cycling conditions were as follows: 50 °C
for 2 min, initial denaturation at 95 °C for 2 min, followed by 40 cycles of denaturation at
95 °C for 15 s and 60 s at temperature adjusted for primer set. The specificity of the real-time
PCR product was determined by the construction of the melting curve by heating on a slow
ramp between 60 and 95 °C in increments of 0.5 °C for 5 s.

2.7. Statistical Analysis

Statistical analysis of the data obtained was carried out using the Student’s t-test
and/or the one-way ANOVA at a significance level of o = 0.05 using Prism 9.4.1 (Prism,
GraphPad Software, San Diego, CA, USA).
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Table 1. Primers used in this study.

Gene Primer Sequences Size (bp) References

F: TTGGAAACGGTTAAAACGAA 120 21]
sea R: GAACCTTCCCATCAAAAACA

s F: TTACAAAGCAAGACACTGGCTCA
3 R: TCCAGATTCAAAYGCAGAACMAT
F: GGTAYCAATGATTTGATCTCAGAAT

st R: GTATTGTCCTGATAAAGTGGCC 147

73

l F: TCATATCGCAACCGCTGATGATG 150
selm R: TCAGCWGTTACTGTCGAATTAT [22]

seln F: GATGAAGAGARAGTTATAGGCGT 167
R: ATGTTACCGGTATCTTTATTGTAT

1 F: GTGTAAGAAGTCAAGTGTAGAC 163
seto R: CAGCAGATWTTCCATCTAACC

z F: AAAATATGGAGTTGTTGGAATGAAGTT - 23]
sett R: TTCTCTTGGGCTTTAATGTTTGTTT

sel F: ATTTACAAAAAAAGTCTGAATTGCAGG 201
P R: TGGCGGTGTCTTTTGAACC

F: CCGCCTGGGGAGTACG
165 RNA R: AAGGGTTGCGCTCGTTGC 240 [24]

3. Results
3.1. Characterization of S. aureus Strains

All tested isolates harbored at least one SEs gene; however, only one strain pos-
sessed a sea gene. Other classical enterotoxins genes (seb, sec, sed, and see) were not de-
tected. As a result of the conducted research, it was shown that the most dominant SE
genes were seg, sei, selm, seln, selo, and selu. The selp gene was detected in two isolates
(Table 2). The genetic divergence of tested S. aureus strains was confirmed by ANI analysis
(Supplementary Table S1).

Table 2. Characteristics of S. aureus strains analyzed in the study.

Isolate Code Source ST Type CC spa Type Enterotoxin Genes
35G cheese ST 109 cc1 693 58 el SESZ:; seln, selo,
36 G curd ST7 CC1 t91 selp
39G swab- ST 109 cc1 693 seg, sei, selm, seln, selo,
form selu
45 G curd ST7 - t91 selp
477G swab ST5 cCs 0 sea, seg, sei, selm, seln,

selo, selu

3.2. Survival Analysis

Calculated S. aureus survival after exposure to tested stress factors is shown in Table 3.
The highest survival rates (mean values) of S. aureus were observed after exposure to
pH = 9.6 (average 95.68%), while the lowest survival rate was observed in response to
pH =4.5 (average 73.04%). Thus, the greatest reduction in bacterial cells was observed
after treatment with pH = 4.5 (average 26.96%). Based on statistical analysis, there were no
statistically significant differences between the survival of strains obtained by plate count
and flow cytometry methods (p > 0.05).
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Table 3. Results of the survival analysis among tested strains.

pH=45 pH=9.6 NaCl
Isolate L D Recichtion L D Recichtion L D Re;::cUtion
Code [%] [%] *[%] [%] [%] * %] [%] [%] *[%]
35G 7417  25.83 26.8 9573  4.27 5.21 9456 544 6.25
36 G 68.46 31.54 32.81 96.2 3.8 4.85 95.4 4.6 3.96
39G 67.64 3236 31.95 9582  4.18 3.95 9262 7.38 8.17
45G 83.63 16.37 17.37 9492  5.08 6.48 9533  4.67 5.14
47 G 71.3 28.7 33.3 9574  4.26 5.81 96.03  3.97 4.26

* plate count method L—Tlive cells; D—dead cells.

3.3. Expression of Enterotoxins Gene

In this study, the expression of enterotoxigenic genes among S. aureus strains was
evaluated. The most tested enterotoxins gene, after exposure to pH = 4.5 stress, has similar
expression as in the optimal condition. The highest expression was observed for the selu
gene (average 1.6). For the selp gene, which occurred in two strains, no significant decrease
in expression levels was observed (relative gene expression levels <0.5). In the 47 G strain,
under expression was noted, the value of which was 0.52 (Figure 2).

* *

=
(6]
1

relative expression
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o
1
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o ) S o N & AQ AN
NN |8 N B REC IR,

35G 39G 36G 45G 47G

Figure 2. Relative expression of the enterotoxins gene among S. aureus strains cultured in TSB
adjusted to pH = 4.5 for 24 h (late stationary phase). The data represent the mean and standard
deviation of 3 independent experiments. Error bars represent SD. Asterisks denote a statistically
significant difference (p < 0.05).

The relative expression of enterotoxin genes after alkaline treatment (pH = 9.6) among
tested strains is shown in Figure 3. Similar to acid stress, among the most tested enterotoxins
genes, a similar expression as for the optimal condition was observed. A higher expression
level was observed for the selu and selo genes, which averaged 1.67 and 1.32, respectively.
A higher, significant decrease in expression level was observed for the sea gene, which was
0.21. The statistical results showed significant differences in gene expression within a strain
(p <0.05).

The analysis of gene expression in response to stress caused by NaCl showed that the
expression of selp decreased, but this decrease was not significant (relative gene expression
level >0.5). In response to this stress, for selu, selm, and selo genes, an increase in relative
expression was observed, but it was not defined as significant (average 1.77; 1.42; 1.30,
respectively). Significantly decreased expression of the sea gene was observed (<0.5)
(Figure 4).
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Figure 3. Relative expression of the enterotoxin gene among S. aureus strains in TSB adjusted to
pH = 9.6 for 24 h (late stationary phase). The data represent the mean and standard deviation of
3 independent experiments. Error bars represent SD. Asterisks denote a statistically significant
difference (p < 0.05).
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Figure 4. Relative expression of the enterotoxins gene among S. aureus strains cultured in TSB
adjusted to 4.5% NaCl for 24 h (late stationary phase). The data represent the mean and standard
deviation of 3 independent experiments. Error bars represent SD. Asterisks denote a statistically
significant difference (p < 0.05).

Based on statistical analysis, statistically significant differences were observed for
seg, sei, selm, seln, and selo gene expression after exposure to the tested stressors (p < 0.05;
Table S3).

4. Discussion

Staphylococcal enterotoxins (SEs), produced by S. aureus, are often responsible for
staphylococcal food poisoning (SFP) worldwide [25]. In the food industry, food safety is en-
sured through precautions tailored to the risks associated with a particular product. These
measures are based on Good Hygiene Practices (GHP) principles and Hazard Analysis and
Critical Control Points (HACCP) systems [26].

The mentioned criteria define the maximum permitted levels of live cells of coagulase-
positive staphylococci in food, and they apply during or at the end of the production
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process, depending on the food category. For example, the acceptable level of live S. aureus
cells in RTE (ready-to-eat) foods should be below 10° CFU/g. These rules also define that
SEs must not be found in 25 g of food in any of the sample units. To guarantee the safety of
food, it is crucial to establish microbiological standards for the enumeration of S. aureus
and the detection of enterotoxins in food products. Despite their widespread use, these
standards have several limitations. As one of them, the number of S. aureus cells is not
always a sufficient indicator of the presence of enterotoxins in food. This is related to the
fact that not all S. aureus strains are enterotoxigenic and/or express enterotoxins. It is worth
noting that despite the fact that most S. aureus cells have been reduced using, for example,
heat treatment, staphylococcal enterotoxins show resistance to high temperatures and can
still show biological activity and be a causative agent of food poisoning. As per the rules,
the examination of an enterotoxin is mandatory only if the values of S. aureus cells exceed
10° CFU/g. However, recent research indicates that even in cases where this number is
lower, the presence of enterotoxins can still be identified [26,27].

The growth and survival of S. aureus are dependent on a number of environmen-
tal factors. The study showed that tested strains had high survival abilities against the
stress factors (osmotic, alkaline, and acidic) used in this study (73.04-95.68%). The high
survival rate under various environmental conditions confirmed that S. aureus can easily
contaminate food and potentially grow in it. Therefore, it is isolated from various food
products, including milk and dairy products, meat and meat products, poultry and egg
products, and seafood [28]. At the same time, it is worth mentioning that the growth
dependency of SE expression is linked to regulatory elements. For example, SarA is active
during the exponential growth phase, whereas Agr is active when cell densities increase
during the transition to the stationary growth phase. Activation of the Agr affects leads to
down-regulation of Rot, which leads to increased toxins expression [29,30].

As described previously, S. aureus may possess one or more enterotoxin and enterotoxin-
like genes (SEs/SEls) [26]. Nevertheless, it is worth emphasizing that the harboring of
enterotoxin genes does not imply that they have the capability to express them, even when
provided with ideal nourishment and developmental conditions [18,31]. The reason for
this phenomenon may be the complexity of the genetic expression of enterotoxin genes,
which consists of a network of regulatory systems that can act both independently and in
coordination [32]. Therefore, it is important to determine the impact of food-related stresses
(e.g., changing pH, different temperatures, lowering the a,, value, as well as the addition of
preservatives) on staphylococcal enterotoxicity [33].

One of the food preservation methods is the addition of salt. Nevertheless, S. aureus
may survive in high NaCl concentrations, which results in the contamination of S. aureus in
salted food that cannot be eradicated [34,35]. For all that, the concentration of NaCl might
still act by affecting SE production. The presence and even growth of S. aureus in foods
with a high content of NaCl can still be safe for consumers if enterotoxin production is
sufficiently inhibited. Therefore, it is important to know the mechanisms responsible for
the production of enterotoxins in the presence of NaCl [33].

Most pathogens, including S. aureus, can be inhibited when a,, is in the range of
0.80-0.92. For this purpose, drying or the addition of high concentrations of salt or sugar
are used. The selected NaCl level used in our study mimicked the stress conditions
encountered during the production of many foodstuffs (including dairy and meat products).
S. aureus is known to be able to grow in high concentrations of NaCl (3.5 M). However,
low water activity (aw) conditions (~0.86) have been shown to be effective in limiting SEs
production [36]. Shito et al. (2015) [18] showed that 4.5% NaCl led to a decrease in sed
expression (significant changes) among four strains, while an increase in expression of
this gene was noted in only one strain. Moreover, a 30% sugar concentration caused a
decreased sed expression, but only one strain showed significant changes [14]. In the study
conducted by Etter et al. (2022) [33], equal or increased sec mRNA levels were found after
treatment with mild NaCl stress for all tested strains. The authors showed that even a small
increase in the range of 1-4.5% NaCl had an effect on sec expression [33]. In this study, an
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increase in relative expression was observed for selu, selm, and selo genes under 4.5% NaCl.
Therefore, according to the obtained data and previously observed observations, it can be
assumed that changing levels of NaCl concentration affect the transcriptional regulation of
enterotoxin genes among staphylococci.

In the food industry, acid addition is used to reduce or inhibit bacterial growth. This
is achieved by adding an acidifying agent as well as by enhancing natural fermentation.
However, the inhibitory effect of acids depends on a number of factors, including, but not
limited to, the concentration and type of acid, exposure time, and the buffering capacity
of the food. Data in the literature show that, on the protein level, enterotoxin production
is at its highest in a pH range between 6 and 7 [37]. Moreover, data also showed that
expression of sea occurred under the influence of acetic acid (pH = 6.0) as a result of
prophage induction [38]. On the contrary, Sihto et al. (2015) showed that lactic acid stress
(pH = 6.0) affected sed expression, but this stress did not lead to significant changes [18].
In an older study, it was shown that mild acetic acid stress (pH 7-5.5) had an influence
on prophage induction and also increased sea expression among tested isolates. The
authors also showed that no or very low levels of sea mRNA and SEA were detected at
pH 4.5-5.0 [38]. In the present study, it was observed that the most tested enterotoxins
gene, after exposure to pH = 4.5 and pH = 9.6 stress, had similar expression as in the
optimal condition.

It is worth noting that S. aureus is a foodborne pathogen that exhibits a competitive
growth advantage in foods with high sugar or salt concentrations or a low pH. Although
over the past few years many different studies [14,18,25,33,39,40] have attempted to expand
on the impact of food-related stress conditions on SEs expression, there is still limited data
explaining the role of stress on enterotoxins gene expression.

Despite the fact that this study focused on the expression of genes of a newly described
staphylococcal enterotoxin, based on experiments in culture media, the obtained results
showed that the staphylococcal expression of enterotoxin genes may change in response
to food-related stressors. Whereas the studies conducted took place under laboratory
conditions using laboratory media, further studies should focus on studying the expression
of SEs genes in the food matrix. Also, our study shows the expression of selected genes
only in growth in the stationary phase; it is worth noting that the growth phase can also
affect the expression of many virulence factors.

5. Conclusions

It was noted that critical food-related stressors (changing pH and NaCl concentration)
had an influence on SE gene expression in S. aureus. This observation may be useful
for risk assessment. The obtained results showed that food-related stress can influence
staphylococcal enterotoxins expression, which cannot be predicted based exclusively on
viable cell counts. Data about the relative expression of those genes, encoding Sels, provides
information about changes in response to food and environmental stresses. It can be
assumed that changes in gene expression levels under stress depend on the strain.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pathogens12070954/s1, Table S1: ANI values among tested strains. Table
S2; Statistical significance between expressions after exposure to tested stressor among each strains.
Table S3: Statistical significance between expressions each genes after exposure to tested stressor.
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