|U| UNIWERSYTET
WARMINSKO-MAZURSKI
||| woLszTynIE

WYDZIAL NAUKI O ZYWNOSCI

Dyscyplina: nauki rolnicze

Dziedzina: technologia zywnoSci i Zywienia

mgr inz. Arkadiusz Zakrzewski

Rozprawa doktorska

Warunki stresowe podczas otrzymywania produktow gotowych do spozycia z ryb i krewetek a

mozliwo$¢ przezycia oraz odpowiedz komorkowa bakterii z rodzaju Listeria sp.

Stress conditions during the preparation of ready-to-eat products from fish and shrimps - the

possibility of survival and cellular response of Listeria sp.

Praca wykonana w Katedrze Mikrobiologii Zywnosci, Technologii i Chemii Miesa

Promotor: dr hab. inz. Anna Zadernowska, prof. UWM

Promotor pomocniczy: dr inz. Wioleta Chajgcka-Wierzchowska

Olsztyn 2024



Olsztyn, 26.03.2024

(miejscowosé, data)
Arkadiusz Zakrzewski

(imig¢ i nazwisko kandydata)

technologia zywnosci i zywienia
(dyscyplina naukowa)

Przewodniczacy Rady Naukowej Dyscypliny
technologii Zywnosci i Zywienia
Uniwersytetu Warminsko-Mazurskiego w Olsztynie

prof. dr hab. inz. Anna Iwaniak

OSWIADCZENIE

o samodzielnym napisaniu rozprawy doktorskiej

Swiadoma(—y) odpowiedzialnosci prawnej oswiadczam, Ze rozprawa doktorska pod
tytulem ,,Warunki stresowe podczas otrzymywania produktéw gotowych do spozycia z
ryb i krewetek a mozliwos¢ przezycia oraz odpowiedz komoérkowa bakterii z rodzaju
Listeria sp.” zostala napisana przeze mnie samodzielnie i nie zawiera tresci uzyskanych w
sposob niezgodny z obowiazujgcymi przepisami.

Oswiadczam réwniez, ze przedstawiona rozprawa nie jest i nie byta wezesniej podstawa
do ubiegania si¢ o nadanie stopnia naukowego doktora.

Ponadto o$wiadczam, ze tre$¢ rozprawy doktorskiej przedstawionej przez mnie do

obrony, zawarta na przekazywanym nosniku elektronicznym, jest identyczna z jej] wersja
drukowana.

W zwigzku z powyzszym o$wiadczam, ze wyrazam zgode na poddanie rozprawy
doktorskiej procedurze antyplagiatowe;.

oakaimda. DadtodiusT

podpis kandydata



Olsztyn, 26.03.2024
(miejscowos¢, data)

dr hab. inz. Anna Zademowska, prof. UWM
(stopien/tytut naukowy, imi¢ i nazwisko promotora/premetera pemoeniczego™)

Przewodniczacy Rady Naukowej Dyscypliny
technologii ZywnoSci i Zzywienia
Uniwersytetu Warminsko-Mazurskiego w Olsztynie

prof. dr hab. inz. Anna Iwaniak

OSWIADCZENIE

promotora/promoterapemeeniezego™ rozprawy doktorskiej

Oswiadczam, ze rozprawa doktorska mgr inz. Arkadiusza Zakrzewskiego pod tytulem
»Warunki stresowe podczas otrzymywania produktéw gotowych do spoiycia z ryb i krewetek a
mozliwos¢ przezycia oraz odpowiedz komoérkowa bakterii z rodzaju Listeria sp.” zostala
przygotowana pod moim kierunkiem i stwierdzam, Ze spelnia ona warunki do przedstawienia jej w

postepowaniu o nadanie stopnia naukowego.

Podpis promotora

* niepotrzebne skresli¢




Olsztyn, 26.03.2024
(micjscowosc, data)

dr inz. Wioleta Chajecka- Wierzchowska
(stopien/tytut naukowy, imie i nazwisko premetera/promotora pomocniczego*)

Przewodniczacy Rady Naunkowej Dyscypliny
technologii iywhos’ci 1 Zywienia
Uniwersytetu Warminsko-Mazurskiego w Olsztynie

prof. dr hab. inz. Anna Iwaniak

OSWIADCZENIE

promeotera/promotora pomocniczego™ rozprawy doktorskiej

Oswiadezam, ze rozprawa doktorska mgr inz. Arkadiusza Zakrzewskiego pod tytulem
»warunki stresowe podczas otrzymywania produktéw gotowych do spozycia z ryb i krewetek a
mozliwos¢ przezycia oraz odpowiedz komérkowa bakterii z rodzaju Listeria sp.” zostala
przygotowana pod moim kierunkiem i stwierdzam, ze spelnia ona warunki do przedstawienia jej w

postgpowaniu o nadanie stopnia naukowego.

[&T&W [Mgdw ;{;mo&omﬂv@

..............................................

Podpis promotora

* niepotrzebne skresli¢




Informacja o finansowaniu badan
Badania prowadzone w ramach niniejszej rozprawy doktorskiej zostaty sfinansowane ze

srodkdw Ministerstwa Nauki i Szkolnictwa Wyzszego oraz Narodowego Centrum Nauki:

1) Finansowanie z projektu zewnetrznego przez Ministerstwa Nauki i Szkolnictwa
Wyizszego w ramach konkursu Diamentowy Grant, nr DI2017 013047, s$rodki
finansowe przeznaczone na tworzenie wybitnie uzdolnionym absolwentom studiow
pierwszego stopnia lub studentom po ukonczeniu trzeciego albo czwartego roku
jednolitych studiow magisterskich warunkéw rozwoju przez umozliwienie im
prowadzenia badan naukowych albo tworczosci artystycznej pod kierunkiem opiekuna
naukowego albo artystycznego; Tytul projektu: Warunki stresowe podczas otrzymywania
produktéw sous vide i1 ceviche z ryb i1 krewetek a mozliwo$¢ przezycia oraz odpowiedz
komorkowa bakterii wieloopornych; Pelniona funkcja: kierownik projektu; Okres

trwania: 11.09.2018 - 10.03.2022; Warto$¢ projektu: 220 000 zt.

2) Finansowanie z projektu zewnetrznego przez Narodowe Centrum Nauki w Krakowie
w ramach konkursu PRELUDIUM 20, nr 2021/41/N/NZ9/00845, srodki finansowe
przeznaczone na wsparcie badan prowadzonych przez osoby rozpoczynajace kariere
naukowa, nieposiadajace stopnia naukowego doktora: Tytul projektu: Charakterystyka
biofilmu pateczek Listeria na powierzchni muszli migczakéw: kolonizacja, zmiany w
transkryptomie 1 mozliwo$¢ przezycia podczas procesow fizycznych; Pelniona funkcja:
kierownik projektu; Okres trwania: 1.01.2022 - 31.12.2024; Wartos¢ projektu: 209 986
zt.

3) Finansowanie z projektu zewngetrznego przez Narodowe Centrum Nauki w Krakowie
w ramach konkursu OPUS 15, nr 2018/29/B/NZ9/00645: Tytut projektu: Wplyw
technologii ptotkdw 1 obrobki sous vide na ekspresj¢ czynnikdéw wirulencji 1 genow
oporno$ci na antybiotyki u Listeria monocytogenes i Enterococcus sp.; Pelniona funkcja:
wykonawca projektu; Okres trwania: 10.01.2019 - 09.01.2024; Warto$¢ projektu:
1 223 800 zt



Wykaz publikacji stanowiacych przedmiot rozprawy doktorskiej
Przedmiotem rozprawy doktorskiej jest 5 publikacji stanowigcych powigzany
tematycznie cykl przegladu literatury oraz badan laboratoryjnych na temat wyst¢gpowania
1 mozliwosci przezycia paleczek Listeria sp. podczas przygotowywania produktéw z ryb

1 OWOCOW morza:

P1: Zakrzewski, A., Gajewska, J., Chajecka-Wierzchowska, W., Zatuski D. Zadernowska, A.
(2023). Prevalence of Listeria monocytogenes and other Listeria species in fish, fish
products and fish processing environment: A systematic review and meta-analysis.
Science of The Total Environment, 907, 167912.
https://doi.org/10.1016/j.scitotenv.2023.167912 (MEiN: 200, IF: 9.8)

Wktad w powstanie publikacji polegal na opracowaniu koncepcji manuskryptu,
wspotudziale w opracowaniu metodyki, wykonaniu analiz, wizualizacji wynikow oraz
uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu. Moj udziat

procentowy szacuje na 60%.

P2: Zakrzewski, A. J., Chajecka-Wierzchowska, W., Zadernowska, A., Podlasz, P. (2020).
Virulence characterization of Listeria monocytogenes, Listeria innocua, and Listeria
welshimeri isolated from fish and shrimp using in vivo early zebrafish larvae models and
molecular study. Pathogens,, 9(12), 1028. https://doi.org/10.3390/PATHOGENS9121028
(MEIN: 100, IF: 3.492)

Wktad w powstanie publikacji polegal na opracowaniu koncepcji manuskryptu, zebraniu
literatury, wspotudziale w opracowaniu metodyki, wykonaniu analiz, wizualizacji
wynikow oraz uczestniczeniu w przygotowaniu wstepnej 1 ostatecznej wersji

manuskryptu. Moj udziat procentowy szacuje na 60%.

P3: Zakrzewski, A. J., Kurpas, M., Zadernowska, A., Chajecka-Wierzchowska, W., Fraqueza,
M. J. (2023). A comprehensive virulence and resistance characteristics of Listeria
monocytogenes isolated from fish and the fish industry environment. International

Journal of Molecular Sciences, 24(4), 3581. https://doi.org/10.3390/ijms24043581
(MEiN: 140, IF: 5.6)

Wktad w powstanie publikacji polegal na wspotudziale w opracowaniu koncepcji

manuskryptu, opracowaniu metodyki, wykonaniu analiz, wizualizacji wynikow oraz



uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu. Moj udziat

procentowy szacuje na 50%.

P4: Zakrzewski, A. J., Chajecka-Wierzchowska, W., Zadernowska, A. (2022). Ceviche-
natural preservative: possibility of microbiota survival and effect on L. monocytogenes.

Foods, 11(6), 860. https://doi.org/10.3390/FOODS 11060860
(MEIN: 100, IF: 5.2)

Wktad w powstanie publikacji polegal na wspotudziale w opracowaniu koncepcji
manuskryptu, opracowaniu metodyki, wykonaniu analiz, wizualizacji wynikow oraz
uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu. Moj udziat

procentowy szacuje na 70%.

P5: Zakrzewski, A., Gajewska, J., Chajecka-Wierzchowska, W., Zadernowska, A. (2023).
Effect of sous vide processing of fish on the virulence and antibiotic resistance of Listeria

monocytogenes. NFS Journal, 31, 155—-161. https://doi.org/10.1016/J.NFS.2023.05.003
(MEIN: 140, IF: 0.663)

Wktad w powstanie publikacji polegal na wspotudziale w opracowaniu koncepcji
manuskryptu, opracowaniu metodyki, wykonaniu analiz, wizualizacji wynikow oraz
uczestniczeniu w przygotowaniu wstepnej i ostatecznej wersji manuskryptu. Moj udziat
procentowy szacuje na 60%.

Ogolna liczba punktow za cykl prac stanowiacych rozprawe doktorska, wedlug

wykazu czasopism naukowych z MNiSW, zgodny z rokiem ukazania si¢ pracy
wynosi 680 punktow.

Sumaryczny Impact Factor (IF) za cykl prac stanowiacych rozprawe doktorska
zgodny z rokiem ukazania si¢ prac wynosi 24,755.

W przypadku wyzej wymienionych prac eksperymentalnych miatem wiodacy udziat
w badaniach, od udzialu w opracowaniu koncepcji 1 metodologii poprzez udzial w
wykonaniu analiz, po opracowanie, interpretacj¢ i opublikowanie wynikéw. Prowadzone
przeze mnie badania miaty charakter interdyscyplinarny dlatego tez zostaly wykonane we
wspotpracy z ekspertami z rdéznych obszaréw nauk rolniczych, medycznych
1 weterynaryjnych. Badania zostaly wykonane w ramach az trzech projektow

finansowanych ze zrodet zewnetrznych, w dwoch bytem kierownikiem: projekt ,,Warunki



stresowe podczas otrzymywania produktow sous vide i ceviche z ryb i krewetek
a mozliwos¢ przezycia oraz odpowiedz komorkowa bakterii wieloopornych”
finansowany przez Ministerstwo Nauki 1 Szkolnictwa Wyzszego w ramach programu
Diamentowy grant oraz projekt ,,Charakterystyka biofilmu pateczek Listeria na
powierzchni muszli migczakéw: kolonizacja, zmiany w transkryptomie i mozliwos¢
przezycia podczas procesOw fizycznych” finansowany przez Narodowe Centrum Nauki
w ramach konkursu PRELUDIUM 20, oraz trzeci projekt, kierowany przez dr hab. inz.
Anng¢ Zadernowska, prof. UWM pn. ,,Wplyw technologii ptotkow 1 obrébki sous vide na
ekspresje czynnikoéw wirulencji i gendw opornosci na antybiotyki u Listeria
monocytogenes i Enterococcus sp” finansowany przez Narodowe Centrum Nauki
w ramach konkursu OPUS 16.

Podczas prowadzenia badan, ktérych wyniki umozliwilty mi przygotowanie publikacji
sktadajacych si¢ na niniejsza rozprawe doktorska, wspotpracowatem z dr hab. inz.
Dariuszem Zatuskim, prof. UWM z Katedry Genetyki, Hodowli Roslin i Inzynierii
Biosurowcow, Wydziatu Rolnictwa 1 Le$nictwa Uniwersytetu Warminsko Mazurskiego
(UWM) w Olsztynie, dr hab. Piotrem Podlaszem, prof. UWM z katedry Patofizjologii,
Weterynarii Sadowej 1 Administracji, Wydzialu Medycyny Weterynaryjnej UWM,
dr Monika Kurpas z Zaktadu Immunologii i Mikrobiologii Srodowiska w Instytucie
Medycyny Morskiej i Tropikalnej Uniwersytetu Medycznego (GUMED) w Gdansku,
prof. Marig Jodo Fraqueza z Faculty of Veterinary Medicine, Uniwersytetu w Lizbonie,
Portugalia. Wspolpracowalem réwniez z dr Kathrin Rychli oraz dr Eva Voglauer z Unit
of Food Microbiology Uniwersytetu Medycyny Weterynaryjnej w Wiedniu. Wspoipraca
z wymienionymi naukowcami obejmowata wykonanie badan i analiz, wykorzystanie
sprzgtu oraz pomoc w interpretacji otrzymanych wynikéw, a takze przygotowaniu

publikacji naukowych.
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Publikacje w recenzowanych czasopismach
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(2024). Insights into the genetic diversity of Listeria monocytogenes from
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Zakrzewski, A. J., Chajecka-Wierzchowska, W., & Zadernowska, A. (2022).
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https://doi.org/10.3390/PATHOGENS 11040410 (IF: 4,53, MNiSW: 100)
Zakrzewski, A, Purkiewicz, A., Jaku¢, P., Wisniewski, P., Sawicki, T., Chajecka-
Wierzchowska, W., Tanska, M. (2022). Effectiveness of various solvent-produced
thyme (Thymus vulgaris) extracts in inhibiting the growth of Listeria
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12.

13.

14.

15.

16.

17.

18.

19.

monocytogenes in frozen vegetables. NFS Journal, 29, 26-34.
https://doi.org/10.1016/J.NFS.2022.09.004 (IF: 0,66, MNiSW: 140)

Zarzecka, U., Chajecka-Wierzchowska, W., Zakrzewski, A., Zadernowska, A.,
Fraqueza, M. J. (2022). High pressure processing, acidic and osmotic stress
increased resistance to aminoglycosides and tetracyclines and the frequency of
gene transfer among strains from commercial starter and protective cultures. Food
Microbiology, 107, 104090. https://doi.org/10.1016/J.FM.2022.104090 (IF: 5,30,
MNiSW: 140)

Zarzecka, U., Zakrzewski, A. J., Chajecka-Wierzchowska, W., Zadernowska, A.
(2022). Linezolid-resistant Enterococcus spp. Isolates from Foods of Animal
Origin - The Genetic Basis of Acquired Resistance. Foods, 11(7), 975.
https://doi.org/10.3390/FOODS11070975 (IF: 5,20, MNiSW: 100)

Wisniewski, P., Zakrzewski, A. J., Zadernowska, A., Chaj¢cka-Wierzchowska,
W. (2022). Antimicrobial resistance and virulence characterization of Listeria
monocytogenes strains isolated from food and food processing environments.
Pathogens, 11(10). https://doi.org/10.3390/PATHOGENS11101099 (IF: 4,53,
MNiSW: 100)

Modzelewska-Kapituta, M., Pietrzak-Fiecko, R., Zakrzewski, A., Wick, A.
(2022). The influence of sous vide parameters on nutritional characteristics and
safety of pikeperch fillets. Foods, 11(11), 1605.
https://doi.org/10.3390/FOODS11111605 (IF: 5,20, MNiSW: 100)

Kurpas, M., Michalska, M., Zakrzewski, A., Zorena, K. (2021). First report of
the presence of Vibrio vulnificus in the Gulf of Gdansk. International Maritime
Health, 72(4), 247-251. https://doi.org/10.5603/IMH.2021.0048 (IF: 1,26,
MNiSW: 40)

Przemieniecki, S. W., Gorczyca, A., Matras, E., Krawczyk, K., Mastalerz, J.,
Zakrzewski, A. (2020). Bacteria isolated from the aeration chamber of
wastewater treatment plants used in the biocontrol and promotion of wheat
growth. Agronomy, 10(11), 1792.
https://doi.org/10.3390/AGRONOMY 10111792 (IF: 2,61, MNiSW: 100)
Chajecka-Wierzchowska, W., Zadernowska, A., Zarzecka, U., Zakrzewski, A.,
Gajewska, J. (2019). Enterococci from ready-to-eat food — horizontal gene
transfer of antibiotic resistance genes and genotypic characterization by PCR
melting profile. Journal of the Science of Food and Agriculture, 99(3), 1172—
1179. https://doi.org/10.1002/JSFA.9285 (IF: 2,61, MNiSW: 100)

Zadernowska, A., Chajecka-Wierzchowska, W., Zadernowski, M., Zakrzewski,
A., Zarzecka, U. (2018). Challenge tests - przewidywanie i eliminacja
potencjalnych zagrozen mikrobiologicznych. Przemyst Spozywczy, 72(6), 16-18.

Rozdzialy w monografiach pokonferencyjnych

1.

Drezek, J., Zakrzewski, A., Antibiotic resistance of Hafnia alvei isolated from
food of animal origin, Mtodzi Liderzy Jakosci, 18-23, 2021.

Kucharczyk, D.J., Zakrzewski, A., Antibiotic resistance of Serratia spp. isolated
from food of animal origin, Mtodzi Liderzy Jakosci, 70-75, 2021.
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10.

11.

12.

13.

14.

Zakrzewski, A., Wisniewski, P., Purkiewicz, A., Jaku¢, P., The ability of Listeria
monocytogenes isolated from frozen vegetables to form biofilm, Badania
i Rozwo6j Mtodych Naukowcow w Polsce; Zywnosé i zywienie, 138-148, 2020,
Poznan.

Jakué, P., Purkiewicz, A., Zakrzewski, A., Wisniewski, P., Phenolic content and
antioxidant activity of thyme extracts (Thymus vulgaris L.) obtained with various
solvents, Badania i Rozwo6j Mtodych Naukowcoéw w Polsce Zywnosé i zywienie,
98-105, Poznan 2020

Matachwiej, A., Zakrzewski, A., Zarzecka, U., Listeria monocytogenes
resistance to benzalkonic chloride and cadmium chloride", Ekologia zywnosci,
srodowiska 1 zdrowia cztowieka, Miedzynarodowe Seminarium Kot Naukowych
w Olsztynie tom 1, 324-335, 2020.

Wisniewski, P., Zakrzewski, A., Podobienstwo fenotypowe paleczek Listeria
monocytogenes izolowanych z mrozonych produktéw przetwodrstwa owocowo-
warzywnego, FEkologia zZywnosci, $rodowiska 1 zdrowia czlowieka,
Migdzynarodowe Seminarium Kot Naukowych w Olsztynie tom 1, 405-414,
2020.

Zakrzewski, A., Zarzecka, U., Antybakteryjne wtasciwosci roslinnych olejkow
eterycznych wobec Listeria species izolowanych z zywno$ci, Uwarunkowania
bezpieczenstwa i jakosci zywnosci w Polsce, 235-244, 2019.

Zarzecka, U., Zakrzewski, A., Dubiejko, S., Hamowanie bakterii
wielolekoopornych 1 patogenow przenoszonych przez zywno$¢ za pomocg
substancji przeciwbakteryjnych wytwarzanych przez szczepy Pseudomonas sp.
izolowane z ryb 1 krewetek, Uwarunkowania bezpieczenstwa i jakosci zywnos$ci
w Polsce, 243-252, 2019.

Matachwiej, A., Zakrzewski, A., Zarzecka, U. Oporno$¢ Listeria monocytogenes
na chlorek benzalkoniowy 1 chlorek kadmu. Uwarunkowania bezpieczenstwa
1 jakosci zywnosci w Polsce, s. 164-174. Olsztyn: Uniwersytet Warminsko-
Mazurski w Olsztynie, 2019

Zakrzewski, A. J., Chajecka-Wierzchowska, W., Zadernowska, A., Listeria
monocytogenes isolated from frozen vegetables - phenotypic and genotypic
characteristics, Mtodzi Naukowcy w Polsce — Badania i Rozwo6j, Gdansk, 018,
2019

Zakrzewski, A. "Chorobotworczy potencjat Cronobacter sakazakii" . W: Kota
naukowe - szkotg tworczego dziatania. Tom 5. Nauki rolnicze i weterynaryjne, cz.
2,s.271-278. Olsztyn: Wydawnictwo ABADA, 2018

Zakrzewski, A. Antybakteryjny potencjat ziotomiodéw. Kota naukowe - szkota
tworczego dziatania: nauki rolnicze, T. 1, s. 147-152. Olsztyn: Wydawnictwo
ABADA 2017

Zadernowska, A., Chajecka-Wierzchowska, W., Zakrzewski, A. Prevalence and
biofilm forming ability of listeria monocytogenes isolated from meat, CBU Int.
Conf. Proc., vol. 5, pp. 1104—-1107, Sep. 2017.

Karbowska, K., Zakrzewski, A. Antybakteryjne wilasciwosci miodu. XVL
Miedzynarodowe Seminarium Kot Naukowych "Kota Naukowe - Szkotg
Tworczego Dziatania", Tom 5. Sekcja Nauk o Zywnosci, Sekcja Nauk
Medycznych, Sekcja Biologii 1 Biotechnologii, s. 57-60, Olsztyn, 2016.
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Doniesienia na konferencjach naukowych

1.

10.

11.

12.

Wisniewski, P., Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A.
"Wplyw paskalizacji na przezywalnos$¢ pateczek Listeria monocytogenes". W-:
XVIII Konferencja Naukowa Mtodych Badaczy. Bezpieczenstwo i jakos$¢
zywnosci, Olsztyn, 28 wrze$nia 2021.

Wisniewski, P., Zakrzewski, A., Zadernowska, A., Chajecka-Wierzchowska, W.
"Antimicrobial resistance characterization of Listeria monocytogenes strains
isolated from food and food processing environments". W: PROTEINA -
International Conference of Food Technology and Biology, Biochemistry and
Biotechnology Sciences, 13-14 sierpnia 2022 r.

. Kurpas, M., Michalska, M., Zakrzewski, A., Zorena, K. "lzolacja Vibrio

vulnificus z wody morskiej Zatoki Gdanskiej — badania pilotazowe". W: XI
Ogolnopolska Konferencja Hydromikrobiologiczna, Sopot, 9-11.06.2021.
Zakrzewski, A., Zadernowska, A., Chajecka-Wierzchowska, W. "Virulence
Characterization of Listeria monocytogenes isolated from fish and shrimp using
in vivo early zebrafish larvae model". W: World Microbe Forum, online
worldwide, 20-24.06.2021.

Drezek, J., Zakrzewski, A. "Antybiotykoopornos¢ Hafnia alvei w produktach
spozywczych pochodzenia zwierzgcego". W: I Dni Mtodych Lideréw Jakosci,
Poznan, 10-11.06.2021.

Kucharczyk, D.J., Zakrzewski, A. "Antybiotykooporno§¢ bakterii z rodzaju
Serratia w produktach spozywczych pochodzenia zwierzgcego". W: 1 Dni
Mtodych Lideréw Jakosci, Poznan, 10-11.06.2021.

Zakrzewski, A. "Oporno$¢ na kadm pateczek Listeria sp. izolowanych z migsa
1 muszli malz dostgpnych na polskim rynku". W: I Dni Mlodych Liderow Jakosci,
Poznan, 10-11.06.2021.

Zakrzewski, A., Zadernowska, A., Chajecka-Wierzchowska, W. "Thermal
inactivation of antibiotic resistance Listeria species during the sous vide process
condition". W: XXV Jubileuszowa Sesja Naukowa Sekcji Mtodej Kadry
Naukowej PTTZ , Przyszto$¢ w zywnosci - zywno$é w przysztosci”, Wroclaw,
20-21.05.2021.

Zakrzewski, A. "Gdzie czai si¢ zlo — stan mikrobiologiczny terminali
w zaktadach gastronomicznych". W: 49. Miedzynarodowe Seminarium Kot
Naukowych, Olsztyn, 24.09.2020.

Zakrzewski, A., Wisniewski, P., Purkiewicz, A., Jaku¢, P. "Zdolno$¢ tworzenia
biofilmu przez paleczki Listeria monocytogenes izolowane z warzyw
mrozonych". W: XII Krajowa Konferencja Naukowa — Mtodzi Naukowcy w
Polsce — Badania i Rozwoj, 22.03.2020.

Jaku¢, P., Purkiewicz, A., Zakrzewski, A., Wisniewski, P. "Zawarto$¢ zwigzkow
fenolowych 1 aktywno$¢ przeciwutleniajaca ekstraktow z tymianku (Thymus
vulgaris L.) otrzymanych za pomoca roéznych rozpuszczalnikow". W: XII
Krajowa Konferencja Naukowa — Mtlodzi Naukowcy w Polsce — Badania
1 Rozwoj, 2222.03.2020

Zakrzewski, A., Zadernowska, A., Chajecka-Wierzchowska, W. "Wystepowanie
1 zdolno$¢ wytwarzania biofilmu pateczek Listeria sp. izolowanych z lososia
atlantyckiego (Salmo salar)". W: XXIV Sesja Naukowa.
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13. Zakrzewski, A., Zarzecka, U. "Antimicrobial properties of plant essential oils
against Listeria sp. isolated from foodstuff'. W: 48. Miedzynarodowe
Seminarium Két Naukowych, Olsztyn, 11.04.2019.

14. Zarzecka, U., Zakrzewski, A., Dubiejko, S. "Inhibition of multi-drug resistant
bacteria and food-borne pathogens by antibacterial substances produced by
Pseudomonas sp. strains isolated from fish and shrimps". W: 48. Migedzynarodowe
Seminarium Két Naukowych, Olsztyn, 11.04.2019.

15. Matachwiej, A., Zakrzewski, A., Zarzecka, U. "Opornos$¢ Listeria
monocytogenes mna chlorek benzalkoniowy 1 chlorek kadmu". W: 48.
Miedzynarodowe Seminarium K6t Naukowych, Olsztyn, 11.04.2019.

16. Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A. "Pathogenicity
of coagulase-negative staphylococci isolated from ready-to-eat food in Poland".
W: VIII International Conference on Environmental, Industrial and Applied
Microbiology BioMicroworld2018, Torremolinos, Malaga (Hiszpania), 24-25.
05.2018.

17. Zakrzewski, A., Chajecka-Wierzchowska, W., Zadernowska, A. "Listeria
monocytogenes izolowana z mrozonych warzyw- charakterystyka fenotypowa
1 genotypowa". W: VIII Krajowa Konferencja Naukowa — Mtodzi Naukowcy
w Polsce — Badania i Rozwoj, Gdansk, 26.11.2018.

18. Zakrzewski, A. "Chorobotworczy potencjal Enterobacter sakazakii". XLVII
Migdzynarodowe Seminarium Kot Naukowych, Olsztyn, 26-27.04.2018

19. Zakrzewski, A. "Antybakteryjny potencjal ziotomiodow". W: XLVI
Miegdzynarodowe Seminarium Két Naukowych Olsztyn, 24-25.04.2017

20. Karbowska, K., Zakrzewski, A. "Antybakteryjne wlasciwosci ziotomiodow". W:
XLV Miedzynarodowe Seminarium Kot Naukowych, Olsztyn, 25.04.2016

21. Zadernowska, A., Chajecka-Wierzchowska, W., Kiebukowska, L., Poniatowski,
K., Zakrzewski, A. "Listeria monocytogenes w migsie - wystepowanie,
hamowanie rozwoju poprzez zastosowanie kultur ochronnych". W: XXVIII Zjazd
Polskiego Towarzystwa Mikrobiologdéw, Bydgoszcz, 25-27.09.2016.

22. Ejsmont, A., Zakrzewski, A. "Mikroflora powietrza lodowek studenckich". W:
XLIV Migdzynarodowe Seminarium K6t Naukowych, Olsztyn, 27-28.05.2015
Ejsmont, A., Zakrzewski, A. "Wrogowie z lodowki". Sekcja posterowa, XLIV
Miegdzynarodowe Seminarium K6t Naukowych, Olsztyn 2015

Udzial w stazach naukowych

1. University of Veterinary Medicine Vienna (Austria), Unit of Food Microbiology
Staz 60-dniowy
e Opiekun stazu: dr. rer. nat. Kathrin Kober-Rychli
e Pazdziernik-Grudzien 2021
2. University of Turku (Finlandia), Functional Food Forum
Staz 90-dniowy
e Opiekun stazu: prof. Seppo Salminen
e Sierpien-Pazdziernik 2022
3. University of Lisbon (Portugalia), Faculty of Veterinary Medicine
Staz 21-dniowy
e Opiekun stazu: prof. Maria Jodo Fraqueza
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e Styczen 2023

4. Alberts NV (Belgia), Food Qualty Department

Staz 5-miesieczny

e Opiekun stazu: dr Glenn Mathijssen
e Sieprien- Grudzien 2023

5. Uniwersytet Medyczny w Gdansku, Zaktad Immunobiologii i Mikrobiologii

Srodowiska
5 dniowy wyjazd badawczy

e Opiekun stazu: prof. dr hab. Katarzyna Zorena
o (Czerwiec 2022

Udzial w kolach i towarzystwach naukowych

International Scientific Association for Probiotics and Prebiotics
Polskie Towarzystwo Technologéw Zywnosci
Polskie Towarzystwo Mikrobiologow
2023-2024- Cztonek Komisji Rewizyjnej oddziatu Olsztynskiego

Naukowe Koto Mikrobiologii Zywnoéci ,,Kocuria”
o 2015-2021- Przewodniczacy Kota
o 2021-2023- Wiceprzewodniczacy kota
Koto Naukowe Gastronomii Sztuki Kulinarnej
o 2015-2016- Przewodniczacy Kota

Udzial w projektach badawczych

1.

Kierownik

Preludium 20 | Narodowe Centrum Nauki

Charakterystyka bioflimu pateczek Listeria na powierzchni muszli migczakow:
kolonizacja , zmiany w transkryptomie 1 mozliwos¢ przezycia podczas procesOw
fizycznych| 2021/41/N/NZ9/00845

Kierownik

Diamentowy Grant | Ministerstwo Nauki i Szkolnictwa Wyzszego

Warunki stresowe podczas otrzymywania produktow sous vide i1 ceviche z ryb
1 krewetek a mozliwo$¢ przezycia oraz odpowiedZz komorkowa bakterii
wieloopornych | DI2017 013047

Autor i wykonawca

Studenckie Kola Tworzg innowacje | Ministerstwo Edukacji 1 Nauki
Postbiotyki- naturalna alternatywa dla zapewnienia bezpieczenstwa
mikrobiologicznego serow zagrodowych| SKN/SP/569724/2023

Wykonawca w projekcie

Opus 15| Narodowe Centrum Nauki

Wpltyw technologii ptotkéw 1 obrobki sous vide na ekspresje czynnikéw
wirulencji 1 gendow opornosci na antybiotyki u Listeria monocytogenes
1 Enterococcus sp.

Wykonawca w projekcie [2018/29/B/NZ9/00645

Sonata 12| Narodowe Centrum Nauki
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Zjadliwo$¢, enterotoksyczno$¢ i antybiotykoopornos¢ szczepow gronkowcow
koaguloazo-ujemnych izolowanych z zywnos$ci z uwzglednieniem mozliwosci
horyzontalnego transferu genow | 2016/23/D/NZ9/01404

Wykonawca w projekcie

Preludium 20 | Narodowe Centrum Nauki

Odpowiedz na warunki stresowe u Staphylococcus aureus: wplyw na
entetotoksycznos¢ 1 metycylinooporno$¢ w warunkach stresu istotnego dla
rzemieslniczej produkcji sera | 2021/41/N/NZ9/00918

Wykonawca w projekcie

Opus 23| Narodowe Centrum Nauki

Wplyw zabiegéw fotodynamicznych opartych na naturalnych (sono) foto-
uczulaczach na Listeria monocytogenes [2022/45/B/NZ9/00299

Autor i wykonawca

Studencki Grant Rektora III edycja | Uniwersytet Warminsko-Mazurski
w Olsztynie

Ekstrakty z tymianku wtasciwego (Thymus vulgaris) jako naturalna alternatywa
dla konserwantdw w walce z patogenami Listeria monocytogenes w mrozonkach
warzywnych

Udzial w szkoleniach i kursach

1.

Ll

Biological Sequence Analysis using R Programming- Nano Science and
Technology Consortium, kurs online, 2024

How to pipette correctly: An expert guide to techniques and best practices- Select
science, kurs online, 2021

Kurs techniki Real-time PCR TATAA Institute, Gotebrg, Szwecja, 2020
Szkolenie operacyjne z chromatografu cieczowego, 2019

Szkolenie z zakresu obstugi aparatu do automatycznej identyfikacji i okreslania
lekowrazliwosci drobnoustrojow, 2020

Szkolenie operacyjne z spektrometru masowego z technologia MALDI-TOF,
2020

Szkolenie operacyjne z cytometru przeptywowego, 2020

Szkolenie w zakresie obstugi autoklawow z uwzglednieniem warunkow BHP,
2019

Szkolenie z zakresu obstugi mikroskopu optycznego, 2019

Wykonane recenzje artykulow

Nk W =

Wykonanie 8 recenzji artykutow w nastepujacych czasopismach:

Pathogens (MDPI) : 4

Microorganisms (MDPI) : 1

BMC Microbiology (Springer Nature) : 1

Functional & Integrative Genomics (Springer Nature) :1
Fishes (MDPI) :1
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Wyklady

1.

,Mikroorganizmy w zywnos$ci —wrogowie czy przyjaciele” dla uczniow Zespotu
Szkét Mechaniczno-Energetycznych im. Tadeusza Kosciuszki w Olsztynie,
27.04.2023

,LFermented foods in Eastern Europe” dla uczestnikoéw kursu Functional
Microorganisms: Health Relevance and Potential Technological Applications in
Food And Pharmaceutical Products w University of Turku, Finlandia, 10.05.2023
,Fermented foods in Eastern Europe” dla pracownikow Valio, Helskinki,
Finlandia 19.09.2022

Nagrody i wyrdznienia

1.

Laureat Nagrody Santander dla studentow 1 doktorantow Uniwersytetu
Warminsko-Mazurskiego w Olsztynie 2023

Laureat konkursu w ramach programu Diamentowy Grant za projekt ,,Warunki
stresowe podczas otrzymywania produktéw sous vide 1 ceviche z ryb i krewetek
a mozliwo$¢ przezycia oraz odpowiedz komorkowa bakterii wieloopornych”
(MNiSW, Warszawa, 2018)

I miejsca w Sekcji Posterowej 48. Migdzynarodowe Seminarium Kot Naukowych
za poster Antimicrobial properties of plant essential oils against Listeria sp.
isolated from foodstuff

Wyroéznienie za wystgpienie podczas Migdzynarodowej Konferencji XXIV Sesja
Naukowa Sekcji Mlodej Kadry Naukowej PTTZ, "Zywno$¢ - wczoraj, dzi$ i na
zdrowej] jutro" za prace wystgpowanie 1 zdolno$¢ wytwarzania biofilmu
u pateczek Listeria sp. izolowanych z tososia atlantyckiego (Salmo salar)
Dyplom uznania Dziekana Wydzialu Nauki o Zywno$ci Uniwersytetu
Warminsko-Mazurskiego prof. dr hab. Malgorzaty Darewicz za bardzo dobre
wyniki w nauce (Olsztyn 2017)

I miejsce w konkursie miedzynarodowym na najlepszg prace badawcza podczas
XLVI  Migdzynarodowego Seminarium Kot Naukowych: za referat
,Antybakteryjny potencjat ziotomiodow” (Olsztyn, 2017)

IIT miejsce w konkursie miedzynarodowym na najlepsza prace badawcza podczas
XLIV Miedzynarodowego Seminarium Kot Naukowych za referat ,,Wrogowie
z lodowki” (Olsztyn 2015)
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Dzialalno$¢ organizacyjna i dodatkowa

1. Cztonek Rady Wydziatu Nauki o Zywnosci 2018-2020

2. Czlonek Rady Dyscypliny technologii zywno$ci i zywienia, 2020-2023

3. Przewodniczenie sesji posterowej podczas XXV Jubileuszowej Sesji Naukowej
Sekcji Mtodej Kadry Naukowej PTTZ- 2021

4. Udzial w przygotowaniu Dni Otwartych UWM, Mikotajki z NoZami
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Calkowite zestawienie dorobku naukowego

(na dzief 21.03.2024)

Autorstwo/Wspélautorstwo w pracach naukowych

Czasopismo Rok wydania  Liczba punktow MEiN* [F**

Science of The Total Environment 2024 200 9.80
Science of The Total Environment 2024 200 9.80
Food Microbiology 2024 140 5.30
Przeglad Mleczarski 2024 - -
NFS Journal 2023 140 0.66
Intgrnatlonal Journal of Molecular 2023 140 621
Sciences
Microorganisms 2023 70 4.93
International Journal of Environmental
Research and Public Health 2023 140 4.61
Food Control 2023 140 6.00
Pathogens 2023 100 4.53
Applied Sciences 2023 70 2.84
Foods 2022 100 5.20
Foods 2022 100 5.20
Pathogens 2022 100 4.53
NFS Journal 2022 140 0.66
Food Microbiology 2022 140 5.30
Foods 2022 100 5.20
Pathogens 2022 100 4.53
Foods 2022 100 5.20
International Maritime Health 2021 40 1.26
Pathogens 2020 100 4.53
Agronomy 2020 100 3.42
Jour_nal of the Science of Food and 2019 100 261
Agriculture
Przemyst spozywczy 2018 12 -
Rozdziaty w monografiach

. - 110 -
pokonferencyjnych
Suma 2682 102.32

Inne aktywnosci naukowe

Kierowanie projektami badawczymi 2
Udziat w projektach badawczych 5
Doniesienia na konferencjach naukowych 23
Udziat w stazach naukowych 4
Udziat w kotach i towarzystwach naukowych 5
Udziat w szkoleniach 9
Wykonane recenzje artykutow 6
Wskazniki oceny dorobku naukowego (Web of Science)
H-indeks 6
Laczna liczba cytowan (bez auto cytowan) 106

*Liczba punktéw zgodnie z zatacznikiem do komunikatéw Ministerstwa Nauki i Szkolnictwa Wyzszego oraz
Ministerstwa Edukacji i Nauki zgodnie z datg opublikowania
**Impact Factor (IF) wedlug listy Journal Citation Reports (JCR), zgodnie z rokiem opublikowania
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Wykaz skrotow
CC- clonal complex (kompleks klonalny)
¢DNA — complementary DNA (komplementarny DNA)

cgMLST - core genome multilocus sequence typing (wieloogniskowe typowanie
sekwencyjne opartne na genomie rdzeniowym)

CLSI - Clinical and Labolatory Standard Institute (Instytut Norm Klinicznych i
Laboratoryjnych)

DNA- deoxyribonucleic acid (kwas deoksyrybonukleinowy)

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

LIPI - Listeria pathogenicity island (wyspa patogeniczno$ci Listeria)

MALDI-TOF MS - matrix assisted laser desorption and ionisation (desorpcja/ jonizacja
laserowa wspomagana matrycg z analizatorem czasu przelotu)

MIC - Minimal Inhibitory Concentration (Minimalne Stezenie Hamujace)

MLST - Multi-Locus Sequence Typing (wieloogniskowe typowanie sekwencyjne)
PA/PE - poliamid i polietylen

RGE

RNA - ribonucleic acid (kwasy rybonukleinowe)

ST- sequence type (typ sekwencyjny)

SVAC - Sous Vide Advisory Committee (Komitet Doradczy Sous Vide)
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Streszczenie

Zdolno$¢ bakterii do percepcji zmian srodowiskowych i adaptacji do nich jest kluczowa
dla ich przetrwania. W odpowiedzi na tagodne i subletalne poziomy stresu, u Listeria
monocytogenes aktywowane sg systemy regulacyjne wplywajace na ich potencjat
wirulencji 1 profil antybiotykoopornosci. Badania nad wptywem stresu skupiajg si¢ na
stresie zwigzanym z przemystowym przetworstwem zywno$ci, natomiast nieliczni
badacze analizujg odpowiedz komodrkowa na procesy gastronomiczne, co jest istotne
zuwagi na fakt, ze gotowanie zyskuje na popularno$ci jako kreatywna i satysfakcjonujaca
forma spedzania czasu. W poszukiwaniu nowych smakéw i do§wiadczen kulinarnych,
wiele 0so6b eksperymentuje z zaawansowanymi technikami obrobki gastronomicznej,
takimi jak sous vide, ktéra polega na dlugotrwatym gotowaniu potraw w precyzyjnie
kontrolowanej temperaturze wody. Rownie duzo uwagi poswigca si¢ tradycyjnym, ale
wczesniej mniej znanym w niektdrych regionach przepisom, jak na przyklad ceviche -
danie z surowej ryby marynowanej w soku cytrusowym, popularne w kuchniach Ameryki
Lacinskiej. Ten rosngcy entuzjazm do odkrywania nowych metod gotowania
odzwierciedla globalny trend w docenianiu réznorodnosci kulinarnych oraz che¢
rozszerzania osobistych umiejetnosci gastronomicznych.

Metody przygotowania pokarmow takie jak sous vide i ceviche moga nie zapewniac
wystarczajacej ochrony przed pateczkami L. momnocytogenes, ktora jest przyczyng
listeriozy. W przypadku ceviche, stosowanie stabych kwasow 1 niewielka ilo$¢
sktadnikéw o dziataniu antybakteryjnym moze by¢ niewystarczajace, szczeg6lnie przy
bardzo krotkim czasie marynowania. Z kolei w metodzie sous vide, w przypadku
surowcOw o niskiej zawartosci tkanki lacznej jak ryby stosuje si¢ nizsze temperatury
1 krotki czas obrobki. Takie warunki, stanowigce subletalny stres dla patogenow moga
powodowa¢ odpowiedZz komorkowa zmieniajacg potencjat wirulencji i opornos¢ na
antybiotyki.

Zaplanowane w niniejsze] rozprawie doktorskiej badania opierajg si¢ na wiedzy nt.
wystepowania Listeria sp. oraz L. monocytogenes w surowcu, gotowych do spozycia
produktach z ryb i sSrodowisku przetworstwa rybnego co opisano w pracy przegladowe;.
W czesci eksperymentalnej zastosowano unikalng kombinacje metod, po raz pierwszy
zbadano mozliwo$¢ przetrwania procesOw gastronomicznych przy pomocy cytometrii
przeplywowej, charakteryzujacej si¢ znacznie wigksza doktadnosciag niz metody

tradycyjne. Dodatkowo analizowano caly genom nowoczesnymi technikami
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sekwencjonowania, potencjal chorobotworczy oraz wpltyw obrobki sous vide
1 przygotowania ceviche na paleczki L. monocytogenes nie tylko in vitro, ale réwniez w
modelu zywym.

Badania prowadzone w ramach rozprawy doktorskiej potwierdzity, ze zarowno Listeria
sp. oraz L. monocytogenes czgsciej wystepuja w gotowych do spozycia produktach z ryb
niz w surowcach. W badaniach wykazano, ze szczepy pochodzace z ryb wykazuja duzy
potencjal chorobotworczy, co potwierdzono badaniami wirulomu. Analizujac rezystom
stwierdzono, ze izolaty charakteryzowaly si¢ gléwnie opornoscig na tetracykliny.
Dowiedziono ponadto, ze stres wywotany obrobka gastronomiczng obniza potencjat
chorobotworczy ale moze powodowac wzrost opornosci pateczek z rodzaju Listeria sp.

na tetracykliny.

Stowa kluczowe: Listeria; L. monocytogenes; sous vide; ceviche; wirulencja; opornos¢
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Abstract

Cooking is gaining popularity as a creative and fulfilling leisure activity. In the quest for
new flavors and culinary experiences, many individuals are experimenting with advanced
techniques made more accessible by their prevalence, such as sous vide . This technique
involves prolonged cooking of food at precisely controlled water temperatures. Equally,
attention is being directed towards traditional yet previously less familiar recipes in
certain regions, like ceviche—a dish made with raw fish marinated in citrus juice,
celebrated in Latin American cuisines. This growing enthusiasm for exploring novel
cooking methods reflects a global trend in appreciating culinary diversity and a desire to

expand personal culinary skills.

Food preparation methods such as sous vide and ceviche may not provide adequate
protection against Listeria monocytogenes, the causative agent of listeriosis. In the case
of ceviche, the use of weak acids and a limited array of antibacterial components may be
insufficient, particularly given the very short marination period. Conversely, the sous vide
method, when applied to raw materials with low connective tissue content like fish, uses
lower temperatures and shorter cooking times. Such conditions may favor variable

virulence and antibiotic resistance in L. monocytogenes.

The research planned in this doctoral dissertation is based on knowledge about the
occurrence of Listeria sp. and L. monocytogenes in raw materials, ready-to-eat fish
products, and fish processing facilities, as reviewed in the literature. The experimental
section examined the genome, pathogenic potential, and the effect of sous vide processing

and ceviche preparation on L. monocytogenes strains.

Research carried out within the framework of the dissertation confirmed that both Listeria
spp. and L. monocytogenes are more frequently found in ready-to-eat fish products than
in raw materials. The strains derived from fish demonstrated a high pathogenic potential,
as confirmed by virulome studies. Resistance analysis confirmed that the strains were
mainly resistant to tetracyclines. The stress induced by culinary processing decreased the

pathogenic potential, however, may cause an increase in tetracycline resistance.

Keywords: Listeria, L. monocytogenes; sous vide; ceviche; virulence; resistance
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1. Wstep — uzasadnienie podjecia badan

1.1. Listeria species

Rodzaj Listeria obejmuje obecnie 28 uznanych gatunkéw (L. aquatica, L. booriae,
L. cornellensis , L. cossartiae, L. costaricensis, L. farberi, L. fleischmannii, L. floridensis,
L. goaensis, L. grandensis, L. grayi, L. ilorinensis, L. immobilis, L. innocua, L. ivanovii,
L. marthii, L. monocytogenes, L. newyorkensis, L. portnoyi, L. riparia, L. rocourtiae,
L. rustica, L. seeligeri, L. swaminathanii, L. thailandensis, L. valentina,
L. weihenstephanensis oraz L. welshimeri). Sa to bakterie Gram-dodatnie w formie
pateczki. Tylko dwa z tych gatunkéw, L. monocytogenes 1 L. ivanovii, sa uwazane za
patogeny. L. monocytogenes jest waznym ludzkim patogenem przenoszonym przez
zywnos¢ 1 trzecig najczestsza przyczyng zgondw spowodowanych przez spozywanie

zanieczyszczonej zywnosci w USA (Orsi & Wiedmann, 2016).

Dwadzie$cia dwa gatunki Listeria byly opisywane od 2009 roku. Wcze$niej
ostatni opis nowego gatunku Listeria miat miejsce w 1984 r. (L. ivanovii) (Seeliger i in.,
1984). Wszystkie te nowo rozpoznane gatunki zostaty rzetelnie opisane w publikacjach
w International Journal of Systematic and Evolutionary Microbiology, a ich klasyfikacja
gatunkowa jest poparta uznanymi kryteriami taksonomicznym (dane dotyczace ANib

1/lub hybrydyzacji DNA-DNA) (Orsi & Wiedmann, 2016).

Gatunki nalezace do rodzaju Listeria mozna podzieli¢ na dwie grupy (I) Listeria
sensu stricto, ktéra obejmuje L. monocytogenes, L. seeligeri, L. marthii, L. ivanovii,
L. welshimeri i L. innocua (Chiara et al. 2015) oraz (II) Listeria sensu lato, ktora obejmuje
pozostate 22 gatunki (w tym L. grayi i 21 gatunkdéw Listeria nowo opisanych od 2009 r.).
Podziat na te dwie grupy opiera si¢ na pokrewienstwie gatunkdw z L. monocytogenes,
ktory jest zardbwno pierwszym sklasyfikowanym gatunkiem Listeria, jak i gatunkiem

najwazniejszym pod wzgledem zdrowia publicznego.

1.2. Listeria monocytogenes
Listeria monocytogenes jest Gram-dodatnig, fakultatywnie beztlenowa, nie
tworzaca przetrwalnikdéw pateczka, wykazujacg ruchliwo$¢ w temperaturze 20-25°C. Jest
glownym czynnikiem etiologicznym listeriozy, choroby, ktora charakteryzuje szereg
mozliwych objawow, od nudno$ci po zapalenie opon mézgowych (EFSA, 2013; EFSA,
2018). Noworodki, osoby starsze, kobiety w cigzy i osoby z ostabionym uktadem

odporno$ciowym sg najbardziej narazone na zachorowania. Znaczenie L. monocytogenes
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nie znajduje odzwierciedlenia w czestosci wystepowania, ktora jest niska (0,49 na 100
000 w 2021 r.) w poréwnaniu z innymi patogenami przenoszonymi przez zywnos¢, ale

z wysoka $miertelnos$cig wynoszaca 8.98 % w 2021 roku (EFSA, 2022).

L. monocytogenes jest wysoce heterogenicznym genetycznie gatunkiem, ktory wykazuje
klonalng strukturg populacji (Haase i in., 2014; Papic¢ i in., 2019). W oparciu o antygeny
somatyczne (O) 1 wiciowe (H), patogen ten jest klasyfikowany do czternastu serotypow,
ktore sg dalej pogrupowane w cztery zrdéznicowane genetycznie linie, sktadajace si¢
z okreslonych serotypow i licznych typéw MLST (ang. Multi-Locus Sequence Typing),
podzielonych na odrebne kompleksy klonalne (Muchaamba 1 in., 2022). Poszczeg6lne
linie charakteryzuje zmienno$¢ w obregbie cech filogenetycznych, ekologicznych
1 fenotypowych. Roznice te sa powigzane z klonami epidemicznymi, ktore definiuje si¢
jako blisko spokrewnione izolaty od prawdopodobnego wspolnego przodka zwigzanego
z kilkoma geograficznie i czasowo niepowigzanymi ogniskami listeriozy (Haley i in.,
2015). Linia I jest najcze$ciej izolowana z klinicznych probek ludzkich i z ognisk
epidemicznych (Kuenne i in., 2013). W obrebie linii zawarte sg serotypy 1/2b, 3b, 4b, 4d,
4e 17, przy czym serotypy 1/2b 1 4b kodujg listeriolizyng S, bakteriocyng, ktora promuje
kolonizacje jelit poprzez zmiany sktadu mikrobioty jelitowej gospodarza nieobecng w
pozostatych liniach (Matle i in., 2020; Meza-Torres i in., 2021). Linia II jest powszechnie
izolowana z préb srodowiskowych 1 probek zywnosci. Wystepuje zarowno u ludzi, jak
1 u zwierzat 1 odpowiada serotypom 1/2a, 1/2¢, 3a 1 3c. U przedstawicieli linii II czgsto
stwierdza si¢ plazmidy zawierajgce geny opornosci, ktoére kodujg opornos¢ na toksyczne
metale, stres oksydacyjny i toksyczne peptydy (Matle i in., 2020). Linie III i IV sg rzadsze
1 identyfikowane glownie u zwierzat, przy czym linia III zawiera serotypy 4a, 4b i 4c,
podczas gdy atypowe serotypy 4b jak réwniez serotypy 4a i1 4¢, zgrupowane sg w linii [V
(Matle 1 in., 2020). W ostatnich latach zidentyfikowany zostal nowy serotyp, 4h,
sktadajacy si¢ z hiperwirulentnych izolatow z hybrydowej podlinii II, (Yin 1 in., 2019).
Chociaz wszystkie serotypy L. monocytogenes moga wywolywac listerioze, wigkszo$¢
z przypadkdéw chorob u ludzi jest wywotywana przez serotypy 1/2a, 1/2b 1 4b, przy czym
szczepy serotypu 4b sg odpowiedzialne za wigkszo$¢ ognisk chordb przenoszonych przez

zywno$¢ (Varsaki i in., 2022).

Sredni okres rozwoju listeriozy szacuje si¢ na trzy tygodnie, a wynosi od 1 do 70 dni po
spozyciu zakazonego produktu spozywczego (Matle i in., 2020; Varsaki i in., 2022).

Z uwagi na fakt, ze choroba moze ujawnic¢ si¢ po dtugim czasie od spozycia czg¢sto bardzo
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trudno jest przesledzi¢ zrodto zakazenia. Minimalna dawka wymagana do wywotania
zakazenia u ludzi nie zostala jeszcze jednoznacznie ustalona, natomiast ogdlnie uwazana
jest za niska. Sporadyczne i epidemiczne przypadki listeriozy sg spowodowane wysokimi
liczebno$ciami L. monocytogenes w zywnosci co sugeruje, ze mato prawdopodobne jest,
aby dawki znacznie nizsze niz 10° jtk/g byly odpowiedzialne za wywotanie choroby

(Muchaamba i in., 2022; Pouillot i in., 2016).

L. monocytogenes ma zdolno$¢ do infekowania réznych typéw komorek i przekraczania
najwazniejszych barier obronnych, w tym barier jelitowych, krew-mdzg i tozyskowych
(Nikitas 1 in., 2011). Wraz ze spozyta zywnos$cig bakterie przedostaja si¢ do jelita
1 poprzez transcytoze przekraczajg bariere nablonkowa, atakujac krezkowe wezty chtonne
1 powodujac zakazenie ogolnoustrojowe (Nikitas 1 in., 2011). Chociaz inwazyjna
listerioza moze wystapi¢ u zdrowych oséb, gtéwnymi czynnikami ryzyka jej rozwoju s3:
wiek, ostabiony uklad odpornosciowy i cigza. Cigzkie objawy listeriozy wynikaja
z obecnosci drobnoustroju we krwi (bakteriemii), ktéry moze prowadzi¢ do posocznicy,
zapalenia wsierdzia i zakazenia o$rodkowej tkanki nerwowej, przez co moze powodowac
zapalenie opon mozgowo-rdzeniowych (Wu 1 in., 2022). Moga rowniez wystapi¢ inne
objawy kliniczne listeriozy, szczegodlnie u pacjentéw, u ktoérych wystepuja choroby
wspotistniejace, takie jak listerioza skorna, septyczne zapalenie stawdw, zapalenie
watroby, ropien watroby, zapalenie otrzewnej, zakazenia drog zotciowych i1 zapalenie
kosci 1 szpiku (Matle 1 in., 2020). U kobiet w cigzy listerioza moze przebiegac
subklinicznie, bezobjawowo lub dawa¢ objawy grypopodobne, takie jak goraczka,
dreszcze, zte samopoczucie, bole stawow, bole plecow i biegunka (Schlech, 2019).
Ponadto L. monocytogenes moze infekowac¢ tkanke tozyska, powodujac zapalenie blon
ptodowych 1 bakteriemie, a takze moze przenikal przez tozysko 1 infekowa¢ pldd,

powodujac poronienie, przedwczesny pordd 1 posocznice noworodkow (Schlech, 2019).

Nieinwazyjna listerioza, zwana takze gorgczkowym zapaleniem zotadka i jelit, jest
tagodng postacig choroby, ktora wystepuje gtownie u osob z prawidtowa odpornoscia,
szybko po spozyciu pokarmow o wyzszej liczbie L. monocytogenes niz te zglaszane
podczas ognisk inwazyjnej listeriozy, przy wartoéciach wiekszych niz 10? jtk/g (Schlech,
2019). Choroba ta charakteryzuje si¢ objawami obejmujacymi bol glowy, bdle migsni,
goraczke, nudnosci, wymioty, biegunke, bol brzucha 1 zwykle ustepuje samoistnie (Osek

1 in., 2022). Jednakze istniejace wczesniej zmiany w blonie Sluzowe] przewodu
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pokarmowego moga umozliwi¢ translokacje L. monocytogenes z przewodu

pokarmowego, co moze skutkowac rozwojem choroby inwazyjnej (Quereda i in., 2021).

1.3. Listeria w przemysSle rybnym
Gatunki nalezagce do rodzaju Listeria to naturalnie wystgpujgca mikrobiota wod
powierzchniowych i innych zbiornikéw wodnych potaczonych z rzekami. Listeria sp. jest
czesto wykrywana na skorze ryb pochodzacych z zanieczyszczonej wody. Stwierdzono
obecnos$¢ L. monocytogenes takze w wysciotce zotadka, skrzelach i jelitach w skazonym
srodowisku. Tkanka mig$niowa rzadko jest dotknieta zanieczyszczeniem (Jami i in.,
2014). Zanieczyszczenie mi¢sni ryb moze nastgpowac dwiema potencjalnymi drogami.
Po pierwsze, rozprzestrzenianie si¢ L. monocytogenes z tresci jelitowej do innych tkanek
ryb, zwlaszcza do migéni, moze nastapié, jesli czas miedzy $miercig a patroszeniem
przekracza kilka godzin. Po drugie, istnieje mozliwos$¢ zanieczyszczenia krzyzowego na
kazdym etapie tancucha dostaw, gdzie pojemniki, naczynia, woda i 16d moga stuzy¢ jako
potencjalne zrdédia tego patogenu. Ludzie i ptaki rowniez odgrywaja kluczowa role
w zanieczyszczeniu (Soultos i in., 2007). Wystepowanie L. monocytogenes w zaktadach
przetwérczych jest zwigzane z wiasciwosciami adhezyjnymi i1 tworzeniem biofilmu.
Wystepuja najczesciej w miejscach wilgotnych i1 brudnych oraz trudno dostgpnych jak
dziury i szczeliny, wtokniste, porowate i rdzewiejace powierzchnie (Carpentier i in.,
2012; Tabit, 2018). Rodzaj Listeria jest znacznie czg$ciej izolowany od ryb zlowionych
lub hodowanych w wodach powierzchniowych, w ktérych zyja naturalnie (FAO, 1999).

Procesy przetwarzania zywnosci takie jak dodanie soli, gotowanie lub suszenie w celu
zmniejszenia aktywnosci wody, wlaczenie fermentacji lub $rodkéw zakwaszajacych
w celu obnizenia poziomu pH, moga skutecznie hamowaé rozwdj pateczek
L. monocytogenes w produkcie (Gémez i in., 2015). Jednak ze wzgledu na zdolnos¢ do
namnazania si¢ W zanieczyszczonej zywnosci, na podzniejszych etapach produkciji,
podczas przechowywania w temperaturze chlodniczej, obecno$¢ paleczek
L. monocytogenes stwierdzono w przetworzonych produktach, ktore wymagaly
przechowywania w niskiej temperaturze. Dlatego zywnos$¢ przechodzaca przez kolejne
etapy tancucha chtodniczego moze mie¢ kontakt z pateczkami L. monocytogenes

1 umozliwi¢ jej rozwdj (Lunamarina, 2018; Tabit, 2018).

Wedtug raportu The European Union One Health 2021 Zoonoses Report czgstos$é

wystepowania pateczek L. monocytogenes w gotowych do spozycia produktach wahata
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si¢ od 3,5% do 5,4%, stanowigc jedno z najwazniejszych zagrozen w ostatnich latach.
Polska zglosita szczegolnie duzg liczbe przebadanych probek z partii ryb, wynoszacych
facznie 4 893 przebadanych probek. Co ciekawe, taczna liczba przebadanych probek ryb
w porownaniu do 2020 roku wzrosta 3-krotnie w 2021 r. z 11 212 do 29 273 (,,The
European Union One Health 2021 Zoonoses Report”, 2022).

1.4. Stres komorkowy
Podobnie jak w przypadku wszystkich zywych organizmoéw, zdolno$¢ L. monocytogenes
percepcji 1 adaptacji do zmian $Srodowiskowych jest kluczowa dla ich przetrwania.
Zmiany w S$rodowisku naturalnym 1 przetworczym, takie jak oscylacje ci$nienia
osmotycznego, fluktuacje temperatury, ekstremalne wartosci pH, zmiany potencjatu
redoks oraz wahania w dostepnosci sktadnikow odzywczych, stanowig zrodlo stresu dla
komorek mikroorganizmow (Wiktorczyk-Kapischke i1 in., 2021). W ekstremalnych
sytuacjach, stresowe warunki moga prowadzi¢ do uszkodzenia struktur komorkowych
i zaklocenia homeostazy wewnatrzkomoérkowej, co moze skutkowaé $miercig
mikroorganizméw (Singh & Shalini, 2016). W wielu przypadkach mikroorganizmy sa
narazone na lagodne poziomy stresu, ktore jedynie ograniczajg wzrost, nie powodujac
utraty zywotnosci (Wesche, Gurtler, Marks, & Ryser, 2009). W wigkszoS$ci przypadkow
procesOw przygotowywania potraw, takich jak gotowanie, smazenie czy pieczenie, stres
termiczny, jest powodowany przez dziatanie bardzo wysokiej temperatury, co skutkuje
smiercig komodrek wegetatywnych. Stosuje si¢ tez metody przygotowywania potraw, przy
ktorych stres komorkowy jest ograniczony, ktoéry moze indukowac rozwdj adaptacyjnych
reakcji tolerancji na stres, ktore zwiekszaja przezywalnos¢ patogenoéw, gdy sa one

narazone na kolejny $miertelny stres w tancuchu zywieniowym (Begley & Hill, 2015).

1.5. Ceviche

Ceviche to potrawa, ktorg mozna znalez¢ tradycyjnie wzdhuz pacyficznych wybrzezy
hiszpanskojezycznej Ameryki, od Meksyku na poinocy po Chile na potudniu. Sktada si¢
glownie z ryby lub owocdéw morza marynowanych w cytrusach (Davidson, 2014; Duarte-
Casar 1 in., 2022). Niejasne jest, skad pochodzi potrawa, a rdzne interpretacje sugeruja
roznorodne tla historyczne; jedne wskazuja na korzenie babilonskie, ktore poprzez Persje
1 Al-Andalus trafity do Ameryki wraz z hiszpanskimi konkwistadorami; inne odnoszg si¢
do skromnego positku peruwianskich i ekwadorskich rybakow sktadajacego sie¢
z surowych, solonych 1 marynowanych z chili ryb, ktore ewoluowaty do kwaszenia przy

uzyciu passiflory (amazonska Passiflora edulis lub andyjska Passiflora tripartita), ktora
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nastgpnie nabyla swdj obecny ksztalt dzigki cytrusom przyniesionym przez Hiszpanow;
najpierw pomarancze sevilskie, a po6zniej limonki i cytryny (Duarte-Casar i in., 2022).
Kinilaw- filipinska potrawa z ryby marynowanej w occie lub w kalamondinach
(xCitrofortunella microcarpa) — a takze ogolna technika gotowania — jest starsza od
hiszpanskiego podboju o wiele wiekdw 1 mogta zosta¢ przewieziona do Meksyku przez
Hiszpanéw (Fernandez & Choy, 2019). Hiszpanska Akademia Jezykowa sugeruje
arabskie pochodzenie stowa od assukkabag, ktéry rowniez wywodzi si¢ z klasycznego
arabskiego sakbaj (z“S~, czyli migso gotowane w occie) (Jurafsky, 2014). Inne
proponowane etymologie, pochodzace z artykutow prasowych to siwichi oznaczajace
»Swieza lub delikatng rybe” w jezyku keczua, ,,cebo” oznaczajace mate ryby uzywane
jako przyneta (Dia del ceviche peruano: historia, origen, receta y tipos de preparacion
del plato bandera de la gastronomia peruana | ATMP | Sociedad | La Republica, 2019)
Inna hipoteza umieszcza pochodzenie nazwy w nieudokumentowanym jezyku
moéwionym Mantefo, uzywanym od poludniowej Kolumbii do péinocnego Peru przed
inwazja Inkow, gdzie przyrostek -iche oznaczalby ,,pyszne” (Jurafsky, 2014). Bez
wzgledu na pochodzenie, stowo pojawia si¢ w druku po raz pierwszy w 1820 roku,
w czwarte] zwrotce pro-niezawistosciowej piesni o nazwie ,,La chicha”, ktora wywyzsza
typowe peruwianskie jedzenie 1 chicha- tradycyjne potudniowoamerykanskie piwo
z kukurydzy, w wyrazeniu peruwianskiej niezawistosci od Hiszpanii. Piosenka, po tym
jak stata si¢ tak popularna, ze byla pierwszym utworem za$piewanym dla wyzwalajace;j
armii w 1821 roku, stracita na popularnos$ci po uzyskaniu niepodlegtosci (Rondén &

Konig, 2014). Zaakceptowane pisownie potrawy to ceviche, cebiche, seviche 1 sebiche.

Marynowanie zywno$ci to sposob na poprawe nie tylko jej trwatosci, ale takze
wlasciwosci organoleptycznych (Bottéro, 2004). Z uwagi na fakt, ze obnizanie pH
hamuje rozw0j bakterii, przygotowywanie potraw w kwasnym srodowisku byto jedng
z podstawowych metod kulinarnych. Jednym z tych weczesnych przepisow stat si¢ sigbaj
(gulasz octowy lub zupa octowa), perski przysmak, ktdry zostal przewieziony do
Bagdadu, a nastepnie do Al-Andalus przez armie muzulmanskie, gdzie w pdzniejszych
latach zostat przystosowany do chrzescijanskich postow i blisko§¢ Morza Srodziemnego
poprzez zamian¢ migsa na ryby, gdzie stata si¢ sefardyjska escabeche. To danie
przekroczylo Atlantyk z hiszpanskimi konkwistadorami, ktorzy dotarli na lad mniej niz

20 km od obecnej granicy peruwiansko-ekwadorskiej. To danie potaczono z peklowang
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solg 1 pieprzem na terenach Mantefio i przeksztalcilo si¢ w dania, ktore jedzone sa do

dzisiaj (Duarte-Casar i in., 2022; Mouritsen & Styrbak, 2017).

Przy tradycyjnym przyrzadzaniu ceviche ograniczona jest skuteczno$¢ hamowania
wzrostu bakterii. Dziatanie antybakteryjne przypisuje si¢ gléwnie dziataniu kwasow,
ktore sg stosowane do marynowania sktadnikow. Jednakze kwasy uzywane w ceviche,
takie jak sok z cytruséw, sg stosunkowo stabe. Ponadto, czas marynowania ryby jest
zazwyczaj bardzo krotki, zazwyczaj nie przekracza 30 minut, co moze nie wystarczy¢ do
skutecznego zahamowania wzrostu niektorych bakterii. Dodatkowo pozostate sktadniki
uzywane w ceviche, takie jak cebula czy chili, a nawet kolgdra, wykazuja wtasciwosci
antybakteryjne, s3 one dodawane w stosunkowo matych ilosciach, co ogranicza ich

skuteczno$¢ w hamowaniu rozwoju bakterii.

1.6. Sous vide

Gotowanie przy uzyciu techniki sous vide zostalo po raz pierwszy wprowadzone
przez Georgesa Pralusa - francuskiego szefa kuchni. Termin "sous vide" w jezyku
francuskim doslownie oznacza "w prézni". Ta metoda polega na gotowaniu zywnosci
w  hermetycznie = zamknigtych  termostabilnych  woreczkach  prozniowych,
w kontrolowanej temperaturze (65-95°C) 1 czasie (1-7 h) (Renna i in., 2014). Mechanizm
dziatania bazuje na skutecznym przewodzeniu ciepta z wody do produktu. Na jakos¢
produktu otrzymanego metoda sous vide duzy wplyw ma temperatura, czas i ci$nienie
stosowane podczas gotowania. Metoda ta zapobiega utracie wilgoci, skladnikow
odzywczych 1 substancji lotnych oraz hamuje zmiany oksydacyjne w wyniku gotowania
w prozni. Ponadto technika ta ogranicza rozwdj bakterii tlenowych 1 jest skuteczna
W zapobieganiu ponownemu zanieczyszczeniu zamrozonej Zywnosci poprzez
zastosowanie workéw wykonanych najczesciej z PA/PE, co tym samym wydluza okres
przydatnosci do spozycia produktow podczas przechowywania (Kathuria 1 in., 2022).
W 1991 roku Komitet Doradczy Sous Vide (SVAC) poinformowal, ze trwatosé
produktow gotowanych metoda sous vide zalezy od obrobki cieplnej i warunkow
przechowywania (Gonzalez-Fandos 1 in., 2005). W réznych badaniach stwierdzono, ze
obecnos¢ mikroorganizmow chorobotworczych w zywnos$ci gotowanej metoda sous vide
podczas konsumpcji jest gldéwnie zwigzana z drobnoustrojami, ktére istniaty w surowcu
1 przetrwaty podczas gotowania. Dlatego gotowanie powinno odbywac si¢ w okreslone;j

temperaturze przez wystarczajacy okres czasu, tak aby temperatura rdzenia byta wyzsza
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niz 54,4 °C przez okoto 6 godzin w celu catkowitej inaktywacji takich patogenow jak
Salmonella sp. czy Listeria sp. (Zavadlav i in., 2020). Dhigoterminowa metoda
niskotemperaturowa daje produkt wolny od wzrostu drobnoustrojow, bez dodanych

konserwantow 1 wzbogacony o sktadniki odzywcze w celu zachowania funkcjonalnosci.

Ze wzgledu na wysoka aktywno§¢ wody i neutralne pH, ryby i owoce morza
naleza do najszybciej psujacych si¢ produktow spozywczych, co czyni je idealnymi do
rozwoju bakterii psujacych zywnos$¢ i rozwoju bakterii chorobotworczych. Ich trwatosé
jest ograniczona, takze ze wzgledu na duze ilo$ci wolnych aminokwaséw podatnych na
utlenianie (Cosansu i in., 2022). Jednak utlenianie i powodowany przez to nieprzyjemny
smak sa hamowane przez pakowanie prézniowe stosowane w technologii sous vide.
Owoce morza gotowane sous vide maja dluzszy okres przydatnosci do spozycia niz
owoce morza gotowane w tradycyjny sposdb. Po obrdbce termicznej poczatkowy
mikrobiom zywnos$ci moze ulec obnizeniu, jednak zalecane temperatury obrobki ryb
1 owocOw morza s3g czesto znacznie nizsze niz te okre$lone z definicji, ktore czesto nie
przekraczaja 60 °C 1 krotki czas okoto 20 min (Fetterman i in., 2016; Scott, 2018) dlatego

zabieg ten moze by¢ nieskuteczny w zwalczaniu mikroorganizmow.
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2. Hipotezy badawcze, cel glowny i cele szczegolowe rozprawy

doktorskiej

2.1. Hipotezy badawcze

Na podstawie przeprowadzonego przegladu literatury postawiono nastepujace hipotezy

badawcze:

H1: Ryby i owoce morza oraz srodowisko przetwodrcze sg istotnym zroédtem bakterii

z rodzaju Listeria, zwlaszcza L. monocytogenes;

H2: Pateczki L. monocytogenes izolowane z ryb i owocéw morza oraz z ich

srodowiska przetworczego maja wysoki potencjat chorobotworczy;

H3: Przygotowanie dan z ryb metoda sous vide, przy wysokim poziomie
zanieczyszczenia paleczkami L. monocytogenes, moze by¢ niewystarczajaca
obrobka aby zapewnié¢ ich bezpieczenstwo mikrobiologiczne oraz wplywa na

wirulencje¢ 1 antybiotykooporno$¢ szczepdéw L. monocytogenes;

H4: Przygotowanie ceviche z ryb moze by¢ niewystarczajacym sposobem
zapewnienia jego bezpieczenstwa mikrobiologicznego, a warunki jego
otrzymywania wplywaja na wirulencje 1 antybiotykooporno$¢ szczepdéw

L. monocytogenes;

2.2. Cel glowny

Za gtoéwny cel badawczy niniejszej rozprawy doktorskiej przyjeto oceng mozliwosci

przezycia 1 odpowiedZz komorkowa podczas przygotowania potraw z ryb metoda sous

vide oraz ceviche.

2.3. Cele szczegotowe

W ramach rozprawy doktorskiej realizowano nastgpujace cele szczegdtowe:

okreslenie mozliwo$ci wystepowania szczepdw Listeria sp. w rybach, gotowych do
spozycia produktach rybnych i1 srodowisku produkcyjnym;
okreslenie potencjalu wirulencji oraz charakterystyka fenotypowa i genotypowa

opornosci szczepow L. monocytogenes izolowanych z ryb 1 zaktadow przetworstwa

ryb;
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e okreslenie wptywu przygotowywania dan z ryb metoda sous vide na przezywalnos¢,
potencjal wirulencji oraz zmiany profilu antybiotykoopornosci szczepow
L. monocytogenes;

e okreslenie wplywu przygotowywania ceviche z ryb na przezywalnos¢, potencjat

wirulencji oraz zmiany profilu antybiotykoopornosci szczepdw L. monocytogenes
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3. Organizacja i metodyka badan

3.1. Organizacja badan

Badania zaplanowane w niniejszej rozprawie doktorskiej podzielono na 4 etapy badawcze (Rysunek 1):

Etap |
wystepowanie

-Okreslenie wystepowania L. monocytogenes oraz Listeria sp. w rybach
surowych, produktach z ryb oraz $rodowisku przetworczym ryb (P1)

-Analiza metaregresji wystepowania pateczek L. monocytogenes na
przestrzeni lat (P1)

-Okreslenie wystepowania pateczek L. monocytogenes w rybach surowych
i produktach gotowych do spozycia z ryb w zalezno$ci od stopnia rozwoju
spoleczno-gospodarczego pafistw i rozmieszczenia geograficznego (P1)

Etap Il
charakterystyka

-Analiza wirulomu szczepow L. monocytogenes izolowanych z ryb
i przetworstwa rybnego (P2)

-Ocena potencjatu patogennosci palteczek L. monocytogenes przy uzyciu
modelu zywego - Danio rerio (P3)

Etap 11
przezywalnos¢

-Analiza przezywalno$ci szczepow L. monocytogenes izolowanych z ryb
i ze srodowiska produkcyjnego podczas obrobki sous vide (P4)

-Analiza przezywalnos$ci szczepow L. monocytogenes izolowanych z ryb
i ze srodowiska produkcyjnego podczas przygotowania ceviche (P5)

Etap IV
wptyw stresu

-Analiza wptywu obrobki sous vide na rezystom oraz zmiany w opornosci
szczepow L. monocytogenes na antybiotyki (P4)

-Analiza wptywu przygotowania ceviche na rezystom oraz profil
antybiotykoopornosci szczepoéw L. monocytogenes (P5)

NN NN

Rysunek 1 Schema badan prowadzonych w ramach rozprawy doktorskiej z uwzglednieniem publikacji wchodzacych w jej sktad
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3.2. Materialy i metody

3.2.1 Metaanaliza

3.2.1.1 Strategia wyszukiwania

Przeglad systematyczny zostal przeprowadzony zgodnie z wytycznymi Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA). Badania
przeprowadzono, korzystajac z baz PubMed, Scopus i Web of Science. Uzyto
nastepujacych stéw kluczowych: ,,Listeria”, ,,.L. monocytogenes”, ,,fish”, “fish processing
plant”, ,salmon”, ,.Salmo salar”, ,trout”, ,,.Oncorhynchus mykiss”, ,,occurrence” oraz
»prevalence”. Wyszukiwania w bazach danych byly przeprowadzane od grudnia 2022 do
lutego 2023 poprzez wpisywanie pojedynczych stow kluczowych jak 1 ich potaczen.
Szczegodlng uwage zwrocono na dwa stowa kluczowe - ,,salmon” (foso$) i ,,trout” (pstrag),
poniewaz sg to dwa gatunki ryb najczesciej spozywane na surowo lub po przetworzeniu.
Wyszukiwanie ograniczono do publikacji z okresu od stycznia 2013 do grudnia 2023.
W badaniu wykluczono artykuly, ktore nie zawieraty informacji na temat liczby izolatow
Listeria sp., jak rowniez prace eksperymentalne dotyczace nowych mozliwosci
wykrywania Listeria sp. z roznych zrodel. Tytuly 1 streszczenia artykutow byly
niezaleznie oceniane przez autorow (AJZ, JG), a wszelkie roznice zdan byly rozstrzygane

przez dialog pomiedzy trzecim i ostatnim autorem (WCh-W, AZ) publikacji P1.

3.2.1.2 Kryteria kwalifikacji
Kryteria wlaczenia obejmowatly badanie pod katem obecnosci gatunkéw Listeria
w surowych 1 przetworzonych rybach, gotowych do spozycia produktach rybnych oraz w

srodowisku zakladow przetworstwa rybnego (P1).

3.2.1.3 Ekstrakcja danych

Dane zbierano wedlug nazwisk autorow, roku publikacji, rodzaju zrédta izolacji, ilosci
préb oraz liczby izolatow L. monocytogenes 1 Listeria sp. Ekstrakcje danych
przeprowadzono przez autora (AJZ), a wszelkie rozbieznos$ci rozstrzygano w konsultacji

zJG, WCh-W i AZ (P1).

3.2.1.4 Model statystyczny

Ogolna czgstos¢ wystepowania pateczek Listeria sp. zostala oszacowana przy uzyciu
oprogramowania statystycznego PQStat w wersji 1.4.8. Metaanaliza zostala
przeprowadzona z wykorzystaniem modelu efektow losowych w celu obliczenia

skumulowanej czesto$ci wystepowania oraz zwigzanego z nig 95% przedziatu ufnosci
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(CI). Heterogeniczno$¢ pomiedzy oszacowaniami oceniano za pomocg metody Higginsa
12 oraz podejécia Cochran's Q, ktore kwantyfikuje stopien zmiennosci nieprzypisywalne;
btedom probkowania migdzy badaniami. Warto$¢ 12 wigksza niz 75% wskazuje na wysoki
poziom heterogenicznosci. Przeprowadzono analize wrazliwosci w celu ustalenia czy
wykluczenie ktoregokolwiek z badan miato mierzalny wplyw na skumulowang warto$¢
czestoSci wystgpowania bez uwzgledniania indywidualnego badania. Stronniczo$¢
publikacji oceniano przy uzyciu testu Eggersa oraz wizualnej inspekcji wykresu
lejkowego (przy wartosci p < 0,05 uznawanej za znak statystycznie istotnego bledu
publikacji). Przeprowadzono analiz¢ metaregresji w celu ustalenia, czy istnieja czasowe
zmienne w obecnosci L. monocytogenes. Test ANOVA zostat zastosowany do ustalenia
statystycznej istotnosci réznic miedzy gatunkami i klastrami. Analiza metaregresji zostala
przeprowadzona w celu ustalenia, czy mozna wykry¢é czasowe zmienne w czestosci
wystepowania klastrow Listeria. Wyniki wskazuja, ze wartos¢ Q modelu byta istotna przy

warto$ci p mniejszej niz 0,05 (P1).

3.2.2 Analizy bioinformatyczne

3.2.2.1 Przygotowanie bibliotek

Przygotowanie bibliotek i sekwencjonowanie zostaty wykonane przez firme¢ Genomed
(Warszawa, Polska). Koncentracja DNA genomowego zostata zmierzona za pomoca
PicoGreen (Life Technologies, Eugene, OR, USA) w aparacie Tecan Infinite. Biblioteka
DNA zostala przygotowana za pomocg zestawu NEBNext® Ultra ™ II DNA Library
Prep Kit for [llumina® (New England Biolabs, Ipswich, MA, USA). Sekwencjonowanie
przeprowadzono na urzadzeniu MiSeq Illumina®. Odczyty z MiSeq zostaty poddane

filtrowaniu przy uzyciu programu Cutadapt w wersji 3.0 (P3).

3.2.2.2 MLST i ¢cgMLST

Analizy MLST 1 cgMLST opieraty si¢ na poréwnaniu profili alleli dla odpowiednio 7
1 1748 genow. Wszystkie obliczenia i1 ustalenia numerow alleli, typow sekwencji (ST) 1
kompleksow klonalnych (CC) przeprowadzono za pomocag narzedzi dostgpnych na
platformie BIGSdb-Lm (https://bigsdb.pasteur.fr/Listeria/ dostep w dniu 28 wrzesnia
2022 roku) (P3).
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3.2.2.3 Identyfikacja genow wirulencji, antybiotykoopornosci i czynnikow
stresowych

Identyfikacja wszystkich gendw zwigzanych z wirulencjg oraz opornoscia na antybiotyki
lub czynniki stresowe przeprowadzona zostata za pomoca narzedzi dostepnych na
platformie BIGSdb-Lm (https://bigsdb.pasteur.fr/Listeria/ dostgp w dniu 10 pazdziernika
2022 roku). Dodatkowo, przeprowadzono analiz¢ MVLST na podstawie 93 genow
zwiazanych z wirulencja. W celu porownania, wybrano szczepy dostepne w bazie danych
(platforma BIGSdb-Lm), przy uwzglednieniu pochodzenia szczepéw (Europa) i zrodta
izolacji (cztowiek). Wybrano 185 szczepdw L. monocytogenes izolowanych od ludzi

w Europie (P3).

3.2.2.4 Identyfikacja profagow i plazmidow

Identyfikacja profagéw zostata przeprowadzona za pomoca narz¢dzia Prophage Hunter
Tool (Song i in., 2019), stuzacego do identyfikacji i anotacji potencjalnych profagow we
wszystkich genomach L. monocytogenes. W analizie brano pod uwage tylko aktywne
profagi. W celu identyfikacji plazmidow wykorzystano platform¢ PlasmidFinder 2.1
(Carattoli 1 in., 2014) (P3).

3.2.3 Szczepy wykorzystywane w badaniach

Wszystkie szczepy wykorzystywane w badaniach pochodzily z kolekcji Katedry
Mikrobiologii Zywnosci, Technologii i Chemii Miesa (daw. Katedry Mikrobiologii
Przemystowej i Zywnosci) Uniwersytetu Warminsko-Mazurskiego w Olsztynie. Szczepy
pochodzity zaré6wno z surowcdw; tosia surowego (Salmo salar), pstraga teczowego
(Oncorhynchus mykiss), krewetek tygrysich (Penaeus monodon) oraz z zaktadow
przetwérstwa ryb. Wszystkie izolowano zgodnie z normg ISO 11290-1:2017.
Podstawowe informacje na temat izolatow znajduja si¢ w Tabeli S1. Identyfikacja na
poziomie gatunku zostata przeprowadzona za pomocg analizy MALDI-TOF MS (Vitek
MS, bioMerieux, Francja) 1 dodatkowo potwierdzona poprzez wykonanie standardowe;j
reakcji PCR (Ryu i in., 2013).

Szczepy przed badaniami byly przechowywane w temperaturze -80 °C w systemach

Microbank (Pro-Lab Diagnostics) (P2-P5).
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3.2.4 Obrobka gastronomiczna

3.2.4.1 Minimalne medium z mi¢sa ryb

Swieze filety z ryby Mahi-Mahi (Coryphaena hippurus) i pstraga (Oncorhynchus mykiss)
zostaly umyte destylowang woda, a migso pokrojono na male kawatki. Migso (100g)
homogenizowano z réwng ilosciag wody, oraz z roztworem NaCl (1%). Homogenizaty
przygotowano w objetosci 1000 mL, a nastgpnie poddano odwirowaniu (10 000 obr./min
przez 30 minut w. 22 + 2 °C). Supernatant zostal przefiltrowany przez filtry o rozmiarze

porow 0,2 um i przechowywany w temperaturze chtodniczej (P4, P5).

3.2.4.2 Ceviche

Przygotowano ceviche w nastgpujacych proporcjach: 680 g Mahi-Mahi (Coryphaena
hippurus) kolendra (Coriandrum sativum) (30,8 g), czerwona cebula (4llium cepa) (50
g) oraz papryka habanero (Capsicum chinense) (6,2 g), a nastegpnie marynowane w soku

z limonki (Citrus aurantifolia) (236 g) przez 30 minut (P4).
3.2.4.3 Sous vide

Przefiltrowane podloze z ryby zostalo potaczone z wczesniej odwirowanymi 24h
hodowlami bakteryjnymi, tak aby kofcowa liczba wynosita okoto 6 x 10° kom/ml.
Nastepnie probki zostaly szczelnie zamknigte w woreczkach z polipropylenu (PP),
umieszczone w urzadzeniu sous vide (Hendi 225,264, Niemcy) i poddawane obrobce
w temperaturach: 42, 52, 57 1 60 °C przez 60 minut. Nastepnie probki zostaty schtodzone
w chtodziarce szokowej (Atitila ATTO0S, Wiochy) oraz odwirowane przez 10 minut przy
predkosci 10 000 g. Supernatant usuni¢to, a do probek dodano 1 ml roztworu buforu

fosforanowego (PBS) (P5).
3.2.5 Analiza przezywalnoSci

3.2.5.1 Dostosowanie cytometru przeplywowego

Do uzyskania zawiesin zywych (LCS) 1 martwych (DCS) komorek, 1 mL 24-godzinne;j
hodowli bakteryjnej odwirowano przy predkosci 10 000 x g przez 5 minut. Supernatant
usuni¢to, a nastgpnie dodano 1 mL roztworu buforu fosforanowego (PBS) w przypadku
LCS lub 1 mL izopropanolu o stezeniu 70% w przypadku DCS. Barwienie
przeprowadzono mieszaning zawierajagcg 2 mL LCS lub DCS oraz 6 pL roztworow
roboczych [SYTO9 (5 mM) oraz PI (20 mM) w proporcji 1:1]. Roztwory inkubowano
przez 15 minut w temperaturze pokojowej, a nastgpnie przeprowadzono analiz¢ za
pomocg cytometru przeplywowego (FACSlyric, Beckton Dickinson, Franklin Lakes, NJ,

USA). Laser cytometru przeptywowego miat dtugos¢ fali 488 nm, a emisje fluorescencji
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zbierano w kanatach czerwonym i zielonym. Znaczniki SYTO9 dla LCS i PI dla DCS
uzywane byly do zlokalizowania odpowiednich populacji bakteryjnych oraz do
standaryzacji najbardziej odpowiednich parametréw cytometrycznych w celu uniknigcia
interferencji z widmem emisji (P4, P5).
3.2.5.2 Ocena przezywalnoSci

Aby zachowa¢ te samag proporcje, co w przypadku tradycyjnego ceviche, ilos¢
medium z mi¢sa ryby byta rowna ilosci swiezego ceviche z ryby, co pozwolito osiggnaé
pH w zakresie 3,2-3,3. Kazdy ze sktadnikoéw ceviche byt osobno laczony z medium
z mig¢sa ryby, nastgpnie homogenizowany i przefiltrowany przy uzyciu pompy
prézniowej przez filtry o rozmiarze poréw 0,2 um. Przefiltrowane medium bylo taczone
z wezesniej odwirowanymi hodowlami bakteryjnymi, tak aby koncowa liczba wynosita
okoto 6 x 10® (kom/ml). Probki inkubowano w temperaturze 4°C przez 30 minut,
a nastepnie poddano odwirowaniu przez 10 minut przy predkosci 10 000 x g, supernatant
byt usuwany, a do probek dodawano 1 mL roztworu buforu fosforanowego (PBS).
W przypadku sous vide postgpowano zgodnie z rozdzialem 3.2.5.3. Analizy

przeprowadzono za pomocg cytometru przeptywowego (P5).

3.2.6 Wplyw stresu zwiazanego z obrobka

3.2.6.1 Badanie potencjalu patogenicznoSci

3.2.6.1.1 Badanie potencjalu patogenicznosci przy uzyciu larw ryb danio
pregowanego (Danio rerio)

Larwy byly hodowane zgodnie z wytycznymi Unii Europejskiej dotyczacymi

postgpowania ze zwierzetami laboratoryjnymi (Animals in science, dostep 10.10.2020).

Doswiadczenie przeprowadzono na dzikim typie oraz na linii Tg (mCherry) Danio rerio
72 h po zaptodnieniu. Larwy byty mikroiniektowane w zo6ttko jajowe roznymi szczepami
(okoto 50 komorek/nl). W przypadku analizy przetrwania, embriony (n > 15 larw) byly
przechowywane w 6 dotkowych ptytkach i1 regularnie analizowane w okreslonych
odstgpach czasu pod katem $miertelnosci (ocenianej na podstawie braku aktywnos$ci
pracy serca). Kontrole eksperymentu obejmowaty larwy zainokulowane 0,05%
roztworem czerwonego fenolu (Merck, Darmstadt, Niemcy). Z uwagi na latwiejszy
dostep oraz mozliwosci laboratoryjne kolejne doswiadczenia dotyczace badania
potencjatu patogeniczno$ci przeprowadzano na larwach barciaka wigkszego (Galleria

mellonella) (P2).
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3.2.6.1.2 Badanie potencjalu patogenicznosci przy uzyciu larw barciaka wiekszego
(Galleria mellonella)

Eksperymenty przeprowadzono na wszystkich szczepach indywidualnie, ktore wczesniej
byly poddane stresowi zwigzanemu z przygotowaniem produktéw metoda sous vide,
ceviche oraz w optymalnych warunkach. Larwy Galleria mellonella (n > 10/szczep)
zostaty zainfekowane szczepami L. monocytogenes (ok 100 kom/ larwe). Za pomoca
strzykawki Hamilton o pojemnosci 10 pL, wykonano inokulacje bakteryjng w ostatnig
par¢ parasuwek do hemocelu larw w ostatnim stadium larwalnym. Po inokulacji
przeprowadzono inkubacj¢ w temperaturze 37°C przez 7 dni. Jesli larwa nie reagowata
na dotyk, uznawano ja za martwa. Grup¢ kontrolng stanowity larwy G. mellonella
zainfekowane 0,9% roztworem NaCl. Analize przezycia przeprowadzono przy uzyciu
modelu Kaplana-Meiera, a poréwnanie krzywych przezycia wykonano przy uzyciu testu
logarytmicznego (Logrank test) (P4, P5).

3.2.6.1.3 Oswiadczenie etyczne

Wszystkie larwy ryb (Danio rerio) byly przechowywane w zakladzie hodowli ryb
w Laboratorium Genomiki 1 Transkryptomiki, Uniwersytetu Warminsko-Mazurskiego
w Olsztynie, ktory zostal zbudowany zgodnie z lokalnymi standardami dobrostanu
zwierzat. Larwy barciaka wigkszego (Galleria mellonella) bylty przechowywane
w Katedrze Mikrobiologii Zywnosci, Technologii i Chemii Migsa, Uniwersytetu
Warminsko-Mazurskiego w Olsztynie. Wszystkie procedury zwigzane z badaniami na
zwierze¢tach byly przeprowadzane zgodnie z wytycznymi dotyczacymi dobrostanu
zwierzat obowigzujacymi w Polsce 1 Unii Europejskiej. Zgodnie z Dyrektywa Europejska
2010/63/UE 1 polskimi przepisami prawnymi Dz.U. z 2015 r. poz. 266, wszystkie
procedury przeprowadzone w ramach badan, w tym wykorzystanie wczesnych stadiow
zycia danio pregowanego, larw barciaka wigkszego oraz eutanazja, nie wymagaty zgody

Komisji Etycznej ds. Doswiadczen na Zwierze¢tach (P2, P4, PS).

3.2.6.2 Badanie zmian profilu antybiotykoopornosci

Badania zmian wrazliwos$ci na antybiotyki przeprowadzono na szczepach z hodowli 24-
godzinnej (kontrola) oraz poddanych stresowi zwigzanemu z obrobka gastronomiczng.
Do oceny wrazliwosci uzyto 16 antybiotykow klinicznych, w tym benzylopenicyling,
ampicyling,  gentamycyny,  streptomycyny,  klindamycyng,  lewofloksacyne,
erytromycyng, chinuprystyng/dalofopristyne, linezolid, wankomycyne, tetracykling,

tygecykling, chloramfenikol, daptomycyng, trimetoprim/sulfametoksazolem
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i nitrofurantoing. Do badan uzyto automatyczny system VITEK 2 Compact z AST-P643
(bioMérieux, Marcy 1'Etoile, Francja). Zgodnie z uzyskang wartoscia minimalnego
stezenia hamujacego (MIC) wyniki oceniono zgodnie z kryteriami Instytutu Norm
Laboratorium Klinicznego (CLSI M100) (Clinical and Labolatory Standard Institute
Instytut Standardow Klinicznych 1 Laboratoryjnych, 2018) oraz Europejskiego Urzedu
ds. Bezpieczenstwa Zywnosci (EFSA) pod katem opornosci na $rodki
przeciwdrobnoustrojowe (P4).

Przy realizacji badan w publikacji PS5 zastosowano 5 roznych antybiotykéw: linkomycyne
(Sigma Aldrich, Niemcy), fosfomycyne (Sigma Aldrich, Niemcy), tetracykline,
trimetoprim/sulfametoksazol i klindamycyn¢ (TOKU-E; Belling-ham, WA). Profile
wrazliwo$ci na antybiotyki dla kazdego szczepu oraz zmiany wywotane ekspozycja na
stres izolatow L. monocytogenes okreslono metoda mikrorozcienczen zgodnie z norma
ISO 20776-1 (British Standards Institution, 2020) przy uzyciu 96-dotkowej plytki
polistyrenowej z V-ksztalttnym dnem. Roztwory antybiotykdéw sporzadzono przy uzyciu
rozpuszczalnikéw 1 rozcienczalnikow zalecanych w normie ISO 20776-1 (zatacznik B:
Rozpuszczalniki i rozcienczalniki) (Gajewska i in., 2022). Przed badaniem roztwory
antybiotykow byty $wiezo rozcienczane zgodnie z normag ISO 20776-1 (zatacznik C),
w bulionie Mueller-Hinton (Merck, Darmstadt, Niemcy). Stezenie antybiotyku
nanoszone na plytke 96-dotkowa (Promed®, Wtochy) byto 2 razy wyzsze niz stezenie
docelowe. Izolaty L. monocytogenes przesiano na podtoze TSA (Merck, Darmstadt,
Niemcy) 1 inkubowano przez 24 godziny w temperaturze 37°C. Nastepnie pojedyncze
kolonie zawieszono w 0,9% roztworze NaCl do uzyskania zmetnienia roéwnego
0,5 McFarlanda. Zmgtnienie mierzono za pomoca densytometru McFarland DEN 1B
(Bioscan, Lotwa). Nastepnie do dotkéw w kazdym rzedzie 96-dotkowych plytek do
roztworu kazdego antybiotyku dodano dodano 50 pl hodowli bakterii. Jeden zestaw
dotkéw pozostawiono bez hodowli bakteryjnych jako kontrole negatywna, a drugi (bez
roztworow antybiotykow) jako kontrole wzrostu. Doswiadczenie przeprowadzono
w trzech powtorzeniach. Plytki inkubowano w warunkach tlenowych w temperaturze
35 + 2°C przez 20 godzin. Po inkubacji zmg¢tnienie podloza oceniano wizualnie.
Minimalne st¢zenie hamujace (MIC) stanowito najnizsze stezenie antybiotyku, przy
ktorym nie zaobserwowano wzrostu bakterii. Wyniki zostaty zinterpretowane zgodnie
z Instytutem Norm Klinicznych i Laboratoryjnych CLSI 2020 (CLSI, 2020) jako
wrazliwe, $rednio oporne lub oporne. Jako kontrole jako$ci zastosowano Streptococcus

pneumoniae ATCC 49619.
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3.2.6.3 Badanie zmian ekspresji pod wplywem stresu zwigzanego z obrobka

gastronomiczng

3.2.6.3.1 I1zolacja RNA i odwrotna transkrypcja na cDNA

Calkowite RNA wyizolowano z catonocnej hodowli (kontrola) oraz szczepow poddanych
obrébce gastronomicznej. Do izolacji RNA zastosowano zestaw Total RNA Mini Plus Kit
(A&A Biotechnology, Gdynia, Polska), a nastepnie oczyszczono i zate¢zono zgodnie
z instrukcjami producenta przy uzyciu zestawu CleanUp Koncentrator RNA (A&A
Biotechnology, Gdynia, Polska). Integralno§¢ RNA wszystkich probek sprawdzono
poprzez dodanie 10 pul RNA do 1,2% zelu agarozowego w 0,5% buforze TBE i poddano
elektroforezie pod napieciem 90 V przez 1 godzing. Integralno§¢ RNA potwierdzono
poprzez wizualizacj¢ dwoch prazkéw (RNA 16S i 23S) z niewielkim rozmyciem.
Stezenie 1 czysto§¢ RNA  byly mierzone  optycznie za  pomoca
spektrofotometru/fluorometru DeNovix DS11 FX (DeNovixInc., Wilmington, Karolina
Potnocna, USA) w oparciu o absorpcje probki przy diugosci fali 260 nm i 280 nm.
Wszystkie probki RNA zostaty natychmiast czgsciowo poddane odwrotnej transkrypcji,
areszta przechowywana w temperaturze -80 °C. Probki RNA znormalizowano do 5 pg/ul
1 dokonano transkrypcji ¢cDNA z wykorzystaniem zestawu TranScriba (A&A
Biotechnology, Gdynia, Polska) do syntezy pierwszej nici cDNA. Zestaw ten
wykorzystuje rekombinowang odwrotng transkryptaze MMLV (P4, PS).

3.2.6.3.2 Analiza ekspresji genow

Do oceny ekspresji pod wptywem stresu wywotanego przygotowaniem ceviche wybrano
9 gendw: cspLA, gadB, opuCA, rpoE, flaA, inlA, mprF, lin i fosX. Natomiast do ekspresji
pod wplywem stresu wywotanego przygotowaniem sous vide wybrano 16 genow,
z dwoch grup; genéw wirulencji z wyspy patogenicznosci LIPI-1 (prfA4, plcA, hly, mpl,
actA, plcB, oraz osfX) 1 gendow opornosci (drfA, fosX, lin, mpr, tetAl, tetA2, tetA3, tetC,
sul) (Tabela S2). Dla kazdego genu wyznaczono lini¢ progowa i cykl ilosciowy (Cq),
okreslony przy uzyciu oprogramowania Rotor-Gene (Qiagen Inc., Montreal, ON,
Kanada). Dla kazdej pary starterow wyznaczono wydajnos¢ amplifikacji jako
E = 10 (-1/nachylenie) (Rasmussen, 2001). Poziom ekspresji genéw byl okreslony
fluorometrycznie przy uzyciu barwnika SYBR Green w systemie RotorGene Q (Qiagen
Inc., Montreal, ON, Kanada). Probki byly badane pod katem r6znic w ekspresji genow
przy uzyciu wzglednej ekspresji, w ktorej istotna ekspresja genow jest normalizowana do

genu referencyjnego za pomoca modelu matematycznego zaproponowanego przez Pfaftl
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M. (Pfaffl, 2001). Stosunki ekspresji rowne lub wigksze niz 2 reprezentowaly istotny
wzrost ekspresji genu, podczas gdy stosunki ekspresji rowne lub mniejsze niz 0,5
reprezentowaly istotny spadek ekspresji genu. Analiza ekspresji gendéw zostata
przeprowadzona trzykrotnie. Dodatkowo, w kazdej replikacji przeprowadzono trzy
niezalezne reakcje PCR w czasie rzeczywistym. Poziomy ekspresji wykryte dla kazdego
genu i kazdego warunku stresu klasyfikowano jako istotne (p < 0,05) na podstawie testu
t-Studenta przeprowadzonego przy uzyciu poziomu ekspresji genu referencyjnego jako
odniesienia.

Reakcje PCR w czasie rzeczywistym przeprowadzono w koncowej objetosci 20 pL,
zawierajacej 10 pl PowerUp SYBR Green MasterMix (ThermoFisher Scientific,
Waltham, MA, USA), 1,0 ul kazdego startera (10 pmol/1 pl) oraz 5 ng cDNA jako
matrycy, dopelniono destylowang woda do objetosci docelowej. Warunki reakcji byly
nastepujace: 50°C przez 2 minuty, 95°C przez 2 minuty, a nastgpnie 40 cykli: 15 s przy
95°C, 15 s przy dostosowanej do zestawu starterow temperaturze i 60 s przy 72°C.
Specyficzno$¢ produktu PCR w czasie rzeczywistym zostala zweryfikowana poprzez
konstrukcje krzywej topnienia wyznaczonej poprzez stopniowe podgrzewanie w zakresie

od 60 do 95°C z przyrostem temperatury o 0,5°C co 5 s (P4, PS).
3.2.6.3 Analiza statystyczna

Analizy statystyczne przeprowadzono przy uzyciu testu t-Studenta i/lub
jednoczynnikowej analizy wariancji (ANOVA) w przypadku analizy redukcji
mikroorganizméw. Dla zmian w transkryptomie, analizy przeprowadzono przy uzyciu
dwuczynnikowej analizy wariancji (ANOVA) dla grup genéw. W analizach, warto$¢
p < 0,05 uwazano za istotna. Analizy statystyczne przeprowadzono przy uzyciu

oprogramowania Prism 8.0.1 (Prism, GraphPad Software, San Diego, CA).
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4. Rezultaty badan przedstawione w powigzanym tematycznie
cyklu publikacji

Szczegdlowy opis uzyskanych wynikow badan przedstawiono w publikacjach bedacych

podstawa niniejszej pracy.

4.1. Przeglad systematyczny i metaanaliza
Przeprowadzono systematyczng analiz¢ 581 prac, sposrod ktorych doktadnie oceniono
106. Ostatecznie do metaanalizy wlaczono 46 prac. Szczegdtowe informacje dotyczace

uwzglednionych prac znajduja si¢ w Tabeli 1 (P1).

W badaniach, ktore stanowity podstawe metaanalizy, przeanalizowano tacznie 14 496
probek, w tym odpowiednio 7135 préb i 2395 prob surowych ryb pod katem

wystepowania odpowiednio L. monocytogenes i Listeria sp.

4.2. Wystepowanie L. monocytogenes oraz Listeria sp. w rybach,

produktach z ryb i Srodowisku przetworczym

Po analizie danych stwierdzono, ze L. monocytogenes wystgpowata w podobnym stopniu
w surowych rybach (5,8%) 1 probach z przetwérstwa ryb (10,0%). Czestsze
wystepowanie obserwowano w gotowych do spozycia produktach, 14,5% dla

L. monocytogenes i121,7% dla Listeria sp. Ogdlne wystepowanie Listeria sp. w surowych

rybach wyniosta 12,2% (P1, Tabela 2).

Analiza statystyczna wykazata istotne roznice w czestosci  wystgpowania
L. monocytogenes wewnatrz réznych badanych grup (p < 0,000001), z wyjatkiem
potproduktow z ryb (p = 0,1771). Wyniki byly podobne roéwniez dla Listeria sp.,
wykazano istotne réznice statystyczne wewnatrz grup z wyjatkiem prob pdiproduktéw

z ryb (p = 0,6432) (P1).

W badaniu podzielono zrodta izolacji L. monocytogenes z surowych ryb na ich rodziny
(P1, Tabela 3), a dodatkowo udato si¢ wyr6zni¢ kilka gatunkow (P1, Tabela 5). Wyniki
sugeruja, ze rodziny fladrowatych (Pleuronectidae) 1 tososiowatych (Salmonidae) sa
najczeséciej zanieczyszczone L. monocytogenes, ogolne wystepowanie wynosi
odpowiednio 21,4% 1 28,5%. Brak obecnosci tego patogenu wykazano w rybach
z rodziny wegorzowatych (Anguillidae), natomiast w niewielkim odsetku (<1%)
wystepowat on wsrdd ryb z rodzin makrelowatych (Scombridae,0,7%) 1 sardelowatych

(Engraulidae, 0,9%). Analiza czesto§ci wystepowania L.  monocytogenes
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w poszczegbdlnych gatunkach wykazata, ze prawie 50,0% cefli pospolitych (Mugil
cephalus) bylo zrodtem L. monocytogenes. Ryby nalezace do gatunkéw pstraga
teczowego (Oncorhynchus mykiss) 1 tososia atlantyckiego (Salmo salar) byty rowniez
czgstym zrodtem patogenu, L. monocytogenes wyizolowano odpowiednio z 36,9%
130,3% prob. Istnieje znacznie mniej badan dotyczacych wystepowania innych gatunkéw
Listeria w rybach i innych produktach spozywczych, ale udato si¢ wyrdzni¢ 4 rodziny
(P1, Tabela 4) i1 4 gatunki (P1, Tabela 6). Na podstawie uzyskanych wynikéw mozna
stwierdzi¢, ze bakterie z rodzaju Listeria wyst¢puja w co pigtej surowej rybie z rodziny
karpiowatych (Cyprinidae, 20,6%), stosunkowo czgsto izolowane sg takze z ryb z rodziny
lososiowatych (Salmonidae, 14,4%). Najrzadziej natomiast Listeria sp. byly izolowane z
ryb z rodziny dorszowatych (Gadidae, 3,1%) (P1, Tabela 4). Gatunkiem, z ktérego
najczesciej izolowano bakterie z rodzaju Listeria, byt karp (Cyprinus carpio, 21,5%),
najrzadszym zrédlem tych bakterii byl witlinek (Merlangius merlangus), dla ktérego

ogolna czestos¢ wystepowania wynosita 3,1% (P1, Tabela 6).

4.3. Analiza meta-regresji

Jako zmienng kategorialng dla meta-regresji wybrano rok publikacji. Wyniki meta-
regresji pokazuja spadkowa tendencj¢ wystepowania L. monocytogenes w surowych
rybach na przestrzeni 10 lat (2013-2023), jednakze ta tendencja jest bardzo niewielka
(wspotczynnik - 0,005862. Wartos¢ p: <0,000001. 95% CI: - 0,007614: - 0,004111) (P1,
Ryc. 2). Podobne obserwacje odnotowano dla Listeria sp. izolowanych z surowych ryb,
z niewielkg spadkowa tendencja, przy niskim wspotczynniku - 0,009656 (95% CI: -
0,018372: -0,00094). Te zmiany sg istotne statystycznie (Warto$¢ p: 0,029905) (P1, Ryc.
4).

Bardziej zauwazalng tendencj¢ spadkowa zaobserwowano dla czgstoSci izolacji
L. monocytogenes z produktow gotowych do spozycia z ryb na przestrzeni lat,
z wspotczynnikiem réwnym - 0,01277. Wartos¢ p: -0,012942, 95% CI: - 0,019301: -
0,006238) (P1, Ryc. 4). Pomimo niewielkiej liczby prac dotyczacych obecnosci Listeria
sp. w gotowych do spozycia produktach zaobserwowano spadek z wspoiczynnikiem
rownym -0,033807 (CI: - 0,048421: - 0,019192) a wartos¢ p wynosita 0,000006
(P1, Ryc. 5).
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4.4. Wystepowanie L. monocytogenes w rybach i produktach z ryb

w subgrupach

Ze wzgledu na niewielka liczbe publikacji, w ktorych badano wystgpowanie Listeria sp.,
analiza wystgpowania w podgrupach, regionach i statusie ekonomicznym regionu zostata
ograniczona do L. monocytogenes izolowanych z surowych ryb 1 gotowych do spozycia
produktéw rybnych. Na podstawie dostgpnych danych Ameryka Pdéinocna
charakteryzowala si¢ najwyzsza czgsto$cig wystepowania (22,2%, 95% CI: 13,9-30,4)
w surowych rybach, podobnie jak Azja, (16,5%, 95% CI: 12,6-20,4). W Europie
wystepowanie L. monocytogenes w surowych rybach bylo najnizsze (2,2%, 95% CI: 1,7—
2,8) (P1, Ryc. 6). Natomiast wystgpowanie tego patogenu w gotowych do spozycia
produktach rybnych w Europie byto znacznie wyzsze i wynosito 19,2% (95% CI: 13,0—
25.,4), podczas gdy w krajach azjatyckich jest znacznie nizsza niz w surowych produktach
1 wynosita 8,5% (95% CI: 4,2—12,7). Niestety, nie udalo si¢ zgromadzi¢ tych danych dla
Ameryki Pétnocnej (P1, Ryc. 7).

W analizie wystgpowania L. monocytogenes w poszczegolnych krajach zaobserwowano,
ze Wielka Brytania wyrdznia si¢ sposrdd innych krajow, gdzie ogolna czgstos$¢
wystepowania wyniosta az 76,9% (95% CI: 61,8-91,9). Réznica migdzy innymi krajami
jest istotna; w Polsce wynosita 30,3% (95% CI: 14,8-45,8), w USA 23,28% (95% CI:
14,0-32,6), a w Portugalii 22,9% (95% CI: 0,00-71,7). Najnizsza czestoScia
wystepowania tego patogenu w surowych rybach stwierdzono w Iranie, Chinach
1 Australii, gdzie ogdlna czestos¢ wystepowania wynosita odpowiednio 2,6% (95% CI:
1,0-4,2), 2,19% (95% CI: 1,7-2,7) 1 0,0% (95% CI: 0,0-1,5) (P1, Ryc. 8). Nie byto
mozliwe odrdznienie wielu krajow w analizie gotowych do spozycia produktdéw, jednakze
na podstawie uzyskanych wynikéw stwierdzono, Ze najwyzszy odsetek probek
pozytywnych znaleziono w Polsce (27,7%, 95% CI: 2,4-52,9) 1 Belgii (26,0%, 95% CI:
7,7-44,4) (P1, Ryc. 9).

Na podstawie analizy wystepowania L. monocytogenes w gotowych do spozycia
produktach rybnych w krajach o wysokim dochodzie i1 krajach o niskim lub $rednim
dochodzie, odnotowano podobng czestos¢ wystepowania wynoszacg odpowiednio 13,8%
(95% CI: 9,7-17,9) 1 12,2% (95% CI: 6,0—18,5). Analiza statystyczna wykazata, ze
réznice wewnatrz grup oraz mi¢dzy grupami sg istotne, a warto$¢ p wynosi <0,000001.
Jednakze obserwowano ogromne rozbiezno$ci w wystepowaniu L. monocytogenes

w surowych rybach, gdzie w krajach o niskim lub $rednim dochodzie wynosito tylko
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3,0% (95% CI: 2,3-3,7), podczas gdy w krajach o wysokim dochodzie wynosito az 15,0%
(95% CI: 11,9-18,1). Analiza statystyczna wykazata, ze r6znice wewnatrz grup sg istotne,
a warto$¢ p wynosi <0,000001, jednakze réznice migdzy grupami nie sg istotne, a wartos¢

p wynosi 0,3329 (P1, Tabela 7).

4.5. Analiza MLST

Na podstawie analizy MLST siedemnastu szczepdw zidentyfikowano jedenascie roznych
typéw sekwencji MLST (ST): ST6 (11,76%, n = 2 izolaty), ST8 (23,53%, n = 4), ST9
(5,88%, n=1), ST31 (5,88%, n=1), ST37 (5,88%, n = 1), ST59 (5,88%, n = 1), ST77
(5,88%, n = 1), ST87 (5,88%, n = 1), ST101 (5,88%, n = 1), ST121 (17,65%, n = 3)
1 ST193 (5,88%, n = 1). Uzyskane wyniki pozwolity stwierdzi¢, ze dominujaca liczba
szczepow nalezy do Linii II (72,2%), a pozostate szczepy do Linii I (27,8%) (P3).

4.6. Analiza cgMLST

Uzyskane wyniki wskazuja, ze badane izolaty nalezaly do 14 réznych typow cgMLST
(CT), z czego najwigcej (17,65%) nalezalo do typu CT-1151, a wszystkie te szczepy
zostaty wyizolowane z wedzonego tososia. Dodatkowo, dwa szczepy (11,76%) nalezaty
do typu CT909 1 rowniez zostaly wyizolowane z wedzonego tososia. Zaobserwowano
wystepowanie jednego szczepu o typie CT11711, CT11716, CT11717, CT11718,
CT1824, CT2283, CT443, CT5641, CT58, CT7220, CT7227 1 CT893 (P3, Rycina 2).

4.7. Ocena wirulomu

Analizowano obecno$¢ wysp patogennosci L. monocytogenes oraz 63 innych genow.
Wszystkie badane szczepy posiadaly geny z LIPI-1. Dwanascie szczepow (70,59%)
posiadato tylko jeden gen z wyspy LIPI-2. W trzech szczepach (17,65%), zaobserwowano
obecno$¢ LIPI-3, zawierajacej osiem gendw: llsA, lIsG, llsH, llsX, lIsB, llsY, llsD i llsP.
Natomiast jeden szczep z serogrupy IIb ST87 (5,88%), wyizolowany z wedzonego
lososia, zawierat LIPI-4. Analiza genomow wykazala, Zze badane szczepy mozna
podzieli¢ na 14 unikalnych typow pod wzgledem profilu wirulencji, przy czym tylko
szczepy Lm 1, Lm 2, Lm 13 i Lm_16 nalezaty do jednego typu. Wszystkie badane
izolaty posiadaty cztery geny (inld, inlE, inlH i inlC2) z rodziny gendéw internalin,
podczas gdy geny inlB, inlC, inlJ, inlK 1 inlD byly obecne wsrod 94,12% izolatow (P3,
Rycina 3).
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4.8. Analiza rezystomu

Najczesciej] wystepujacymi czynnikami opornosci przeciwdrobnoustrojowej byty te
kodujace oporno$¢ na tetracykliny, w tym geny Imo0839, tetA_3 i tetC, ktére byly obecne
u wszystkich szczepdéw. Geny tetd 2 1 tetA 1 wystgpowaty odpowiednio w 94,1%
1 72,2% 1zolatdéw. Oprocz gendow opornosci na tetracykliny, we wszystkich probkach
stwierdzono geny opornosci na linkomycyne (/mo0919), trimetoprim (sul) oraz
daunorubicyne (/mo0979). Obecnos¢ transpozonu Tn6188 zaobserwowano u czterech
szczepdw, zawierajagcych geny kodujace oporno$¢ na chlorek benzalkoniowy
Tn6188 gac, tetracykliny Tn6188 tetR i makrolidy Tn6188 ermC. Jednak tylko jeden
gen (Tn6188 ermC) zostal znaleziony u wszystkich czterech szczepdéw. Co ciekawe,
tylko jeden szczep wyizolowany z wedzonego lososia posiadat gen aacA4, kodujacy
oporno$¢ na aminoglikozydy. Ponadto w kazdej z prob zauwazono geny kodujace
oporno$¢ na toksyczne jony (Imol961), w tym gen kodujacy opornosci na kamforg, biatko
CrcB (Imo2082) oraz aluminium (/mol297). Geny kodujace oporno$¢ na kadm
stwierdzono u 47,05% szczepdw (cadC) 141,18% szczepow (cadA) (P3, Rycina 4).

4.9 Analiza potencjalu chorobotworczego szczepow L. monocytogenes

Przeanalizowane zostaly wyniki eksperymentalnej infekcji wezesnych larw Danio rerio
przez szczepy L. monocytogenes, L. innocua i L. welshimeri. Najnizsze przezycie larw po
72 godzinach mozna zaobserwowa¢ w przypadku infekcji szczepami L. monocytogenes
(46,5%). Srednie przezycie larw zainfekowanych L. innocua bylto wyzsze i wyniosto
64,2%; najwyzszy wskaznik przezycia zaobserwowano u larw zainfekowanych
L. welshimeri, ktory wyniost 83,0%. Réznice migdzy gatunkami sg istotne statystycznie

(wartos¢ p <0,0001) (P2, Rycina 1).

Wskaznik przezycia larw zainfekowanych L. monocytogenes roznit si¢ istotnie
statystycznie (wartos¢ p < 0,0001) miedzy szczepami. Po 72 godzinach eksperymentu
zaobserwowano, ze wskaznik przezycia wahat si¢ od 0,0% do 95,5%. W przypadku
jednego szczepu zadna z zainfekowanych larw nie przezyla 48h eksperymentu (P2,

Rycina 2).

4.10 Przezywalnos¢ szczepow L. monocytogenes podczas obrobki

gastronomicznej
W eksperymencie zaobserwowano, ze tradycyjne wykorzystanie papryki habanero

1 kolendry nie miato wplywu na redukcje L. monocytogenes (P4, Rycina 2). Uzycie cebuli
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zredukowato minimalng ilo§¢ zywych komodrek L. monocytogenes, po 30 minutach
odnotowano spadek na poziomie 0,07%, a wiec na granicy bledu. Sposrod czterech
sktadnikow uzytych do przygotowania ceviche, sok z limonki okazat si¢ najbardziej
skuteczny, natomiast wcigz przezylo >99% komorek. Badania redukcji
mikroorganizméw podczas przygotowywania ceviche wykazaly, ze kompleksowe
dzialanie wielu sktadnikow jest skuteczniejsze niz dziatanie pojedynczych sktadnikow

(P4, Ryciny 2 1 3), natomiast redukcja osiggneta zaledwie 1,5%.

Wigksza redukcje zaobserwowano podczas obrobki sous vide. Wyniki roznity si¢ miedzy
szczepami, najbardziej wrazliwy na dziatanie wysokiej temperatury szczep osiagnat po
60 minutach w temperaturze 60°C, poziom 69,66% zywych komorek. Natomiast,
najbardziej oporny szczep osiagnat 90,66%. Obie nizsze temperatury, tj. 42 1 52°C, nie
wplynely na szczepy L. monocytogenes, redukcja zywych komoérek byla marginalna,
wynoszac 0,5-1,9% dla 42°C 1 1,2-3,5% dla 52°C. Gotowanie metoda sous vide
w temperaturze 57°C zredukowato liczbe zywych komorek do 94,9%. (P5, Rycina 1).

4.11 Zmiany potencjalu chorobotworczosci paleczek L. monocytogenes

po dzialaniu stresu podczas obrobki gastronomiczne;j

W przeprowadzonym eksperymencie na modelu zywym, wykorzystujac larwy
G. mellonella, zaobserwowano, ze wyniki uzyskane z proby kontrolnej i z procesu
przygotowywania ceviche réznity si¢ istotnie statystycznie (p <0,05) (P4, Rycina 4).
Tylko jeden szczep okazat si¢ bardziej wirulentny po procesie przygotowywania ceviche
niz przed nim. W przypadku pozostatych szczepéw zaobserwowano znaczacy spadek
umieralno$ci larw. Najbardziej drastyczne zmiany wystapity w przypadku szczepu, gdzie
zarejestrowano $mier¢ kazdej zainfekowanej larwy po 48 godzinach, podczas gdy po 168

godzinach od przygotowania ceviche zylo jeszcze 60% larw (P4).

Natomiast w przypadku dziatania stresu podczas przygotowania sous vide stwierdzono,
ze dla szczepéw hodowanych w optymalnych warunkach, $rednie przezycie larw
wynosito zaledwie 11,46%. Dla najmniej wirulentnego szczepu, wskaznik przezycia
wyniost okoto 33,33%. Badanie wykazato, Ze stres termiczny obniza potencjal wirulencji
szczepow, a Sredni wskaznik przezycia wzrdst do 58,81%. Dla szczepu Lm 1, nie
poddanego warunkom stresowym stwierdzono, ze wszystkie larwy byly martwe po 72
godzinach, podczas gdy po dziataniu stresem, okazato si¢, ze nawet w ostatnim (7 dniu)

zylo jeszcze 50% larw (PS5, Rycina 3).
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4.12 Zmiany profilu anybiotykoopornosci paleczek L. monocytogenes po

dzialaniu stresu podczas obrobki gastronomicznej

W  wyniku przeprowadzonych badan wykazano, ze sposrod 18 testowanych
antybiotykow, w przypadku 11 nie zaobserwowano zmian wartosci MIC dla pateczek L.
monocytogenes spowodowanych stresem zwigzanym z przygotowywaniem ceviche (P4,
Rycina 6) w przypadku obrobki sous vide byly to 2 antybiotyki: linkomycyna
1 trimetoprim/sulfametoksazolem (PS5, Rycina 4). Zmiany u najwi¢kszej liczby szczepow
zaobserwowano w przypadku nitrofurantoiny, dla ktérej przygotowanie ceviche
spowodowato zmniejszenie warto$ci MIC dla wiekszosci szczepow. W przypadku stresu
termicznego najwigksze zmiany odnotowano dla tetracykliny. Stwierdzono wzrost
opornosci u 3 szczepdéw (Lm_1, Lm 2 oraz Lm_3), gdzie dla jednego z tych szczepow
wzrést on pigciokrotnie (P5, Rycina 4). Dla lewofloksacyny warto$¢ MIC wzrosta dla az
szesciu szczepow, podczas gdy dla czterech zmniejszyla si¢. Najwickszy spadek
stwierdzono w przypadku nitrofurantoiny i chloramfenikolu, ktére dla niektorych
szczepdw byt trzykrotnie nizszy niz w warunkach optymalnych. W przeciwienstwie do
tego, najwiekszy wzrost wartosci MIC zaobserwowano dla daptomycyny (pigciokrotny

wzrost) (P4, Rycina 6).

4.13 Zmiany ekspresji genow wirulencji i antybiotykoopornosci
paleczek L. monocytogenes po dzialaniu stresu podczas obrobki

gastronomicznej

W przeprowadzonym badaniu przetestowano ekspresje¢ 9 wybranych genow (csplLA,
gadB, opuCA, rpoE, flaA, inlA, mprE lin oraz fosX) dla dwoch serotypow
L. monocytogenes 1/2a 1 1/2¢ (bazujac na reakcji PCR). Wyniki badan wykazaly, ze dla
ekspresji genow z kazdej z grupy gendw (wirulencji, genéw opornosci i genow
odpowiedzi na stres) uzyskano wyzsze wyniki dla serotypu 1/2a. Poroéwnujac geny
bezposrednio lub posrednio zwigzane z wirulencja, zauwazono, ze znaczacg nadekspresje
zaobserwowano w przypadku genu in/A4, natomiast stres zwigzany z przygotowywaniem
ceviche nie wptynat znaczaco na wzgledna ekspresje genu fla4 odpowiedzialnego za ruch
(P4, Rycina 5). Badajac odpowiedzZ na stres termiczny zwigzany z przygotowaniem sous
vide poréwnano geny z LIPI-1 i stwierdzono, ze u zZadnego z tych gendéw nie
zaobserwowano istotnej nadekspresji. Geny prfA, acta, plc i mpl z z LIPI-1, po stresie

termicznym, mialy podobne poziomy ekspres;ji jak w warunkach optymalnych, przy czym
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gen mpl, prekursor metaloproteinazy cynku, wykazywal najwyzsza ekspresje (1,27).
Jednakze w przypadku dwoch gendw, plcA (biatko regulujace pozytywnie listeriolizyng)
1 osfX, zauwazono istotne zahamowanie ekspresji, ktorych wartosci wynosity

odpowiednio 0,03 1 0,01 (PS, Rycina 2).

Dla gendéw opornosci na antybiotyki, wykazano nadekspresj¢ gendw w przypadku fosX
1 mpr podczas stresu zwigzanego z przygotowywaniem ceviche. Z kolei obnizong
ekspresje zaobserwowano dla genu /in odpowiedzialnego za oporno$¢ na linkomycyne.
Dla serotypu 1/2¢ nie odnotowano obnizenia lub podwyzszenia ekspresji dla zadnego
z badanych genéw (P4, Rycina 5). W przypadku gendéw opornosci na antybiotyki,
wykazano, ze stres zwigzany z przygotowaniem sous vide spowodowat nadekspresj¢
niektdrych genéw kodujacych oporno$¢ na tetracykliny. Dla genu tet42 wyniki wzgledne;j
ekspresji wynosity 3,44, podczas gdy dla genu tetC warto$¢ wynosita az 3,56. Dla genu
tetA3 réwniez zaobserwowano wzrost wzglednej ekspresji, ale nie zostal on uznany za
istotny (1,95). Pozostale geny opornosci wykazywaty ekspresje podobna do tej
w warunkach optymalnych (PS5, Rycina 2).

5. Whnioski i podsumowanie badan

Na podstawie przeprowadzonych badan sformutowano nastepujace wnioski:

1) Ryby i owoce morza oraz srodowisko przetwodrcze sa istotnym zrédlem bakterii
z rodzaju Listeria w tym L. monocytogenes (H1)

2) Wystepowanie L. monocytogenes 1 Listeria sp. obserwowano czescie] w
gotowych do spozycia produktach rybnych niz w surowych rybach lub
potproduktach (H1).

3) Pateczki roznych gatunkéw rodzaju Listeria gtownie izolowano z ryb z rodziny
karpiowatych (Cyrprinidae)

4) Pateczki L. monocytogenes najczescie] izolowano z ryb z rodziny fladrowatych
(Pleuronectidae) i tososiowatych (Salmonidae) (H1).

5) Analiza danych wskazuje na niewielki, ale istotny statystycznie spadek czestosci
wystepowania L. monocytogenes 1 Listeria sp. w surowych rybach oraz
produktach gotowych do spozycia z ryb na przestrzeni lat 2003-2023 (H1).

6) Szczepy L. monocytogenes izolowane z ryb i owocOw morza charakteryzuje duza

fenotypowa heterogenicznos$¢ pod wzgledem potencjatu chorobotworczego (H2).
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7) Istnieje duza heterogeniczno$¢ genetyczna szczepow izolowanych z ryb,
produktéw gotowych do spozycia z ryb oraz ze srodowiska przetworstwa ryb, ale
najczesciej wystepujacym typem klonalnym jest CT-115, a analiza poréwnawcza
wirulomu pozwala stwierdzi¢, ze szczepy izolowane z surowcow 1 produktow
z ryb s3 zblizone genetycznie do szczepéw izolowanych od pacjentow
chorujacych na listerioze (H2).

8) Mimo obecnosci wielu gendw opornosci w genomie pateczek L. monocytogenes
izolowanych z ryb, produktow gotowych do spozycia z ryb oraz ze srodowiska
przetworstwa ryb pateczki te najczesciej wykazuja wrazliwo$¢ na najistotniejsze
klinicznie antybiotyki stosowane w przypadku listeriozy (H2).

9) Szczepy L. monocytogenes posiadaja liczne plazmidy 1 transpozony, kodujace
opornos¢ migdzy innymi na tetracykliny (zetC), co stwarza ryzyko przekazywania
ich innym organizmom, w tym patogennym (H2).

10) Analizy cytometryczne wskazuja na mozliwos¢ przezycia komorek
L. monocytogenes podczas obrdobki ryb metoda sous vide oraz po przygotowaniu
ceviche (H3).

11) Zainfekowanie organizmoéw modelowych szczepami L. monocytogenes
uprzednio poddanymi stresowi, wywotanemu obrobka ryb metoda sous vide oraz
przygotowaniem ceviche, obniza ich $miertelno$¢, ale dla pojedynczych
szczepOw mozna zaobserwowac jej wzrost (H3, H4).

12) Za wzrost $miertelnosci organizmoéw modelowych, zainfekowanych pateczkami
L. monocytogenes poddanych stresowi termicznemu odpowiadajg geny wirulencji
inne niz te znajdujace si¢ na LIPI-1 (H4).

13) Stres zwigzany z przygotowywaniem ceviche powoduje nadekspresj¢ genu inl4-
kluczowego do wywotywania listeriozy u ludzi (H3).

14) Stres srodowiskowy zwigzany z przygotowaniem ceviche z ryb moze zmniejszy¢
warto$¢ MIC u L. monocytogenes dla nitrofurantoiny, natomiast zwickszy¢ dla
doptamycyny poprzez zwigkszenie ekspresji genu mpr (H3).

15) Obrobka ryb metoda sous vide moze wptywac na zmiang opornosci na antybiotyki
u pateczek L. monocytogenes. Stres termiczny wplywa na zwigkszenie wartosci
MIC dla tetracykliny, przez nadekspresje¢ genow tetA2 oraz tetC 1 moze
zmniejszy¢ MIC dla ciprofloksacyny (H4).
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Badania przeprowadzone w ramach niniejszej rozprawy doktorskiej potwierdzity
postawione hipotezy. Wyniki badan zaprezentowane w powigzanym tematycznie cyklu
publikacji pt. ,,Warunki stresowe podczas otrzymywania produktéw gotowych do
spozycia z ryb i krewetek a mozliwos¢ przezycia oraz odpowiedz komorkowa bakterii z
rodzaju Listeria sp.” maja charakter przede wszystkim poznawczy, a takze wnosza nowe
informacje dotyczace odpowiedzi komodrkowej L. monocytogenes podczas minimalnej
obrobki ryb, co sugeruje konieczno$¢ zwigkszenia kontroli jakosci i1 procedur
higienicznych w produkcji gotowych do spozycia produktow rybnych. Ponadto, badania
prowadzone w niniejszej pracy wykazaty, ze zarowno technika sous vide jak i ceviche
przy wysokiej liczbie L. monocytogenes w surowcu moga by¢ niewystarczajace do
zapewnienia bezpieczenstwa mikrobiologicznego zatem do obrobki gastronomicznej
tymi technikami nalezy stosowac¢ tylko sprawdzone, najwyzszej jakos$ci surowce. Nalezy
jednak zaznaczy¢, iz mimo potwierdzenia gldéwnych hipotez badawczych konieczne jest
prowadzenie dalszych badan naukowych, gdyz prowadzone badania mialy swoje
ograniczenia. Wydaje si¢ zatem zasadne rozszerzenie prowadzonych badan naukowych
w szczegOlnosci o analize sekwencjonowania RNA, ktére pozwala na dokladne
okreslenie poziomu ekspresji, nie tylko wybranych, ale wszystkich gendéw, a dodatkowo
prowadzi¢ badania na komorkach ludzkich, ktore stanowityby doskonate uzupethienie do

modeli zywych.
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Tabela S1 Lista szczepow wykorzystanych w publikacjach wchodzacych w skiad
rozprawy doktorskiej

Zrodto izolacji

Lp Listeria sp. Gatunek Rodzaj Publikacja
1 L. welshimeri Salmo salar surowe P2

2 L. welshimeri Salmo salar surowe P2

3 L. innocua Oncorhynchus mykiss — surowe P2

4 L. innocua Oncorhynchus mykiss — surowe P2

5 L. innocua Salmo salar surowe P2

6 L. innocua Salmo salar surowe P2

7 L. innocua Salmo salar surowe P2

8 L. innocua Salmo salar surowe P2

9 L. monocytogenes Salmo salar surowe P2, P3

10 L. monocytogenes Salmo salar surowe P2, P3, P4, P5
11 L. monocytogenes Oncorhynchus mykiss — surowe P2

12 L. monocytogenes Salmo salar surowe P2

13 L. monocytogenes Salmo salar surowe P2

14 L. monocytogenes Penaeus monodon surowe P2

15 L. monocytogenes Salmo salar surowe P2, P3

16 L. monocytogenes Salmo salar wedzone na zimno P3, P5

17 L. monocytogenes Salmo salar wedzone na zimno P3, P5

18 L. monocytogenes Salmo salar wedzone nazimno P3, P4, P5
19 L. monocytogenes - zaktad przetworczy P3, P4, P5
20 L. monocytogenes Salmo salar wedzone na zimno  P3

21 L. monocytogenes - zaktad przetworczy P3

22 L. monocytogenes Salmo salar surowe P3

23 L. monocytogenes Salmo salar wedzone na zimno  P3

24 L. monocytogenes - zaktad przetworczy P3

25 L. monocytogenes Salmo salar surowe P3

26 L. monocytogenes - zaktad przetworczy P3

27 L. monocytogenes - zaktad przetworczy P3

28 L. monocytogenes Salmo salar wedzone na zimno P3

29 L. monocytogenes Salmo salar wedzone na zimno  P3
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Tabela S2 Lista primerow uzyta w do§wiadczeniach

Rodzaj gendéw primer sekwencja 5'-3' Zrodto
gen 16S rRNA- F CCTACGGGAGGCAGCAG (B(_)\_/vman
. 16S rRNA- iin.,
referencyiny g GTATTACCGCGGCTGCTG 2008)
rt-actA-F ACAACGGTGAGCAAACAGGA
rt-actA-R CGCTCCACTTGTAGAGTTGGT
rt-hly-F TGCCAGGTAACGCGAGAAAT
rt-hly-R TGGTGCCCCAGATGGAGATA
rt-mpl-F ATCAAGGTCCACGTCACACC
rt-mpl-R TCCTAAGCTGTCCTTGCTGC
rt-osfX-F TGTAATCGCGCTATGTTCCGT p5
rt-osfX-R ACTCAATCTCCTTTGCATCGC
Geny rt-plcA-F CCCATTAGGCGGGAAAGCAT
wirluencji  rt-plcA-R TCAGGTAGAGCGGACATCCA
rt-plcB-F AAAAGGGCGAAAGCGGACTA
rt-plcB-R ACCTGCCAAAGTTTGCTGTG
rt-prfA-F TTAGCGAGAACGGGACCATC
rt-prfA-R TAACGTATGCGGTAGCCTGC
inlA-R GGTCTCACAAACAGATCTAGACCAAGT (Suei in.,
inlA-F TCAAGTATTCCACTCCATCGATAGATT 2004)
flaA-F CGTGAACAATCAATCCATCG (Mauder i
flaA-R ACATTTGCGGTGTTTGGTTT in., 2008)
rt-dfrA-F AAGCTGTTTTAGCCCTTGCTG
rt-dfrA-R GGAAACGCAGTATCAGCCTCA
rt-fosX-F GTGGATGAATATATTGAGCGGATT
rt-fosX-R CTTCGACTCTGGGACGTTCT
rt-sul-F ATGGTGGAAGATGGAGCAGC
rt-sul-R TCGGGTAATTTCGTCCTGACA
rt-tetA_1-F GGGCGCTTTGGGTACTCTTT p5
rt-tetA_1-R  TCCGCTCCTCTTGAGGTGTA
rt-tetA_2-F AAGCTGCCAAGGTCGTTTAT
geny rt-tetA 2-R ACTAAAGTTCGCAATTTGGATGAGT
opornosci  rt-tetA 3-F  CGACTGCCAATGCGCTAATC
rt-tetA_3-R  CCAATTAGCACGCCCGAAAC
rt-tetC-F AAAAGAAGCGGACTCGAGCA
rt-tetC-R AGTGCCGGTTGGGTAATGTT
mprF-F GGAAGCAGCGATTGAAGAGG
mprF-R GGACGTCGACAAAACCTTCC
lin-F AGCGTTCAAACCAAGCAAGT P4
lin-R GGAGCATACTGAGCAGCAAC
FosX-F AGCGTTCAAACCAAGCAAGT
FosX-R TCATTTCCACACCGAGAGCT
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A.J. Zakrzewski et al.
1. Introduction

Listeria monocytogenes, along with 26 different species, belongs to the
genus Listeria. A 27th species, Listeria ilorinensis sp. nov., has recently
been characterized (Raufu et al., 2022). However, only two species;
L. monocytogenes and L. ivanovii are reported to be pathogenic to humans
and other animals (Leclercq et al., 2019). Nevertheless, there have been
isolated reports of L. seeligeri and L. ivanovii causing infection in humans
(Cummins et al., 1994; Rocourt et al., 1986). Only among isolates
belonging to Listeria sensu stricto (L. monocytogenes, L. ivanovii, L. marthii
21, L. innocua, L. welshimeri, and L. seeligeri) cases of human listeriosis
has been reported, however, the virulence potential is determined
mainly based on the presence of LIPI-1, and other Listeria species may
have single virulence genes (Hudson et al., 2022). Human listeriosis
generally has a low prevalence, with 0.1 to 10 cases per 1 million people
per year, but the case-fatality rate is usually as high as 20-30 %,
achieving high rates also in high-income countries. In Germany, the
case-fatality rate in 2012-2019 was as much as 13 % (WHO, 2018;
Wilking et al., 2021). Listeriosis can result in in two forms: non-invasive
gastroenteritis with a fever and invasive with more severe symptoms like
meningitis and sepsis. In addition, maternal-neonatal forms are also
known, which are characterized by severe birth defects or miscarriage.
For parenteral symptoms are exposed primarily to people at high risk,
including pregnant women, newborns, elderly and people with immu-
nodeficiency (Osek and Wieczorek, 2022).

Listeria species is widespread in the environment and can be found in
animals, soil, water, manure and food processing plants. Its prevalence
in the varied environment results from its resistance to environmental
stress, the ability to reproduce at low temperatures and the ability to
form biofilms on various surfaces (D. Liu et al., 2005), in which strains of
non-pathogenic Listeria species may exist together with pathogenic
strains and pose a serious threat to human health (Buchanan et al.,
2017).

Fish are an important nutritious source for people worldwide,
although their consumption may be hazardous to health. The most
considerable risk to human health is the occurrence of human pathogens
(Hellberg et al., 2012). In 2021, listeriosis was the fifth most frequently
reported zoonosis in the EU, with 2183 cases — a 14 % increase in the EU
notification rate from 2020. While, 15.5 % zoonosis outbreaks were
linked to fish and fish products (“The European Union One Health 2021
Zoonoses Report,” 2022). In 2021, 196 deaths due to listeriosis were
reported in European Union and around 260 in The United States (People
at Risk | Listeria | CDC, n.d.; “The European Union One Health 2021
Zoonoses Report,” 2022). The highest number of cases per capita was
reported in Denmark, Northern Ireland and Sweden (“The European
Union One Health 2021 Zoonoses Report,” 2022). The Listeria occur-
rence in the fish processing industry and other industries is mainly
related to the unique persistence that characterizes this genus. The
feasibility of this outcome can be attributed to a variety of distinctive
characteristics; high species heterogeneity- L. monocytogenes is classified
into fourteen serotypes, which are further grouped into four genetically
diverse lineages consisting of specific serotypes and multiple MLST types
(Multi-Locus Sequence Typing), which are divided into separate clonal
complexes (Muchaamba et al., 2022). In the fishing industry two
dominant complexes are CC8 and CC121 (Zakrzewski et al., 2023).
Another features are protection by a matrix of extracellular polymeric
substances (EPS), and a frequent resistance of Listeria to cleaning and
disinfecting agents. In addition, it is seen that the fish meat itself sup-
ports the growth of L. monocytogenes, having 100- to 1000-fold greater
risks of causing listeriosis than other food matrices (Buchanan et al.,
2017). Therefore, this study aimed to investigate the prevalence of
L. monocytogenes and other Listeria species in raw and processed fish and
fish processing environment by using a systematic review and meta-
analysis based method.
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2. Materials and methods
2.1. Search strategy

A systematic review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines to ensure effective preparation. We conducted comprehen-
sive research utilizing PubMed, Scopus, and Web of Science. In this

LIS 2

survey, the keywords “Listeria”, “L. monocytogenes”, “fish”, “fish pro-
cessing plant”, “salmon”, “Salmo salar”, “trout”, “Oncorhynchus mykiss”
“occurrence” and “prevalence”, were used as search queries in the da-
tabases, both separately and simultaneously from December 2022 to
February 2023. Two keywords “Salmon” and “Trout” were highlighted
due to the most frequent two fish eaten raw or processed. The search was
restricted to publications within the dates ranging from January 2013 to
December 2023. The study excluded articles lacking information on the
number of Listeria sp. isolates, as well as experimental work of novel
possibilities for Listeria detection and different sources. The titles and
abstracts of the retrieved articles were independently reviewed by the
authors (AJZ, JG), and any difference of opinion was remedied through
dialogue between the second and last author. (WCh—W, AZ).

2.2. Eligibility criteria

For the purpose of the study, the criteria for inclusion entailed testing
for the presence of Listeria species in raw and processed fish, ready-to-eat
fish products, and the environment of fish processing facilities.

2.3. Data extraction

The data was gathered according to the authors' surnames, year of
publication, variety of isolation source, sample size, quantity of
L. monocytogenes and Listeria sp. isolates. Data extraction was conducted
by a reviewer (AJZ), with any discrepancies resolved through consul-
tation with JG, WCh-W, and AZ.

2.4. Statistical analysis

The overall prevalence was estimated by using the PQStat version
1.4.8 statistical software for conducting the meta-analysis (Antkowiak
and Tabakow, 2021; Zwierzchowska et al., 2022). A meta-analysis was
conducted employing the random-effects model to compute the pooled
prevalence and its associated 95 % confidence interval (CI). The het-
erogeneity between estimates was evaluated using the Higgins I? and
Cochran's Q approach, which quantifies the degree of variation not
attributable to sampling error across studies. An I? statistic value of >75
% indicates a high level of heterogeneity. A sensitivity analysis was
conducted in order to determine whether the exclusion of any given
study had a quantifiable impact on the pooled prevalence value without
taking into consideration the individual study. Publication bias was
evaluated using the Eggers test and the visual inspection of the funnel
plot (with p < 0.05 taken as a sign of statistically significant publication
bias). A meta-regression analysis was conducted to determine if tem-
poral variation in the presence of L. monocytogenes existed. The esti-
mated pooled prevalence was significantly impacted upon by the study,
disregarding individual cases. An ANOVA test was employed to ascer-
tain the statistical significance of differences between species and clus-
ters. A meta-regression analysis was employed to determine whether
temporal variations in the prevalence of Listeria clusters could be
detected. The results indicate that the Q value of the model was signif-
icant at a p-value of <0.05.
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3. Results
3.1. Characteristics of studies

The summary of all studies that has been evaluated are shown in
Fig. 1 and listed in Table S1.

A total of 581 papers were obtained during the systematic study, of
which 106 underwent a thorough evaluation. Forty-six papers total were
eventually included in the meta-analysis. Detailed information abound
included papiers are listed in Table 1. Fish in which species and family
are specified, but the number of papiers is <2, are defined in Table 1. as
mixed/other.

A total of 14,496 samples were examined in the studies that made up
the meta-analysis., including 7135 samples and 2395 samples of raw fish
investigated for L. monocytogenes and Listeria sp. occurrence respec-
tively. A large number of samples evaluated were also RTE, a total of
2024 and 654 for L. monocytogenes and Listeria sp. occurrence
respectively.
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3.2. A pooled prevalence of L. monocytogenes and Listeria sp.

By carefully examining the data, it was found that L. monocytogenes
was present at similar levels in raw fish and in samples from the fish
processing environment, 5.8 % and 10.0 %, respectively. Much higher
prevalence was observed in ready-to-eat products (14.5 %) and pro-
duction samples (21.7 %). It was unsurprising that there is a consider-
able higher pooled prevalence of Listeria sp. in raw fish, that reached
12.2 % (Table 2).

Statistical analysis showed that differences within groups for
L. monocytogenes prevalence are significant and the p-value was
<0.000001 for all groups except the treatment group, which was not
statistically significant (p-value was 0.1771). Differences between
groups are statistically significant (p < 0.000001). Similar results were
obtained for Listeria sp., also differences within groups were significant
(p < 0.000001), however, for processed samples, p value is 0.6432. As in
the case of to L. monocytogenes differences between groups were statis-
tically significant (p < 0.000096).

Most of the groups for L. monocytogenes were characterized by high
heterogeneity, and the I? coefficient for them ranged from 77.8 to 93.3
%. Only group of processed samples was characterized by higher

" Identification of studies via databases and registers

Records identified from*:
Databases (n = 581)

Identification

A4

Records screened
(n=543)

Screening

h 4

Reports assessed for eligibility
(n=106)

Studies included in review
(n=46)

Records removed before
screening:.
Duplicate records removed
(n=38)

Records excluded**
(n=437)

Reports excluded:

» Different species (n =11)

« Method evaluation (n=7)

« Organs evaluation (n = 2)

* Reviews (n=10)

» No isolation (n=20)

* Products other than fish (n=6)

« |solation from specific tissues
(n=3)

« Combination of raw fish and RTE
products (n=1)

Fig. 1. Flow diagram showing the study selection process.



Table 1
Main characteristics of included studies.
Author Country Year Economic Continent Isolation method Sample Source Fishes n Listeria
condition type Species Family L.m*  Listeria
sp.
(Aalto-Araneda et al., Finland 2019  High-income Europe 1SO FPE - - - 185 11 -
2019) RTE Product graved/cold smoked Salmo salar Salmonidae 425 18 -
(Abdollahzadeh et al., Iran 2016  Lower to middle- Asia Cold enrichment Raw Fishes Oncorhynchus mykiss Salmonidae 18 1 2
2016) income Caspian tyulka Mixed/other 45 7 4
Shrimp - Seafood 59 1 0
RTE Fish nugget - - 20 3 0
Shrimp nugget - - 59 5 0
RTE final products - - 5 1 0
FPE Floor - - 10 0 0
Equipment - - 10 O 0
Additives - - 6 0 0
Raw material - - 6 2 2
(Akkaya et al., 2011) Turkey 2011  Lower to middle- Asia IMS Raw Fishes Trutta faris Salmonidae 25 2 0
income Cyprinus carpio Cyprinidae 25 0 1
Mugil cephalus Mugilidae 25 2 0
Engraulis encrasicholus mixed/other 25 0 1
FPE Market Hands - - 20 0 1
Boots - - 20 1 0
Transport - - 20 O 2
boxes
Floor - - 100 O 1
Cutting board - - 10 O 1
Fridge - - 100 O 2
Knives - - 100 2 0
(Akpolat et al., 2004) Turkey 2004  Lower to middle- Asia 1SO Raw Fishes - Mixed/other 70 1 -
income
(Al-Gburi, 2020) Iraq 2020  Lower to middle- Asia Conventional Raw Fish Cyprinus carpio Cyprinidae 30 2 0
income
(Ananchaipattana et al., Thailand 2012 Lower to middle- Asia Conventional Raw Fish or seafood - Other/mixed 37 - 1
2012) income
(Basha et al., 2019) India 2019 Lower to middle- Asia Conventional Raw Marine fish - Mixed/other 97 1 4
income Shellfish - Seafood 19 0 4
RTE RTE - 57 0 2
Processed Dried fish - - 11 0 0
FPE Retail ice - - 43 1 3
(Basti et al., 2006) Iran 2006  Lower to middle- Asia Conventional Raw Fishes Hypophthalmichthys Cyprinidae 39 4 -
income molitrix
Alosa essleri Clupeidae 28 0 -
Liza aurata Mugilidae 40 0 -
RTE Smoked fish Hypophthalmichthys Cyprinidae 39 12 -
molitrix
Alosa essleri Clupeidae 28 3 -
Hypophthalmichthys Cyprinidae 20 7 -
molitrix
Salted fish Liza aurata Mugilidae 40 24 -
(Cao et al., 2005) USA 2005 High-income North Conventional + Raw Fishes Catfish Mixed/other 48 25 -
America PCR Gadus morhua Gadidae 67 15 -
Paralichthys sp. Paralichthyidae 34 4 -
Melanogrammus aeglefinus Gadidae 63 7 -
Hake Mixed/other 2 1 -
Halibut Pleuronectidae 6 0 -

(continued on next page)
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Table 1 (continued)

Author Country Year Economic Continent Isolation method Sample Source Fishes n Listeria
condition type Species Family L. m*  Listeria
sp.
Lophius sp. Mixed/other 2 1 -
Pollachius sp. Gadidae 8 1 -
Salmo salar Salmonidae 29 1 -
Shark Mixed/other 2 1 -
Sole Mixed/other 10 1 -
Morone saxatilis Mixed/other 1 1 -
Xiphias gladius Xiphiidae 1 -
Tilapia sp. Cichlidae 33 12 -
Oncorhynchus mykiss Salmonidae 10 3 -
(Chen et al., 2010) USA 2010  High-income North Conventional Raw Fish Cyprinus carpio Cyprinidae 30 12 22
America FPE - - - 195 56 143
(Davies et al., 2001) France 2001  High-income Europe Conventional Raw Fishes Merlangius merlangus Gadidae 26 17 -
Great Pleuronectes platessa Pleuronectidae 5 4 -
Britain Salmo salar Salmonidae 5 4 -
Oncorhyncus mykiss Salmonidae 20 15 -
Portugal Sardina pilchardus Clupeidae 10 O -
Oncorhyncus mykiss Salmonidae 10 5 -
Greece Engraulis encrasicolus Engraulidae 12 1 -
Diplodus annularis Sparidae 1 0 -
Boops boops Sparidae 4 2 -
Loligo vulgaris mixed/other 5 1 -
Gadus capelanus Gadidae 10 O -
Pargus pargus Sparidae 1 0 -
Sepia officinalis Mixed/other 3 0 -
Anguilla anguilla Anguillidae 1 0 -
Pilchardus sardina Clupeidae 4 0 -
Sparus aurata Sparidae 6 1 -
Merlucius merlucius Mixed/other 2 0 -
Trachulus trachurus Carangidae 7 1 -
Zeus faber Mixed/other 1 0 -
Mytilus edulis Mixed/other 5 2 -
Smaris alcedo Sparidae 10 2 -
Spicara smaris Sparidae 4 0 -
Mullus barbatus Mullidae 1 1 -
Penaeus caramote Mixed/other 1 1 -
Atherina hespectus Mixed/other 4 0 -
Mugil cephalus Mugilidae 2 2 -
Mullus surmuletus Mullidae 1 1 -
Salmo truta Salmonidae 10 O -
(Di Ciccio et al., 2012) Italy 2012  High-income Europe 1SO FPE 95 16 -
Raw Fish Salmo salar Salmonidae 21 5 -
(Dominguez et al., 2001) Spain 2001  High-income Europe Conventional RTE Smoked fish Salmo salar Salmonidae 42 12 24
Salmo salar Salmonidae 920 16 39
Oncorhyncus mykiss Salmonidae 38 10 18
(El-Shenawy and El- Egypt 2006  Lower to middle- Africa 1SO Raw Fishes - Mixed/other 40 3 26
Shenawy, 2006) income Shellfish - Seafood 15 1 12
(Ertas and Seker, 2005) Turkey 2005  Lower to middle- Asia Conventional Raw Fish Capoeta umbla Cyprinidae 150 10 -
income
(Garedew et al., 2015) Ethiopia 2015 Lower to middle- Africa Conventional Raw Fishes Mixed/other 50 3 13
income
(Herrera et al., 2006) Spain 2006  High-income Europe Conventional Raw Fishes Sole Mixed/other 13 2 0
Grouper Mixed/other 12 2 1
Conger sp. Mixed/other 1 1 0
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Table 1 (continued)

Author Country Year Economic Continent Isolation method Sample Source Fishes n Listeria
condition type Species Family L. m*  Listeria
sp.
Xiphias gladius Mixed/other 9 0 0
Merlangius merlangus Gadidae 5 0 0
(Jamali et al., 2015) Tunisia 2014 Lower to middle- Africa Conventional RTE Fishes - Mixed/other 50 1
income
(Jallewar et al., 2007) India 2007 Lower to middle- Asia Conventional Raw Fishes Clarias batrachus Mixed/other 200 26 39
income
(Jamali et al., 2015) Malaysia 2015  Lower to middle- Asia 1SO Raw Fish Ctenopharyngodon idella Cyprinidae 135 9 32
income
(Jelena et al., 2011) Serbia 2011  Lower to middle- Europe 1SO Raw Fishes Rutilus kutum Cyprinidae 124 14 27
income Liza auratus Mugilidae 120 7 21
Hypophthalmichthys Cyprinidae 109 7 24
molitrix
- Mixed/other 43 -
FPE Workers' hands - 9% 2 11
Workers' knives - 9% 1
Work surface - 922 2 12
Containers - 90 1 3
Processed Frozen Fishes - 161 9
RTE Panned - 43 27
Smoked - 72 6
Salted - 15 1
Half-cans - 15 0
Cans - 20 0
Heat - 20 4
treated
(Kim et al., 2017) South 2016  High-income Asia Conventional Raw Fishes Dorosoma cepedianum Clupeidae 30 0 -
Korea Halibut Pleuronectidae 30 0 -
Rockfish Mixed/other 30 0 -
Tuna Scombridae 30 0 -
Oyster Seafood 56 0 -
Squid Seafood 30 0 -
(Kramarenko et al., 2016) Estonia 2016  High-income Europe 1SO RTE Cold Fishes 62 4 -
smoked
Hot 2 1 -
smoked
Matured 38 4 -
Salted 52 17 -
(Laciar and de Centorbi, Argentina 2002  Lower to middle- South Conventional Raw Fishes Hake Mixed/other 42 1 -
2002) income America Mackerel Scombridae 26 2 -
Squid Seafood 17 4 -
Mussel Seafood 15 4 -
(Lampila and McMillin, Ireland 2012  High-income Europe 1SO FPE - - - 433 11 -
2012) RTE Fishes Mixed/other 75 2 -
(Li et al., 2019) China 2019 Lower to middle- Asia Conventional Raw Fishes Monopterus albus Mixed/other 20 0 -
income Aristichthys nobilis Cyprinidae 74 2 -
Megalobrama amblycephala  Cyprinidae 150 4 -
Parabramis pekinensis Cyprinidae 27 0 -
Cyprinus carpio Cyprinidae 381 13 -
Silurus asotus Mixed/other 60 2 -
Carassius auratus Cyprinidae 589 12 -
Erythroculter ilishaeformis Cyprinidae 26 0 -
Ctenopharyngodon idellus Cyprinidae 307 11 -
Misgurnus anguillicaudatus Mixed/other 21 1 -
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Table 1 (continued)

Author Country Year Economic Continent Isolation method Sample Source Fishes n Listeria
condition type Species Family L. m*  Listeria
sp.
Siniperca chuatsi Mixed/other 29 1 -
Perca fluviatilis Percidae 68 2 -
Hypophthalmichthys Cyprinidae 119 3 -
molitrix
Channa argus Mixed/other 103 2 -
Oreochromis mossambicus Cichlidae 9% 2 -
Tachysurus fulvidraco Mixed/other 107 4 -
Unspecified species Mixed/other 151 2 -
Eriocheir sinensis Mixed/other 32 2 -
Procambarus clarkii Mixed/other 171 4 -
Macrobrachium nipponense Mixed/other 391 6 -
Seafood Corbicula fluminea Seafood 66 1 -
Freshwater mussel Seafood 79 1 -
Cipangopaludina Seafood 112 4 -
cahayensis
River snails (Bellamya Seafood 46 1 -
quadrata)
Unspecified species Seafood 1 0 -
(Medrala et al., 2003) Poland 2003  High-income Europe ISO Raw Fishes Salmo salar Salmonidae 46 2 -
Salmo trutta Salmonidae 26 4 -
Salmo salar Salmonidae 9 7 -
Salmo trutta Salmonidae 12 7 -
RTE Smoked fish Salmo salar Salmonidae 44 27 -
(Meloni et al., 2009) MIX 2009 - - 1SO RTE Smoked fishes - Mixed/other 50 6
Salads bivalves Seafood 42 2
(Miettinen and Wirtanen, Finland 2006  High-income Europe Conventional Raw Fish Oncorhyncus mykiss Salmonidae 150 45 -
2006)
(Miettinen et al., 2001) Finland 2006 High-income Europe Conventional Fishes — - Mixed/other 58 7 49
FPE Surface - - 23 2 5
Water - - 78 10 18
(Miya et al., 2010) Japan 2010  High-income Asia VIDAS Processed Minced Fishes Tuna Mixed/other 116 14 -
Block Tuna Mixed/other 38 1 -
RTE Roe Salmo salar Salmonidae 123 7 -
Roe cod Mixed/other 164 15 -
Sushi Mixed/other 36 0 -
Sushi Mixed/other 33 1 -
Processed Dried seafood Seafood 16 0 -
(Rojan Modaresi, 2011) Iran 2011  Lower to middle- Asia Conventional Raw Fishes Oncorhynchus mykiss Salmonidae 42 4
income Sander lucioperca Mixed/other 38 3
Cyprinus carpio Cyprinidae 30 4
Hypophthalmiachthys Cyprinidae 48 6
molitrix
Abramis brama Cyprinidae 12 3
Astacus leptodactylus Mixed/other 12 3
Silurus glanis Mixed/other 12 1
(Momtaz and Yadollahi, Iran 2013 Lower to middle- Asia 1SO Raw Fishes Mixed/other 220 17 23
2013) income Shrimp Seafood 40 1 1
Lobster Seafood 20 0 0
Crab Seafood 20 0 0
(Nakamura et al., 2006) Japan 2006 High-income Asia Conventional Raw Fishes Mixed/other 47
FPE Materials during processing 133 11
Processing equipment 124 14
Environment 64 27
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Table 1 (continued)

Author Country Year Economic Continent Isolation method Sample Source Fishes n Listeria
condition type Species Family L. m*  Listeria
sp.
RTE Fishes 59 4
(Salihu et al., 2010) Nigeria 2008  Lower to middle- Africa 1SO RTE Smoked fishes - Mixed/other 115 29 67
income
(Rahimi et al., 2012) Iran 2012 Lower to middle- Asia Conventional Raw Fish Oncorhyncus mykiss Salmonidae 71 7
income Raw Fishes Mixed/other 80 2 6
FPE Hands - - 20 3
FPE Environment - - 113 4 49
Processed Fishes - Mixed/other 60 O 2
Raw Shrimp - Seafood 60 2 7
Processed Shrimp - Seafood 76 1 5
(Rodas-Suarez et al., 2006) Mexico 2006 Lower to middle- North Conventional Raw Fishes Mixed/other 66 10 15
income America
(Selvaganapathi et al., India 2018  Lower to middle- Asia Conventional FPE Fishing harbour - 29 3 -
2018) income Fish landing centers - 17 1 -
Seafood processing plants - 49 2 -
Fish market - 8 0 -
Fish curing yards - 12 0 -
(Skowron et al., 2018) Poland 2018 High-income Europe 1SO FPE Raw material storage - - 119 32 -
Decapitation hall - - 54 24 -
Filleting hall - - 110 45 -
Smokehouse - - 57 5 -
Fridge - - 10 0 -
Slicing hall - - 35 14 -
Packing hall - - 10 2 -
Storage warehouse - - 52 17 -
(Soultos et al., 2007) Greece 2007  High-income Europe 1SO Raw Fishes Scomber scombrus Mixed/other 30 0 1
Boops boops Mixed/other 30 1 2
Trachurus trachurus Mixed/other 30 0 0
Merlangius merlangus Gadidae 30 0 1
euxinus
(Svanevik et al., 2015) Norway 2015  High-income Europe Conventional Raw Fishes Mixed/other 102 8
FPE Surface 74 13
(Terentjeva et al., 2015) Latvia 2015  High-income Europe Conventional Raw Fishes Anguilla anguilla Anguillidae 56 0 -
Perca fluvialitis Percidae 59 6 -
Blicca bjoerkna Cyprinidae 44 8 -
Abramis brama Cyprinidae 17 3 -
Rutilus rutilus Cyprinidae 25 5 -
Carassius carassius Cyprinidae 10 4 -
Tinca tinca Cyprinidae 1 0 -
Cyprinus carpio Cyprinidae 2 0 -
Scardinius erythrophtalmus Cyprinidae 6 0 -
Vimba vimba Cyprinidae 15 4 -
(Uyttendaele et al., 2009) Belgium 2009  High-income Europe VIDAS RTE Smoked fishes Eel Mixed/other 4 2 -
Halibut mixed/other 1 5 -
Herring Clupeidae 2 0 -
Mackerel Scombridae 4 0 -
Salmo salar Salmonidae 15 3 -
sprat Clupeidae 1 1 -
sturgeon Acipenseridae 2 0 -
Oncorhyncus mykiss Salmonidae 6 2 -
(Voidarou et al., 2011) Greece 2011  High-income Europe Conventional RTE Fish roe Mixed/other 48 - 0
(Wieczorek and Osek, Poland 2017 High-income Europe 1SO Raw Raw marine - Mixed/other 102 18
2017) Raw freshwater - Mixed/other 28 10 -
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Table 1 (continued)

Listeria

Fishes

Sample Source

type

Isolation method

Continent

Year Economic

Country

Author

Listeria
sp.

L. m*

Family

Species

condition

28

152

Mixed/other
Mixed/other

Smoked marine

RTE

19

smoked freshwater

Marine fish
Shrimp

Raw

Conventional

Asia

Lower to middle-

income

2012

Iran

(Zarei et al., 2012)

Fish fillet

Frozen

Processed

Pud shrimp
Fishes

Nugget

Shrimp

Shrimp

Breaded

Shrimp

n - number of samples, RTE - ready-to-eat, FPE - fish processing environment, L.m.* -L. monocytogenes, — not applicable/not detected, ISO- ISO 11290-1:2017, conventional- detection method using enrichment step with

media other than mentioned in ISO 11290-1:2017.
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homogeneity and the 12 coefficient was 27.2 %. Similar results were
obtained for Listeria sp., only group of processed samples was homoge-
nous (12 coefficient = 0.0 %), and other groups were characterized by
high heterogeneity (I coefficient ranged from 85.8 to 96.3 %). The
Eagger's test revealed that there was no bias in the research on both
L. monocytogenes and Listeria sp. occurrence, and the p value for which
was 0.000001 and 0.000028 respectively.

The study divided the source of L. monocytogenes isolation from raw
fish into their families (Table 3), and additionally managed to distin-
guish several species (Table 4). Taken together, these results suggest that
Pleuronectidae and Salmonidae are the most likely to be contaminated
with L. monocytogenes, with pooled prevalence of 21.4 % and 28.5 %
respectively. Very low isolation of the pathogen (<1 %) was found in
fish from families Anguillidae (0.0 %), Scombridae (0.7 %) and Engrau-
lidae (0.9 %). Further analysis was done to see which fish species are
frequently linked to L. monocytogenes. The results showed that almost
50.0 % of Mugil cephalus were the source of L. monocytogenes. Fish that
belong to Oncorhynchus mykiss and Salmo salar were also a common
source of the pathogen with prevalence of 36.9 % and 30.3 % respec-
tively. There is far fewer studies examining the occurrence of Listeria
species in fish and other food products, but 4 families (Table 5) and 4
species (Table 6) have been distinguished. Based on the results obtained,
it can be concluded that bacteria of the genus Listeria are found in every
fifth raw fish from the Cyprinidae family, relatively often these bacteria
are isolated from fish of the family Salmonidae. The rarest, however,
Listeria sp. were isolated from the Gadidae family (3.1 %). The most
common species in which bacteria of the genus Listeria occur is Cyprinus
carpio and the pooled prevalence was 21.5 %, the least common source
of these bacteria is Merlangius merlangus, for which the pooled preva-
lence was 3.1 %.

In the analysis of the heterogeneity of the fish families from which
L. monocytogenes was isolated, it was found that the groups were
generally characterized by high heterogeneity, I coefficient was 76.8 %,
while for Listeria sp. the groups were more homogeneous, I coefficient
was 43.4 %. Detailed data on family heterogeneity are presented in
Table S2.

A meta-regression analysis was performed for the study year as a
categorical variable. The results of meta-regression show a downward
trend in L. monocytogenes occurrence in raw fish over the years. How-
ever, this trend is very insignificant (Coefficient — 0.005862. p-value:
<0.000001. 95 % CI: —0.007614: —0.004111) (Fig. 2). Similar obser-
vations were noted for Listeria sp. isolated from raw fish, with a low
downward trend, with low coefficient — 0.009656 (95 % CI: —0.018372:
—0.00094). These changes are statistically significant (p-value:
0.029905) (Fig. 3).

However, analysis of L. monocytogenes occurrence over the years
show a downward trend, however it was more pronounced with coef-
ficient equal to —0.01277. p-value: -0.012942, 95 % CI: —0.019301:
—0.006238) (Fig. 4). Although a small number of meta-regression
studies were collected for the presence of Listeria sp. in RTE products
and a decrease was observed here, the coefficient was —0.033807 (CI:
—0.048421: —0.019192) and the p-value was 0.000006 (Fig. 5).

Due to the small number of publications in which the occurrence of
Listeria sp. was examined, the analysis of the occurrence in subgroups,
regions and economic status of the region was limited to
L. monocytogenes isolated from raw fish and ready-to-eat fish products.

Based on available data, North America was characterized by highest
pooled prevalence (22.2 %, 95 % CL: 13.9-30.4) in raw fish among
others. High prevalence (16.5 %, 95 % CI: 12.6-20.4) was also observed
in Asia. In Europe L. monocytogenes occurrence in raw fish was the lowest
(2.2 %, 95 % CI: 1.7-2.8) (Fig. 6). The occurrence of this pathogen in
RTE fish products in Europe is much higher and reached (19.2 %, 95 %
CI: 13.0-25.4), while in Asian countries it is much lower than in raw
products and amounts to 8.5 % (95 % CI: 4.2-12.7). Regrettably, we
were unable to collect this data for North America (Fig. 7).

In the analysis of the occurrence of L. monocytogenes in individual
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Table 2
Pooled prevalence of L. monocytogenes and Listeria sp. isolates from different fish-related sources.
Microorganism Source N n Pooled prevalence [%] SE —95%CI +95%CI
L. monocytogenes FPE 14 2628 10.0* 1.36 7.2 12.6
RTE 15 2024 14.5* 1.77 111 18.0
processed 4 422 1.4 0.92 0.0 3.2
raw 30 7135 5.8* 0.55 4.7 6.9
Listeria sp. FPE 7 983 13.6 4.61 4.6 22.6
RTE 9 654 21.7* 5.03 11.8 31.6
processed 3 308 4.9 1.24 2.4 7.3
raw 19 2389 12.2 1.71 8.9 15.5

N: Number of articles, n: number of samples; 95 % CI: 95 % Confidence Interval; SE- standard error; FPE- fish processing environment *statistical coefficient.

Table 3
Pooled prevalence of L. monocytogenes isolates from different families.
Family N n Pooled prevalence  SE —95% +95%
[%] CI CI
Anguillidae 2 57 0.0 1.23 0.0 2.4
Carangidae 2 37 1.2 3.96 0.0 9.0
Cichlidae 2 129 18.2* 17.11 0.0 51.8
Clupeidae 4 117 2.4 2.55 0.0 7.4
Cyprinidae 8 2435 4.8* 0.85 3.2 6.5
Engraulidae 2 37 0.9 2.55 0.0 5.9
Gadidae 4 209 15.2* 6.56 2.3 28.1
Mugilidae 4 187 5.7* 4.05 0.0 13.6
Percidae 2 127 5.8 3.53 0.0 12.7
Pleuronectidae 3 41 21.4* 16.37 0.0 53.4
Salmonidae 7 391 28.5* 5.60 17.6 39.5
Scombridae 3 86 0.7 1.53 0.0 3.7
Sparidae 2 56 5.2 2.98 0.0 11.0
Unionidae 1 191 2.1 1.11 0.0 4.3
Xiphiidae 2 14 3.2 7.32 0.0 17.5
Other/mixed 18 2598 5.1* 0.82 3.5 6.7
Seafood 8 421 1.4 0.77 0.0 2.9

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

Table 4
Pooled prevalence of Listeria species isolates from different families.

Family N n Pooled prevalence SE —95% +95%
[%] CI CI
Cyprinidae 6 543  20.6* 544 9.9 31.2
Gadidae 2 35 3.1 315 0.0 9.2
Mugilidae 2 145 8.6 8.75 0.0 25.8
Salmonidae 5 333 14.4~ 7.99 0.0 30.1
Other/ 14 1100 9.7* 2.06 5.6 13.7
mixed
Seafood 5 233 111 420 28 19.3

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

countries, it was noted that Great Britain stands out from other coun-
tries, where the pooled prevalence amounted to as much as 76.9 % (95
% CL: 61.8-91.9). The difference between the other countries is signif-
icant, in Poland it was 30.3 % (95 % CI: 14.8-45.8), in the USA 23.28 %
(95 % CI: 14.0-32.6), and in Portugal- 22.9 % (95 % CI: 0.00-71.7) The
lowest prevalence of this pathogen in raw fish was found in Iran, China
and Australia where the pooled prevalence was 2.6 % (95 % CI: 1.0-4.2),
2.19 % (95 % CI: 1.7-2.7) and 0.0 % (95 % CIL: 0.0-1.5).(Fig. 8). It was
not possible to distinguish many countries in the analysis of ready-to-eat
products, however, based on the results obtained, it was found that the
highest percentage of positive samples was found in Poland (27.7 %, 95
% CI: 2.4-52.9) and Belgium (26.0 %, 95 % CI: 7.7-44.4) (Fig. 9).
Based on the analysis of the prevalence of L. monocytogenes in RTE
fish products in high-income and lower to middle-income countries were
similar and was 13.8 % (95 % CI: 9.7-17.9) and 12.2 % (95 % CI:
6.0-18.5) respectively. Statistical analysis showed that differences
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Table 5
Pooled prevalence of L. monocytogenes isolates from different species.
Species N n pooled SE —95% +95%
prevalence CI CI
[%]

Anguilla anguilla 2 57 0.0 1.23 0.0 2.4

Boops boops 2 34 20.1 22.39 0.0 64.0.

Ctenopharyngodon 2 442 4.6 1.43 1.7 7.4
idella

Cyprinus carpio 5 468 7.4% 3.78 0.0 14.8

Engraulis 2 37 0.9 2.55 0.0 5.9
encrasicholus

Hypophthalmichthys 3 267 4.9 1.96 1.1 8.8
molitrix

Liza aurata 2 160 2.8* 291 0.0 8.5

Merlangius merlangus 3 61  21.5*% 20.86 0.0 62.4

Mugil cephalus 2 27 49.1* 45.73 0.0 100.0

Oncorhynchus mykiss 4 208  36.9% 11.27 14.8 59.0

Perca fluvialitis 2 127 5.8 3.53 0.0 12.7

Salmo salar 4 110 30.3* 9.43 11.8 48.8

Salmo truta 2 48  21.4* 13.13 0.0 47.2

Trachulus trachurus 2 37 1.2 3.962 0.0 9.0

Xiphias gladius 2 14 3.2 7.32 0.0 17.5

Hippoglossus 2 36 0.0 2.20 0.0 4.3
hippoglossus

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

Table 6
Pooled prevalence of Listeria sp. isolates from different species.
Species N n Pooled SE —95% +95%
prevalence CI CI
[%]
Cyprinus carpio 4 115  21.5* 11.24 0.0 43.5
Hypophthalmiachthys 2 157 176 474 83 27.0
molitrix
Merlangius merlangus 2 35 3.1 315 0.0 9.2
Oncorhynchus mykiss 4 308  18.2* 889 0.8 35.6

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

within and between groups are significant and the p-value is <0.000001
However, huge discrepancies were observed in the occurrence of
L. monocytogenes in raw fish, as in lower to middle-income countries it
was only 3.0 % (95 % CI: 2.3-3.7), while in high-income countries it was
as much as 15.0 % (95 % CI: 11.9-18.1) 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 0.3329 (Table 7).

4. Discussion
The issue of food safety is still a current topic. Both established and

emerging nations are constantly searching for solutions to issues with
food safety. Food safety is most important in relation to groups of people
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Fig. 3. Meta-regression plot of study year versus the prevalence of L. monocytogenes in RTE fish products.
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Fig. 4. Meta-regression plot of study year versus the prevalence of Listeria sp. in raw fish.

with an increased risk of infection, including children, the elderly and
immunosuppressed people, and especially pregnant women, for whom
infections should not pose a threat but may cause miscarriage. One of
the most important pathogens isolated from food is L. monocytogenes,
and a common source of food infections with this pathogen, especially
individual ones, are fish and seafood.

Listeria species are a naturally occurring microbiota found in surface
waters and other water reservoirs that are linked to rivers. Listeria is
frequently detected on the external surface of fish that are obtained from
polluted water sources. L. monocytogenes has been found to be present in
the stomach lining, gills, and intestines in an environment that has been
contaminated. Muscle tissue is infrequently affected by contamination
(Jami et al., 2014). The contamination of fish muscle can transpire
through two potential pathways. Firstly, the dissemination of
L. monocytogenes from intestinal contents to other fish tissues, particu-
larly muscles, may occur if the duration between death and the elimi-
nation of viscera surpasses a few hours. Secondly, cross-contamination
at every stage of the supply chain, where containers, vessels, water, and
ice can serve as potential sources of this pathogen, is another possibility.
Human and avian sources also play a crucial role in contamination.
(Soultos et al., 2007). The prevalence of L. monocytogenes in processing
plants is related to biofilm attachment and formation in inaccessible
locations. They are found mostly in damp and dirty places and those
hard to reach as holes and fissures in fibrous, porous, rusting and empty
materials (Carpentier et al., 2012) (Tabit, 2018). The Listeria species is
much more often isolated from fish caught or reared from surface waters
in which it lives naturally (FAO, 1999).

The manufacturing process of numerous ready-to-eat (RTE) meat

12

products uses factors affecting the growth of L. monocytogenes through
various means such as the addition of salt, cooking or drying to decrease
water activity, or the incorporation of fermentation or acidulants to
lower pH levels. These processes effectively hinder the growth of
L. monocytogenes within the product (Gomez et al., 2015). However, due
to the ability to grow in contaminated food during storage at the cooling
temperature L. monocytogenes was found in raw and processed products
that required storage at low temperature. Therefore, food passing
through the successive stages of the cold chain can come into contact
with Listeria and allow it to develop (Lunamarina, 2018; Tabit, 2018).
This can be seen in our results as L. monocytogenes was present in almost
10 % more samples from ready-to-eat fish products compared to raw
products.

According to The European Union One Health 2021 Zoonoses Report
the prevalence of L. monocytogenes in ready-to-eat food products per-
sisted as one of the most significant issues in recent years, ranging from
3.5 % to 5.4 % and averaging at 4.7 %. Poland reported a notably high
number of tested samples from fish batches, with a total of 4893 samples
tested. Interestingly, the total number of tested fish samples compared to
2020 increased 3 times in 2021 from 11,212 to 29,273 (The European
Union One Health 2021 Zoonoses Report, 2022). Only in Poland, out of
28 food alerts from the European Rapid Alert System for Food and Feed
(RASFF), as many as eight concerned L. monocytogenes in fish products.
The notifications mainly concerned smoked fish, including salmon, eel
and trout, other ready-to-eat products (sushi, cavior) and raw fish Eu-
ropean Commission (RASFF, n.d.). In our analysis, L. monocytogenes in
Europe was found in 2.2 % of raw fish and as much as 19.2 % in ready-
to-eat products. Overall, it is difficult to explain such large differences in
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Fig. 6. World map showing the continental prevalence of L. monocytogenes in raw fish.

the occurrence of L. monocytogenes in raw fish in countries with high
levels because the predominant origin of Listeria contamination is
commonly the introduction of raw fish ingredients into the
manufacturing facility. Listeria is frequently present in coastal waters
and surface waters of lakes, hence increasing the likelihood of fish
caught or grown in these environments becoming contaminated with
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this particular bacteria (Nihal and Senay, 2010) which may explain such
a high contamination of the Mugil cephalus species. One possible expla-
nation could be imports, as we mentioned earlier, fish meat is conducive
to the growth of Listeria, therefore the extended time from catch to sale
may increase the detection rate. Another aspect is the frequency and
quality of sampling, in high-income countries there are a number of
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Fig. 8. World map showing the prevalence of L. monocytogenes in raw fish in countries.

regulations that oblige manufacturers to carry out numerous tests. It as meat products (Cavalcanti et al., 2022; Goncalves-Tenorio et al.,
should be noted, however, that even in countries with high income, 2018; Y. Liu et al., 2020; Zhang et al., 2023), chesses (Martinez-Rios and
shortcomings occur. Finnish scientists observed that in fish processing Dalgaard, 2018) or investigated occurrence in more holistic approach
plants Listeria occurrence is linked to frequent non-compliance related to (Hamidiyan et al., 2018; Jibo et al., 2022; Rostamian et al., 2022). To
processing machinery, repeated non-compliance and frequent non- our knowledge, this is the first meta-analysis on the occurrence of
compliance that required intervention from inspecting authorities. L. monocytogenes and other Listeria sp. in fish, fish products and the fish
They emphasized that official controls were directed towards the riskiest processing environment.

areas, violations were still frequent and often not adequately addressed In a similar meta-analysis evaluating meat and meat products in
(Aalto-Araneda et al., 2018). An additional aspect conducive to high China, it was found that pooled prevalence of L. monocytogenes was 8.5
contamination may be aquaculture, in 2021 the two main species bred % (95 % CI: 7.1 %-10.3 %) in raw meats and 3.2 % (95 % CIL: 2.7-3.9) in
were Salmon (30 % of aquaculture in the EU) and Trout (13 % of ready-to-eat meats (Y. Liu et al., 2020), while in studies conducted in
aquaculture in the EU), in these species contamination was observed at Brazil, the prevalence of L. monocytogenes was 14.0 % and 11.0 % for
the level of 30.3 % and 36.9 %, respectively (The EU Fish Market, 2021). raw meat and ready-to-eat meat respectively (Cavalcanti et al., 2022),
The limited number of samples of many species makes it difficult to draw this is higher prevalence than China's raw fish Listeria occurrence of 2.2
clear conclusions. There are several meta-analyses that address the %. In general, in raw fish, pooled prevalence was lower than in RTE fish
problem of the occurrence of L. monocytogenes in animal products such products. It is an interesting finding, as it is contrary to mentioned meta-
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Fig. 9. World map showing the prevalence of L. monocytogenes in RTE fish products in countries.

Table 7
Pooled prevalence of L. monocytogenes isolates from raw fish and RTE fish
products depending on economic status of region.

Source N n Pooled SE —95% +95%
prevalence CI CI
[%]
Raw High- 14 1675 15.0* 1.59 11.9 18.1
income
Lower to 19 5460 3.0* 0.34 2.3 3.7
middle-
income
RTE High- 9 1499 13.8* 2.11 9.7 17.9
income
Lower to 6 493 12.2* 3.21 6.0 18.5
middle-
income

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

analysis of L. monocytogenes in meat and meat products. This may be due
to the fact that, to a large extent, ready-to-eat products are cold-smoked
fish, and this method, despite the high salinity, has little impact on the
reduction of microorganisms, especially L. monocytogenes. Our obser-
vations also agree with the results reported by EFSA report.

The present meta-analysis possesses certain limitations that neces-
sitate attention and resolution. The publications examined in the study
did not provide any published data regarding the prevalence of
L. monocytogenes and/or Listeria sp. in several countries. In this partic-
ular scenario, the utilization of a national or regional registry for Listeria
sp. isolates can offer a more comprehensive dataset to address the
existing knowledge gap. However, it is important to acknowledge that
there exists a notable publication bias in the data on the frequency of
L. monocytogenes. This bias arises from the fact that studies reporting no
contamination in food and the food environment are more prone to
rejection by academic journals. The potential impact of sampling and
sampling practices on the underestimating of prevalence should be
acknowledged.

5. Conclusions
The results of the present study provide a valuable epidemiological

information about the contamination status and distribution of
L. monocytogenes and other Listeria sp. among raw fish, ready-to-eat
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product and fish processing environment. Despite the restrictive law
regarding the occurrence of L. monocytogenes, it is still a current prob-
lem. The processing of fish, due to the small amount of connective tissue
compared to other products of animal origin, is characterized by the lack
of drastic techniques effective in combating microorganisms and the
frequent failure to follow the recommendations to maintain product
safety results in a higher percentage of L. monocytogenes in ready-to-eat
products compared to raw fish. Although the meta-regression shows a
decrease in the percentage of Listeria in RTE products, there is still a need
to improve production safety.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.167912.
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Abstract: Listeriosis is one of the most notable foodborne diseases and is characterized by high rates
of mortality. L. monocytogenes is the main cause of human listeriosis outbreaks, however, there are
isolated cases of disease caused by other species of the genus Listeria. The aim of this study was to
evaluate strains of L. monocytogenes (n = 7), L. innocua (n = 6), and L. welshimeri (n = 2) isolated from fish
and shrimps for their virulence based on the presence of virulence genes and the in vivo Danio rerio
(zebrafish) larvae models. A total of 15 strains were analyzed. The zebrafish larvae model showed
that the larvae injected with L. monocytogenes strains were characterized by the lowest survival rate
(46.5%), followed by L. innocua strains (64.2%) and L. welshimeri (83.0%) strains. Multiplex PCRs
were used for detection of selected virulence genes (IuxS, actA2, prfA, inlB, rrn, iap, sigB, plcB, actA,
hlyA), the majority of which were present in L. monocytogenes. Only a few virulence-related genes
were found in L. welshimeri, however, no correlation between the occurrence of these genes and
larval survival was confirmed. This research highlights the importance of the potential impact that
Listeria spp. strains isolated from fish and shrimps may have on consumers.

Keywords: Listeria spp.; Listeria monocytogenes; Listeria innocua; Listeria welshimeri; Danio rerio;
pathogenicity

1. Introduction

Species L. monocytogenes, L. ivanovii, and L. seeligeri are considered to be the main causes of
listeriosis in animals and humans, however, due to the occurrence of single cases of infection caused
by other species, including L. innocua, it seems necessary to study the virulent potential among others
species of the genus Listeria [1].

The genus Listeria currently includes seventeen species [2]. For humans, L. monocytogenes is most
often involved in foodborne outbreaks of listeriosis [3]. The other two species mentioned above are
rarely reported as causes of human listeriosis [4-6], though there are reports of L. welshimeri being
isolated from human fecal samples [7].

Listeriosis can develop as gastroenteritis with fever or present a more severe course with
meningitis and sepsis. Parenteral symptoms are primarily found in people at risk, including pregnant
women, newborns, the elderly, and people with reduced immunity (transplant recipients, patients
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receiving anti-cancer drugs or undergoing immunosuppressive therapy, or Acquired immunodeficiency
syndrome (AIDS) patients). In this group, listeriosis has a mortality rate of 20-30% [3].

L. monocytogenes has a sophisticated intracellular lifecycle and pathogenic strategy. Research shows
that the pathogenicity island 1 is responsible for this strategy. Pathogenicity island 1 (LIPI-1) contains
the prf A-cluster. The prfA gene is a transcription activator that regulates the expression of various
L. monocytogenes virulence genes, and plcA is a phospholipase C with phosphatidylinositol activity.
LIPI-1 also contains a lecithinase operon, which contains genes whose presence was investigated in the
study, including actA and plcB. actA gene coding for actin polymerizing protein, which recruits and
polymerizes actin filaments to Listeria when it is in the cell to promote its intracellular motility. plcB gene
encodes phospholipase C with lecithinase activity and helps Listeria to escape from phagosomes,
thus promoting the spread of Listeria to other cells. LIPI-1 also contains hly, which encodes listeriolysin
O (LLO), which lyses erythrocytes and other cells, but also lyses vacuoles of eukaryotic cells, allowing
Listeria to spread through the cytoplasm. Removal of the hly gene leads to loss of virulence, which proves
the importance of LLO in the pathogenesis of L. monocytogenes [8].

The aim of the study was to evaluate strains of L. monocytogenes, L. innocua, and L. welshimeri
isolated from fish and shrimp for their virulence based on the presence of virulence genes and the
in vivo zebrafish larvae models.

2. Results

The virulence of L. monocytogenes has been well characterized, however, most previous
research has focused on clinical strains, whereas there may be large variations among species and
environmental strains [9]. We tested the outcome of experimental infection of early zebrafish larvae
with Listeria monocytogenes, Listeria innocua, and Listeria welshimeri. The average survival curves are
presented in Figure 1.
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Figure 1. Survival curves of early zebrafish larvae injected with L. monocytogenes, L. innocua,
and L. welshimeri.

The lowest survival, after 72 h, among zebrafish larvae can be observed when challenged with
L. monocytogenes strains (46.5%). The average survival of L. innocua-infected larvae is higher and
reached 64.2%; the highest survival rate was found in L. welshimeri-infected larvae, which was 83.0%.
The differences between the species differ significantly (p value < 0.0001) (Figure 1).

The survival rate of larvae infected with L. monocytogenes differed statistically significantly
(p value < 0.0001) between the strains. After 72 h of the experiment, it was observed that the survival
rate varied from 0.0% to 95.5%. In the case of one strain (LM107), none of the infected larvae survived
after two days of the experiment (Figure 2).
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Figure 2. Survival curves of early zebrafish larvae injected with L. monocytogenes; k: control; 101, 106,
107,109, 111 126, 127: strains.

As with L. monocytogenes, survival among larvae infected by L. innocua also varied widely between
strains. For the least virulent strain, the survival rate was 95.4%, while for the most virulent strain, it was
19.0%. The differences between the strains were statistically significant (p value < 0.0001). Survival results
for individual strains are presented in Figure 3.
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Figure 3. Survival curves of early zebrafish larvae injected with L. innocua; k: control; 103, 110, 112, 113,
125, 141: strains.

Of the two L. welshimeri strains, LW104 showed no virulence, and all infected larvae survived
the 72-h experiment. For the second strain (LW105), larvae survival was 72.0%. These differences
are statistically significant (p value = 0.0107). Survival results for individual strains are presented in
Figure 4.
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Figure 4. Survival curves of early zebrafish larvae injected with L. welshimeri; k: control; 105, 104: strains.

Among the tested strains of L. monocytogenes there were two serotypes: 1/2a and 1/2c. The results
of average survival for each stereotype are presented in Figure 5. These differences are not large:
for serotype 1/2a the average survival was 46.9%, while for serotype 1/2c the average survival was
58.2%,; these differences are not statistically significant (p value = 0.1205).
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Figure 5. Survival curves of early zebrafish larvae injected with L. monocytogenes; serotype 1/2a (filled,
black line), serotype 1/2c (dotted, black line).

The frequencies of the virulence genes identified in Listeria spp. strains are listed in Table 1.

Nine virulence profiles were characterized in the study. The most common profile was plcB-actA2-
hlyA-sigB-act A-prf A-inlB-rrn-iap-luxS (26.7%), the next most common profiles were sigB-rrn (20.0%)
and plcB-hlyA-sigB-act A-prf A-inlB-rrn-iap (13.3%).
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Table 1. The frequency of virulence-associated genes among Listeria spp. strains.

Prevalence of Virulence-Associated Genes (%)

L. monocytogenes L. innocua L. welshimeri

Genes 1/2a (n = 2) 1/2c (n = 5) n=16) n=2) Total
plcB 100.0 100.0 33.3 0.0 60.0
actA2 50.0 100.0 0.0 0.0 40.0
hlyA 100.0 100.0 16.7 0.0 53.3
sigB 100.0 100.0 100.0 100.0 100.0
actA 100.0 100.0 33.3 0.0 60.0
prfA 100.0 100.0 0.0 0.0 46.7
inlB 100.0 80.0 0.0 0.0 40.0
rn 100.0 80.0 66.7 100.0 80.0
iap 100.0 100.0 0.0 0.0 40.0
luxS 0.0 80.0 50.0 0.0 46.7

The study examined the correlation between the occurrence of genes associated with virulence
and the survival of zebrafish larvae. The strongest negative correlation was observed for the actA
(-0.3191) and hly (—0.2876) genes. The next genes with negative correlation were the prfA and iap
genes, whose values were both —0.1817. A positive correlation was observed for two genes, 0.2648 for
the luxS gene and 0.1953 for the rrn gene. These results are not statistically significant (p > 0.005 for
each gene).

3. Discussion

The latest European Food Safety Authority (EFSA) data shows that almost half (41.7%) of the
Rapid Alert System for Food and Feed notifications for L. monocytogenes in 2008-2016 concerned fish
and their products [10]. It is L. monocytogenes that is considered the main threat to humans among
species of the genus Listeria, while there have been rare cases of infection with other species of this
genus [11]. Pathogenicity is closely related to the prf A-virulence gene cluster (pVGC), containing the
prfA, plcA, hly, mpl, actA, and plcB genes, although there are other genes that are indirectly treated as
virulence factors [12].

In the present study, the intraspecies variations in the virulence profiles were investigated.
Research suggests that the hly gene is crucial for the virulence of L. monocytogenes strains [12,13]. In the
present study, the hly gene was present in each L. monocytogenes strain for both serotype 1/2a and
1/2c. Additionally, it was found in one atypical strain of L. innocua. The atypical L. innocua strain was
characterized by very high survival among larvae (80.9%), while the most virulent strain 103 had
only the sigB and rrn genes. The most likely explanation seems to be the inactive form of the genes
from prfA-cluster, while the high mortality rate of larvae infected with strain 103 may be due to genes
other than those tested in this experiment. Cases of such strains have already been reported [14,15].
There is also a study indicating other species of the genus Listeria possessing the hly gene, including
L. seeligeri [16]. In the study of the frequency of genes from pVGC cluster, they were found in each of
the L. monocytogenes strains. Similar results were obtained by other researchers in the study of food
products [17-19]. According to Orsi et al. (2016), L. welshimeri possessing a pVGC cluster have not
been confirmed [2]. Due to possible polymorphism in the actA gene, two sets of primers, actAl and
actA2, were used [20]. For one strain, the actA gene was detected by the sequence for actA2 primer and
was not detected for the second set of primers. In the case of genes unrelated to the pVGC cluster, they
most often occurred in L. monocytogenes and L. innocua. Only two of ten genes (sigB and rrn) occurred
in L. welshimeri.
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In this work, a model for infection was established in zebrafish larvae in order to study the
pathogenesis of Listeria sp. In vivo research on zebrafish larvae has also been used to study the virulence
of various pathogens including Escherichia coli [21], Staphylococcus aureus [22], and Aeromonas hydrophila [23]
but also fungal or viral agents. As for the use of zebrafish larvae to study the pathogenicity of Listeria,
only L. monocytogenes has been used in previous research [24]. Until now, in vivo models using Danio rerio
to study the virulence of L. monocytogenes focused on the model itself and not on testing strains from
environmental samples. One study from 1996 investigated Listeria spp. strains from food samples, however,
experiments were carried out at 22 °C, a temperature that differs from the optimal temperature for the
expression of Listeria virulence genes, therefore this study will not be considered in the discussion [25].

In this study, the pathogenicity of L. welshimeri and L. innocua strains isolated from raw fish and
shrimp was investigated. L. monocytogenes strains were characterized by their significant virulence
potential. Mortality among zebrafish larvae was 65.6%. The study did not prove statistically significant
correlation between the occurrence of known virulence genes and virulence in an in vivo model.

Comparing the virulence of L. innocua and L. monocytogenes, it can be concluded that L. innocua has
been observed to be less virulent, however, mortality among larvae varied between 4.6% and 80.9%.
Although this species is considered to be avirulent, there are individual data reporting patients with
diseases caused by L. innocua. In 2014, L. innocua was the cause of meningitis. Researchers showed
the presence of the prfA, inlA, inlB, inlC, hly, picA, plcB, mpl, iap, clpE, daaA, and actA genes in the
investigated strain [26]. The first fatal case caused by L. innocua occurred in 2003. The cause of death
was bacteremia. In the cited study, the authors did not specify a virulence profile [27].

There is little data on L. welshimeri virulence. In our study, only two L. welshimeri strains were
tested, none of which showed high mortality among Danio rerio larvae. A similar study on a live model,
in this case mice, was carried out in 1986. The virulence of 16 L. welshimeri strains were investigated,
each of which proved to be avirulent [28].

4. Materials and Methods

4.1. Ethics Statement

All fish were housed in the fish facility of Laboratory of Genomics and Transcriptomics in the
University of Warmia and Mazury, Olsztyn, Poland, which was built according to local animal welfare
standards. All animal procedures were performed in accordance with Polish and European Union
animal welfare guidelines. According to the European Directive 2010/63/EU and Polish law regulations
Dz.U. z 2015 r. poz. 266, all procedures performed in the present study including the use of early
life-stages zebrafish and the euthanasia for the purpose of organ dissection did not require ethics
committee permission.

4.2. Bacteria

The different Listeria species and serotypes isolated from fish (Salmo salar and Oncorhynchus mykiss)
and shrimp (Penaeus monodon) sources used in this study were obtained from the microbiological
collection of the Department of Industrial and Food Microbiology University of Warmia and Mazury
in Olsztyn and are listed in Table 2. Strains were grown from frozen stocks in 5 mL of Brain Heart
Infusionbroth (Merck, Darmstadt, Germany) overnight at 37 °C. Subsequently, the strains were
transferred to 5 mL of BHI broth and incubated for 24 h at 37 °C. After incubation, the strains were
centrifuged and washed three times with sterile saline. Eventually, phenol red (Merck, Darmstadt,
Germany) was added to obtain a 0.05% solution in order to be able to observe the inoculation process.
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Table 2. Characteristics of the strains used in the research.

No. Strain Species Serotype Source

1 LW104 L welshimeri nd. Salmo salar

2 LW105 L welshimeri nd. Salmo salar

3 LI141 L. innocua nd. Oncorhynchus mykiss
4 LI125 L. innocua nd. Oncorhynchus mykiss
5 LI113 L. innocua nd. Salmo salar

6 LI112 L. innocua nd. Salmo salar

7 L1110 L. innocua nd. Salmo salar

8 LI103 L. innocua nd. Salmo salar

9 LM101 L. monocytogenes 1/2¢ Salmo salar

10 LM109 L. monocytogenes 1/2a Salmo salar

11 LM126 L. monocytogenes 1/2a Oncorhynchus mykiss
12 LM127  L.monocytogenes 1/2c Salmo salar

13 LM111 L. monocytogenes 1/2¢ Salmo salar

14 LM106 L. monocytogenes 1/2¢ Penaeus monodon
15 LM107 L. monocytogenes 1/2¢ Salmo salar

nd.: not detected.

4.3. Pathogenicity Assay Using Zebrafish Larvae

All fifteen Listeria species strains were analyzed for virulence potential in the zebrafish (Danio rerio)
larvae model, as described previously [29]. Zebrafish were kept and handled in compliance with the
guidelines of the European Union for handling laboratory animals (http://ec.europa.eu/environment/
chemicals/lab_animals/home_en.htm). Zebrafish studies were performed on wild type and on Tg(mCherry)
72 h post-fertilization.

Larvae were microinjected in yolk with the different strains (ca. 50 bacteria per nL). For survival
assays, embryos (1 > 15 per strain per experiment) were kept in 48-well plates and analyzed at regular
time intervals for mortality (scored by the absence of heartbeat). Controls for the experiment were
larvae inoculated with a 0.05% solution of phenol red (Merck, Darmstadt, Germany). Survival data
are presented in Kaplan—Meier plots, and the significance of the data was analyzed with a log rank
(Mantel-Cox) test using GraphPad Prism software version 8.0 (GRAPH PAD software Inc, San Diego,
CA, USA).

4.4. PCR Assay

Total DNA was extracted from isolated strains according to the instruction manuals of commercial
DNA extraction kits (A&A Biotechnology, Gdynia Poland). The presence of the virulence-associated
genes were detected by PCR in three reactions (Table 3). PCR amplification was performed using
2 uL of template DNA, 2 uL of each primer (100 pmol), and 12.5 uL of 2 X DreamTaq PCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, USA) in a total reaction volume of 25 pL. The PCR conditions
consisted of an initial denaturation step at 94 °C for 3 min, followed by 35 cycles of denaturation at
94 °C for 30 s, annealing for 30 s, and elongation at 72 °C for 1 min. A final extension step was carried
out at 72 °C for 5 min. Correlations between gene occurrence and Danio rerio larval survival were
calculated using Pearson correlation because 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 point-biserial correlation.
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Table 3. List of primers used in research [30].

No. Primers Sequence (5'-3') Size (bp) Target
s F:  ATGGCAGAAAAAATGAATGTAGAAA 500 i
ux R:  TTATTCACCAAACACATTTTTCCA ux
F:  GACGAAAATCCCGAAGTGAA
actA2 ¢ CTAGCGAAGGTGCTGTTTCC 385 actA2
A F:  GATACAGAAACATCGGTTGGC 250 A
. P R:  GTGTAATCTTGATGCCATCAGG P
B F: AAAGCACGATTTCATGGGAG 148 -
mn R:  ACATAGCCTTGTTTGGTCGG m
o F:  CAG CAG CCG CGG TAA TAC 055 .
R:  CTC CAT AAA GGT GAC CCT
" F:  CAAACTGCTAACACAGCTACT 60 N
P R TTATACGCGACCGAAGCCAAC P
) GioB F:  TCATCGGTGTCACGGAAGAA 210 B
& R TGACGTTGGATTCTAGACAC 3
1B F:  CTGCTTGAGCGTTCATGICTCATCCCCC B
P R ATGGGTTTCACTCTCCTTCTAC P
3 A F:  CGCCGCGGAAATTAAAAAAAGA 53 A
ac R:  ACGAAGGAACCGGGCTGCTAG ac
F:  GCAGTTGCAAGCGCTTGGAGTGAA
hlyA R:  GCAACGTATCCTCCAGAGTGATCG 436 hlyA

5. Conclusions

The data presented in this study show that the diversity according to the virulence level of
Listeria sp. strains isolated from fish and shrimp is complex and based on different mechanisms that
seem to differ according to the species of the strains. In addition, as demonstrated by the experiment
carried out in vivo, although L. innocua is not considered dangerous to human life, it may pose a
potential threat.
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Abstract: Listeria monocytogenes is an important pathogen, often associated with fish, that can adapt
and survive in products and food processing plants, where it can persist for many years. It is a species
characterized by diverse genotypic and phenotypic characteristics. Therefore, in this study, a total of
17 L. monocytogenes strains from fish and fish-processing environments in Poland were characterized
for their relatedness, virulence profiles, and resistance genes. The Core Genome Multilocus Sequence
Typing (cgMLST) analysis revealed that the most frequent serogroups were Ila and Ilb; sequence
types (ST) were ST6 and ST121; and clonal complexes (CC) were CC6 and CC121. Core genome
multilocus sequence typing (cgMLST) analysis was applied to compare the present isolates with
the publicly available genomes of L. monocytogenes strains recovered in Europe from humans with
listeriosis. Despite differential genotypic subtypes, most strains had similar antimicrobial resistance
profiles; however, some of genes were located on mobile genetic elements that could be transferred to
commensal or pathogenic bacteria. The results of this study showed that molecular clones of tested
strains were characteristic for L. monocytogenes isolated from similar sources. Nevertheless, it is worth
emphasizing that they could present a major public health risk due to their close relation with strains
isolated from human listeriosis.

Keywords: Listeria monocytogenes; virulence; WGS; fish

1. Introduction

Listeria monocytogenes, as an environmental foodborne pathogen, is considered one
of the most significant contaminants in food processing and raw agricultural supplies.
L. monocytogenes contamination leads to a significant threat for risk groups, including the
elderly, pregnant women, neonates, and the immunocompromised [1], for whom fatality
rate can reach 20-30% [2]. In recent years, it has been responsible for large-scale outbreaks
related to fresh produce, deli meats, and other RTE products worldwide [3]. While lis-
teriosis is often associated with the consumption of contaminated RTE food products,
such as cheese, meat and fish products, graved and smoked fish are the most frequently
contaminated with L. monocytogenes around the world [4-8]. Salmon and salmon products
in particular are regarded as important sources of human exposure to L. monocytogenes in
other countries [9,10].

L. monocytogenes cause flu-like symptoms in most patients. However, in the group with
risk (elderly, immunocompromised, and pregnant patients), the pathogen is responsible
for central nervous system and fetal-placental infection [11]. L. monocytogenes can pass
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important barriers in a host, namely the intestinal epithelium, the blood—-brain barrier,
and the placenta, and subsequently spread to other organs [12]. The process of Listeria’s
infection involves several different stages: adhesion and invasion of host cells, mentioned
above, internalization by host cells, lysis of the vacuole with a high division rate comparable
to that in rich broth medium, recruitment and polymerization that generate a network of
branched filaments, intracellular multiplication, and intercellular spread to the adjacent
cell [13]. L. monocytogenes is an extremely dangerous and deadly pathogen, due to the
numerous mechanisms that allow it to penetrate host cells and survive in them [14].

The main genetic factors determining the ability to induce listeriosis infection include
internalin encoded by the inlAB operon and pathogenic islands (LIPI-1, LIPI-3, and LIPI-4).
Both LIPI-1 and the inlAB operon are crucial, and genes clustered there encode adhesion,
internalization, intracellular survival, and dissemination [15]. Moreover, internalin A is a
major factor inducing the internalization of L. monocytogenes to epithelial cells. Internalin
B is important for the placental invasion [11]. LIPI-3 is composed of eight genes that encode
listeriolysin S (LLS), a hemolytic and cytotoxic factor important in murine infection, and it
participates in polymorphonuclear-cell survival [16,17]. LIPI-4 is a cluster containing six
genes encoding a sugar transport system involved in neural and placental infection [18]. A
schematic infection model is shown in Figure 1.

Figure 1. Scheme of L. monocytogenes infection including the studied virulence factors [11,14].

L. monocytogenes is a heterogenous group of bacteria. This pathogen can be differ-
entiated into 14 different serogroups, which are prevalent and characterized by PCR or
MLST (multilocus sequence type). However, since those methods are based on just several
genes, they have low discriminatory power. The PFGE method, a gold standard, is able
to discriminate different strains but is laborious and requires close and continuous work
to avoid errors. At present, due to whole genome sequencing (WGS), the characterization
of core genome MLST (cgMLST) is the most suitable method [19]. Since WGS provides
the highest discriminatory power, it provides the possibility of identifying the presence of
virulence genes, characterizing them, and correlating them with a reported disease severity.

Therefore, the aim of this study was to perform a WGS-based characterization of
the genetic difference in L. monocytogenes strains isolated from fish and fish-processing
environments.
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2. Results
2.1. MLST Analysis

Eleven different MLST sequence types (ST) were identified: ST6 (11.76%, n = 2 isolates),
ST8 (23.53%, n = 4), ST9 (5.88%, n = 1), ST31 (5.88%, n = 1), ST37 (5.88%, n = 1), ST59 (5.88%,
n=1),5T77 (5.88%, n = 1), ST87 (5.88%, n = 1), ST101 (5.88%, n = 1), ST121 (17.65%, n = 3),
and ST193 (5.88%, n = 1). L. monocytogenes collection from food-premise environments
contained isolates classified into six sequence types (ST101, ST69, ST77, ST 37, ST121, and
ST87) whereas those from food samples were classified into seven other STs (ST6, STS8, ST9,
ST31, ST87, ST121, and ST193). Moreover, L. monocytogenes were grouped into eleven clonal
complexes (CC6, CC8, CC9, CC31, CC37, CCH9, CC77, CC87, CC101, CC121, and CC193)
(Figure 2). The obtained results allowed us to determine that the dominant number of
strains fit to Lineage II (72.2%) and the remaining strains to Lineage I (27.8%).

CCé

CcC37

B0

cciz1 Smoked salmon
Fish processing plant
Raw salmon

. 3

Figure 2. Minimum spanning tree analysis based on the MLST allelic profiles of 17 L. monocytogenes
isolates. Each circle represents a sequence type (ST). The numbers on the connecting lines illustrate the
numbers of target genes with different alleles. The sources of isolates are distinguished by the colors.

2.2. cgMLST Analysis

Obtained results showed that tested isolates belonged to 14 different core genome
MLST types (CT), with the most (17.65%) belonging to the CT-1151 type, and all these
strains were isolated from smoked salmon. Additionally, two strains (11.76%) belonged
to the CT909 type and were also isolated from smoked salmon. The occurrence of one
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strain with CT11711, CT11716, CT11717, CT11718, CT1824, CT2283, CT443, CT5641, CT58,
CT7220, CT7227, and CT893 (Figure 2) was observed.

2.3. Assessment of Virulence Factor Genotypes across Different Sublineages

The presence and integrity of Listeria monocytogenes pathogenicity islands 1 to 4 (LIPI-1
to LIPI-4) and the other 63 genes were investigated. All of the tested strains had genes that
belonged to LIPI-1 (six genes: prfA, plcA, hly, mpl, actA, and plcB), twelve strains (70.59%)
had only one gene, namely inll that belonged to LIPI-2, and the rest of the genes were
absent. The occurrence of the LIPI-3 (eight genes: lIsA, lIsG, lIsH, lIsX, lIsB, llsY, llsD, and
lIsP) was observed in three strains, two from the ST6 serogroup IVb and one from the ST77
serogroup IIb (isolate LMS, isolate LM10, and isolate LM13) (17.65%), while the LIPI-4
island was found in one strain from ST 87 and serogroup IIb (5.88%), isolated from smoked
salmon. Based on Genome Comparator, it was found that the tested strains represented
14 unique types, based on virulence profile, and only the Lm_1, Lm_2, Lm_13 and Lm_16
strains belonged to one type.

Only four genes (inlA, inlE, inlH, and inlC2) from the internalin gene family members
were found in all isolates tested, whereas the inlB, inlC, inl], inlK, and inlD genes were
present on 94.12% of isolates. Moreover, the analysis showed that three of the tested isolates
(17.65%) harbored a premature stop codon (PMSC). Isolates with inlA gene truncation
belonged to serogroup Ila, ST121, ST193, and ST31 (Figure 3).

LPI1 UPl-2  UPI3 | UPI4
I I I I 1

Lm_10 @

Lm_07 @
g

L[lm s @

Lm_12
l‘ Lm_02

Lm_01

Figure 3. Dendrogram constructed with cgMLST data for the 17 L. monocytogenes isolates with gene
content characteristics.

2.4. Antimicrobial Resistance and Stress Tolerance Genes

The most prevalent antimicrobial resistance factors were those coding tetracycline
resistance, including the /00839, tetA_3, and tetC genes, which were found in all strains.
The tetA_2 and tetA_1 genes were found in 94.1% and 72.2% of isolates, respectively. In
addition to the tetracycline resistance genes, all strains had lincomycin, trimethoprim, and
daunorubicin resistance genes. The presence of the Tn6188 transposon was observed in
four strains, with genes encoding resistance to benzalkonium chloride, tetracyclines, and
macrolides; however, just one gene (ermC) was found in all four strains. Interestingly just
one strain isolated from smoked salmon had the aacA4 gene, which encoded resistance to
aminoglycosides. Additionally, in each of the strains, genes encoding resistance to toxic
ions (Imo1961) were observed, including the camphor resistance protein CrcB (I7102082)
and aluminum (/m01297). Genes encoding resistance to cadmium were observed in 47.05%
(cadC) and 41.18% (cadA) of the strains, respectively (Figure 4).
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Figure 4. Occurrence of virulence and resistance among L. monocytogenes isolates.

2.5. Comparison of Isolates from Food and A Food-Production Environment with Human L.
monocytogenes

One hundred and eighty-five strains of L. monocytogenes isolated from humans in
Europe were selected for strain comparison. The results of the analysis showed that the
strains causing infections most often belonged to CC6, of which 45.21% belonged to CT4915.
In this study, two isolates obtained from raw salmon and fish-processing environments
belong to the most frequent CT-type (CT4915).

Additionally, it was noticed that four strains did not belong to any of the groups of
strains isolated from humans; they were Lm_7 (CC193, SL193, and ct11716), Lm_9 (CC31,
SL31, and ct7227), and Lm_17 (CC87, SL87, and ct58) (Figure 5).
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Figure 5. A minimum spanning tree (MST) representing the comparison of L. monocytogenes isolated
and analyzed in this study with the published genomes recovered from listeriosis cases from Europe.
Analysis was made on the base MLST profiles using a single linkage method. The graph was created
with BioNumerics v7.6.

In addition, the virulence profiles were compared, which more accurately depicted the
virulence potentials, and again confirmed that the Lm_7, Lm_9, and Lm_17 strains could
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be described as the strains with the lowest virulence potentials. The strains Lm_1 (CCS,
SL8, and CT1151), Lm_2 (CCS8, SL8, and CT1151), Lm_11 (CC8, SL8, and CT1151), Lm 14
(CCS8, SL8, and CT7220), Lm_8 (CC6, SL6, and CT5641), and Lm_13 (CC6, SL6, and CT443)
were those with the highest virulence potentials (Figure 6).

Isolation source

Smoked salmon

Fish processing plant
Rave salmon
| Human

@CCs9
Occse

CcC24

cem ™

N | - N

T N\
[Uneage ) \

Figure 6. A minimum spanning tree (MST) representing the comparison of the virulence profiles of
L. monocytogenes isolated and analyzed in this study with the virulence profile of published genomes

recovered from listeriosis cases from Europe. The analysis was made on the base of MVLST profiles
using a single linkage method. The graph was created with BioNumerics v7.6.

2.6. Detection of Prophage Regions and Plasmid

Prophage profiles of the 17 L. monocytogenes genomes sequenced in this study were
identified using the Prophage Hunter tool [20]. A total of six different prophage regions
were found across different L. monocytogenes isolates (Figure 7).

The most prevalent intact prophage was the A006 [NC_009815] (n = 12, 64.71%),
followed by the LP_101 [NC_024387] (n = 10, 58.82%). Three different prophages, vB LmoS
_293 [NC_028929.1], LP-030-3 [NC_024384.1], and A118 [NC_003216.1], were found in
11.76% (n = 2). The least prevalent prophage was B025 [NC_009812.1], and it was found
in just one strain: Lm_04 (CC101, SL101, and CT11711) (Figure 7A). The distribution of
plasmids in the genome is shown in Figure 7B.

Analysis of the presence of plasmids revealed that in the genomes, two types of
plasmids were present: pLM33 (rep25) and pLI100 (rep26). The distribution of plasmids in
the genome is shown in Figure 7B.
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Figure 7. Plasmid (A) and prophage (B) profiles of isolated L. monocytogenes and its location in
genomes.

The more common plasmid was pLI100, which was found in five strains, while the
plasmid pLM33 was found in only two strains.

2.7. Collinearity Analysis

To investigate the genomic similarity of isolates from the same source, a collinearity
relationship was constructed. The evolutionary distance among L. monocytogenes strains
was evaluated with the DN Astar software. Each color block represented an LCB (Locally
Colinear Blocks), indicating that the genome was not rearranged within this region, which
was essentially distinct from genetic recombination.

Isolates from the same source were selected as a group for collinear analysis; the strains
isolated from raw salmon are shown in 8A. The strains isolated from smoked salmon are
shown in 8B, and the strains isolated from the fish-processing environment are shown in
8C. All genomes started with an LCB that contained LIPI-1. It was clearly seen that no
strains in the isolation groups were identical.

The collinearity comparison chart of eight strains, Lm_01, Lm_02, Lm_03, Lm_05,
Lm_09, Lm_11, Lm_16, and Lm_17, showed high heterogenicity in a group. It can clearly
be seen as a translocation and inversion of LCBs (Figure 8A).

Similar conclusions can be drawn from the collinearity comparison chart of four
strains: Lm_8, Lm_07, Lm_14, and Lm_15. The differences in LCBs between isolates were
shown in deletions, translocation, and inversions (Figure 7B). Translocation and inversion
of LCBs in genomes were observed in L. monocytogenes isolated from the food-processing
environments (Figure 8C).
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Figure 8. Collinearity analysis of the L. monocytogenes genomes isolated from smoked salmon (A),
raw salmon (B) and food environment (C). Local collinear blocks are represented by blocks of the
same color connected by lines.

3. Discussion

Listeriosis is a major public health problem worldwide, and the monitoring of
L. monocytogenes in food is mandatory and essential for risk assessment. Ready-to-eat
(RTE) food of animal origin is a main source of human listeriosis. Fish products are men-
tioned as being frequently contaminated with L. monocytogenes. It should be emphasized
that smoked fish, graved fish, and other fish products are most often associated with this
foodborne disease [4-7,21].

Before 2000, two outbreaks were described in the Nordic countries associated with
RTE from fish. The first one from Sweden concerned nine patients who consumed graved
rainbow trout, and the second concerned Finland and five patients who consumed cold-
smoked rainbow trout [22]. In later years, the Scandinavian countries also noted outbreaks
linked to fish consumption. In 2013-15, there were three outbreaks that resulted in the
deaths of seven patients and one fetus in Denmark [9], and in Sweden, there were 27 clinical
cases that were due to graved and smoked fish products produced by one manufacturer [6].
The problem of listeriosis does not concern only the Nordic countries. In Germany, since
2010, there have been 22 independent outbreaks, the sources of which were smoked and/or
graved salmon products [4].

In our study, it was determined that the analyzed strains belonged to eleven different
MLST sequence types (ST) and fourteen different cgMLST types (CT) (Table S1). The most
frequently isolated MLST types were ST8 and ST101, while the most frequently isolated
cgMLST types were CT1151 and CT909. The results of other authors suggest that the
dominant STs in food are ST155 and ST121 among L. monocytogenes of food origin [23-25].
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It seems that such isolates may have a molecular background that allows them to survive
in food and food production areas [26,27]. There are few reports characterizing L. monocyto-
genes in fish and in the fish-processing environment. Thomannsen et al. [28], analyzing the
results of L. monocytogenes from the salmon-processing environment, showed that the most
common were ST37 (88.9%) and ST8 (11.1%). Wieczorek et al. [29] characterized a total of
28 strains isolated from raw salmon, smoked salmon, and production plants that indicated
that the dominant ST was ST121 (46.43%), whereas the remaining isolates belonged to
ST8 (14.28%), ST155, and ST173 (10.71% each); ST31 (7.14%); and ST7 and ST504 (3.57%
each). In a large study by Maury et al. [30], in which more than 400 strains isolated from
seafood were characterized, it was found that over 50.0% of the strains belonged to ST121,
which agrees with the results of Wieczorek et al., 2020. In our study, the number of strains
belonging to ST212 was < 20%, but this can be explained by a small number of strains.

The results of our research showed a large diversity of L. monocytogenes strains in fish
and the fish-processing environment. However, there was no straightforward evidence
about the main reason for the high diversity of L. monocytogenes in fish. The quality of
water in the place of breeding and, above all, the proximity of the agricultural runoff, have
high influences on that diversity [30]. Changes in the seasons of sampling, handling, and
analytical methods are likely to contribute significantly to this as well [30].

Whole genome sequencing seems to be an ideal tool for determining the virulence
potentials of strains. It is an effective method for determining highly related isolates, but
it can also be used to identify the presence of genes/pathogenicity islands associated
with hypervirulence or modes of pathogenesis. Investigating the virulence profiles, we
observed that the virulence gene counts and the comparison of virulence profiles, based
on the presence of genes and their alleles, differed substantially. The LIPI-1, a Prf-A
dependent virulence gene cluster, typical and crucial in the process of causing human
listeriosis, was found in all the analyzed strains. In a recent study conducted by Rahman
et al., three vital pathogenic proteins of L. monocytogenes, such as listeriolysin O (LLO),
phosphatidylinositol-specific phospholipase C (PI-PLC), and actin polymerization protein
(ActA) encoded by genes located on LIPI-1, were selected using a subtractive proteomics
approach to design the multi-epitope vaccine (MEV). The authors’ in silico study showed
that MEV exhibited a robust binding interaction with toll-like receptor 2 (TLR2), a key player
in the innate immune system. The current subtractive proteomics and immunoinformatics
study provides a background for the development of a suitable, safe, and effective vaccine
against pathogenic L. monocytogenes [31].

Complete LIPI-2, which encodes a number of internalins and the enzyme sphin-
gomyelinase, specific for another pathogenic species, L. ivanovii [32], was not found in any
of the strains. Over 70% of strains possessed the inll gene, which belongs to the internalin
gene family; however, there was no evidence that the inl/l gene increased the virulence
potential. In fact, in a study of hypervirulent strains of L. monocytogenes responsible for a
listeriosis outbreak in China, a unique composition of wall teichoic acids was found. Their
genetic origins were in lineage I but also in the smcL gene located at the LIPI-2 locus [33].

The LIPI-3, which encodes a potential hemolytic factor with homology to streptolysin
S (SLS), was strongly associated with lineage I strains [34]; however, the three strains found
with it belonged to lineage II. The presence of the last LIPI-4 island was found in only one
Lm_03 strain (lineage II, CC121, SL121, and CT909). Both the islands of LIPI-3 and LIPI-4
were associated with the hypervirulent strains responsible for an outbreak of listeriosis in
Italy. The strains belonging to CC1 and CC4 had LIPI-4 present only in CC4 [35]. It was
suggested that these additional pathogenicity islands are not common among food isolates
and do not correlate to increased hypervirulence [36]. However, in this study, even with a
small number of strains from fish, it was possible to find strains with those islands, which
may also be the cause of frequent cases of listeriosis after eating fish and fish products.

The data showed the presence of PMSC in three isolates belonging to serotype Ila
but of a different clonal complex (CC) and sequence type (ST). The LM_5 isolate (CC121,
ST121) had a type 6 mutation (allele 49). The mutation shortened the InlA protein to a
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length of 491 (aa), as described before by Olier et al. [37]. The LM_7 isolate (CC193, ST193)
had a type 25 mutation (allele 41). The mutation shortened the InlA protein to a length of
25 (aa), as also referred to by Moura et al. [25]. The LM_9 isolate (CC31, ST31) had a type 5
mutation (allele 40 [38]). The mutation shortened the InlA protein to a length of 188 (aa), as
was referred to by Olier et al. [37].

So far, 32 types of PMSC have been detected in the inlA gene (Table S2). It has not
been verified for all types of mutations, but it was already shown that in some isolates,
the truncated inlA gene affected the attenuation of L. monocytogenes isolates and reduced
their virulence.

Recent studies in South America, Europe, and Asia on the antimicrobial resistance of
L. monocytogenes have typically reported low levels of antimicrobial resistance in isolates
from food-production environments [39,40]. The latest studies have reported various
antibiotic-resistance genes. Interestingly, research on WGSs of L. monocytogenes suggest that
the dominant genes were fosX, lin, mprF, norB, and mgrA [41,42]; however, we found a larger
group of antibiotic resistance genes. Mafuna et al. [41] reported tetracycline resistance genes,
tetM and tetS, found in a few isolates, although in this study, both of those genes were not
found. In strains isolated from fish and food-processing environments, the dominant genes
coding tetracycline resistance genes were tetA and tetC. Tetracycline is believed to be the
most frequent resistance trait in L. monocytogenes isolated from human and food-processing
environments (REF). It is important to highlight the fact that tetracyclines averaged 20% of
antibiotic classes used in aquaculture, which can result in increasing resistance against this
pharmaceutic [43].

The detection of the accA4 gene in isolate LM9 (molecular serogroup Ila (CC31, ST31))
is very interesting. In literature, the presence of this gene is associated with mobile genetic
elements, such as transposons and prophages. Gene accA4 was detected in various species,
including K. pneumoniae, P. mirabilis, P. aeruginosa, S. enterica, K. oxytoca, S. maltophilia,
and E. cloacae [44]. In Poland, this gene was recorded in P. aeruginosa isolates obtained
from patients from intensive therapy units [45]. The presence of the acca4 gene was also
demonstrated by Kurpas et al. on L. monocytogenes isolates belonging to the molecular
serotype IIb (CC5, ST5) (from the meat-production environment) [42].

In our study, after determining the presence of plasmids, it was found that 41.18%
of the strains contained at least one plasmid. L. monocytogenes strains are known to carry
plasmids with a frequency of up to 79% [46]. This information applies to clinical strains,
while for isolates from food or food production, these values are lower (35%) [47]. Plasmid
pLM33 is commonly found in food-related lineage II L. monocytogenes strains [48], but in our
study, plasmid pLI100 (rep26) was more common. Due to the fact that plasmids obtained
from L. monocytogenes have genes coding resistance to antiseptics and heavy metals, as well
as chloramphenicol, clindamycin, erythromycin, streptomycin, and tetracycline [47,49,50],
this increases the virulence potential and poses a potential threat for the consumers.

4. Materials and Methods
4.1. Bacterial Strains

A total of 17 L. monocytogenes isolate species classified by Vitek MS (bioMerieux, Marcy-
I’Etoile, France) were selected for the whole genome sequencing and genomic analyses.
The strains came from a collection of the Department of Industrial and Food Microbiology
at University of Warmia and Mazury in Olsztyn. Strains were isolated from food samples
and food-processing premises (samples were taken from both non-food contact surfaces
(drains, floors, freezers, aprons, door handles, and taps) and food contact surfaces) between
2018-2019 using the standard ISO 11290-1:2017-. The identification of the species level
was conducted on MALDI-TOF MS (Vitek MS, biomerieux, France) and double confirmed
by performing the standard PCR proposed by Ryu at al. [51]. The strains and sources of
isolation are listed in Table 1.
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Table 1. List of Listeria monocytogenes strains used in study.

No. Source IsY:lé:l rti(:)fn C(;il(:;?:.x Sublineage Cg,i}; l];eST Serogroup
Lm_1 smoked salmon 2018 CCs8 SL8 CT1151 IIa
Lm_2 smoked salmon 2018 CC8 SL8 CT1151 IIa
Lm_3 smoked salmon 2018 CC121 SL121 CT909 Ila
Lm_4 food processing premises 2018 CC101 SL101 CT11711 IIa
Lm_5 smoked salmon 2018 CC121 SL121 CT909 IIa
Lm_6 food processing premises 2018 CC59 SL59 CT2283 IIb
Lm_7 raw salmon 2018 CC193 SL193 CT11716 Ila
Lm_8 raw salmon 2018 CCo6 SL6 CT5641 IVb
Lm_9 smoked salmon 2018 CC31 SL31 CT7227 IIa
Lm_10 food processing premises 2018 cC77 SL77 CT11718 IIb
Lm_11 smoked salmon 2018 CC8 SL8 CT1151 IIa
Lm_12 food processing premises 2018 Cca7 SL37 CT11717 IIa
Lm_13 food processing premises 2018 CCo SL6 CT443 IVb
Lm_14 raw salmon 2018 CC8 SL8 CT7220 IIa
Lm_15 raw salmon 2018 CcC9 SL9 CT1824 Ilc
Lm_16 smoked salmon 2018 CC121 SL121 CT893 IIa
Lm_17 smoked salmon 2018 CcC87 SL87 CT58 IIb

4.2. Library Preparation and Sequencing

Samples were sequenced in an external company Genomed (Warsaw, Poland). The con-
centration of genomic DNA was measured using the fluorimetric method using PicoGreen
reagent (Life Technologies, Eugene, OR, USA). The measurement was performed on the
Tecan Infinite apparatus. Genomic DNA was fragmented by sonication using Covaris E210
(Covaris, Brighton, UK). DNA Library was prepared by the NEBNext® Ultra ™ II DNA
Library Prep Kit for Illlumina® (New England Biolabs, Ipswich, MA, USA). Sequencing
was made on MiSeq Illumina® in PE 2 x 300 cycles with MiSeq Reagent Kit v3 reagents
(600 cycles) (MS-102-3003). Readings from MiSeq were filtered with Cutadapt version 3.0.
Quality control of the results was performed using the FastQC program. Denovo folding
was performed by Spades version 3.14.1.

4.3. MLST and cgMLST Characterization

The MLST and cgMLST analyses were based on a comparison of allele profiles for
7 and 1748 genes, respectively. All calculations and determinations of allele numbers,
sequence types (ST), and clonal complexes (CC) were performed by the tools available
on the BIGSdb-Lm platform (https:/ /bigsdb.pasteur.fr/listeria/ accessed on 28 Septem-
ber 2022). (MLST—10.1371/journal.ppat.1000146; cgMLST—10.1038 /nmicrobiol.2016.185;
10.1186/1471-2105-11-595). MLST and cgMLST profile comparisons were performed using
Bionumerics 7.6 software (Applied Maths, Belgium) with a single linkage algorithm.

4.4. Identification of Virulence-, Antimicrobial-, and Stress-Related Genes

Identification of all genes related to virulence and resistance to antimicrobials or
stress factors were performed by the tools available on the BIGSdb-Lm platform (https:
/ /bigsdb.pasteur.fr/listeria/ accessed on 10 October 2022). Additionally, MVLST analysis
was performed based on 93 virulence-related genes. For comparison, the strains available
in the database (BIGSdb-Lm platform) were selected, and the criteria were the strain
origin (Europe) and the isolation source (human). One hundred eighty-five strains of
L. monocytogenes isolated from humans in Europe were selected.

4.5. Prophage and Plasmids Identification

The prophage identification was investigated using the Prophage Hunter Tool [20],
used for putative prophage identification and annotation in all L. monocytogenes genomes.
For the purpose of our analysis, only active (according to Phage Hunter) prophages were
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considered. Additionally, FASTA files of sequences from each strain were analyzed using
PlasmidFinder 2.1 to identify predicted plasmids [52].

4.6. Collinearity Analysis

The evolutionary distance among L. monocytogenes isolates was evaluated with the
DNAstar software (SeqMan NGen®. Version 17.2. DNASTAR. Madison, WI, USA).

5. Conclusions

The results indicated that L. monocytogenes strains isolated from fish and fish-processing
premises contain a wide variety of genes encoding virulence and resistance to antimicrobials
and are closely related to the CT4915 (CC6) strains that caused listeriosis in Europe. Fish
and fish-processing premise isolates had high tetracycline resistance, encoded by I100839,
tetA_3, and tetC genes, which were found in all strains. These strains can also cause
a serious threat because many of them carry both transposons and plasmids; they can
be transferred to other pathogens or commensal bacteria. The data might be useful for
epidemiological investigations related to listeriosis that require more genetic information
on L. monocytogenes from different countries in order to identify the origin of the bacterium
and track these microbes along the food chain.

Future Work

Due to the enlargement of the database of genomes of L. monocytogenes isolated
from fish and the fish-processing environment, in the near future, Synthetic Microbial
Communities (SynCom) can be used to study the interactions between microbes and the
fish matrix. The SynCom approach is an emerging research area that involves a synthetic
biology approach coupled with knowledge gained from microbial community analysis
and metagenomic and bioinformatics approaches (WGS). Understanding the dynamic
interactions within microbial ecosystems is useful for constructing microbial consortia with
robust, stable, and predictable behavior [53,54]. The holistic approaches can aim to study
the fish microbiome as a whole, focusing on diminishing interferences to reduce environ-
mental variation and elucidate how it operates in its natural environment. Additionally,
SynCom can also predict microbes-host interactions; thus, it would be interesting to predict
L. monocytogenes isolated from fish during listeriosis outbreaks.
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Abstract: Ceviche is a marinated raw fish dish ready for consumption; it is a part of the cuisine of
various countries on the Pacific coast and its preparation may differ among them. Although the
process uses the traditional method of food preservation by lowering the pH, the exposure time
is very limited, so the aim of the study was to determine the viability of bacteria often isolated
from fish after the process of preparing traditional ceviche. For this purpose, the traditional plate
method and flow cytometry were used, and for pathogenic L. monocytogenes strains, the influence
of stress during the preparation of the dish on the pathogenic potential was determined. The study
showed that the highest percentage of viable cells was observed in the case of L. monocytogenes and
remained at the level of 98.54%, slightly less for L. innocua, 96.93%. For the remaining species the
reduction did not exceed 10%, for E. faecalis it was 92.76%, for S. ligefaciens 91.44%, H. alvei 93.68%. In
addition, the study of the antibacterial properties of individual ingredients showed that habanero
and coriander did not show any bactericidal effect, while for onions the amount of live cells was
99.11%, and for lime juice 97.26%, Additionally, the study of changes in virulence, antibiotic resistance
and gene expression showed that the stress during the preparation of ceviche has different effects
depending on the strain and may cause virulence potential increase, levofloxacin and daptomycin
minimum inhibiotory concentration increase and some crucial virulence gene expression induction;
therefore, it is important to take care of the quality of the products used to prepare the ceviche and
accurate pretreatment.

Keywords: ceviche; Listeria; Listeria monocytogenes; survival

1. Introduction

Ceviche (or cebiche) is a traditional dish in many Latin American countries; however,
it is particularly popular in Peru and Mexico, though, over the years, growing popularity
of this dish in restaurants and special events in countries outside Latin America can be
observed. Traditionally, it is made from raw fish meat that is marinated in citrus juices for
up to 30 min to kill potential pathogens and give the meat a taste and texture similar to
cooking. Lime juice (Citrus aurantifolia) is one of the most widely used ingredients in its
production, regardless of the region in which it is produced. However, depending on where
it is made, other citrus juices such as sour orange and weak organic acids such as acetic
acid can also be used. These products have been described as effective antibacterial agents
due to their dissociation within the bacterial cell into a proton, which ultimately reduces
the pH of the cytoplasm, and an anion, which induces metabolic disorders in the acidified
cytoplasm [1]. Lime juice has shown antibacterial activity against Vibrio parahemolyticus
and Vibrio cholerae when used on raw shellfish [2,3]. However, the marinating time is
important, as the ceviche preparation takes only up to 30 min, which may not be enough
time to reduce pathogens and food spoilage bacteria. The pilot studies conducted for
the project focused on the food spoilage bacteria order Enterobacterales and showed that
the most common genera were Serratia spp. and Hafnia spp., so they were used in this
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study. Additionally, in non-Latin American countries, one of the main threats isolated from
fish and seafood is L. monocytogenes, which is the causative agent of listeriosis, a serious
foodborne illness with a high associated case-fatality rate [4], so the aim of the study was a
determination survival of bacteria including food spoilage bacteria; Serratia spp. and H.
alvei, opportunistic pathogens; Enteroccocus faecalis and pathogenic L. monocytogenes isolated
from fish meat using a sensitive method of flow cytometry and the effect that the stress of
ceviche preparation may have on L. monocytogenes.

2. Materials and Methods
2.1. Bacterial Strains and Culture Methods

Strains isolated from salmon (Salmo salar) and trout (Oncorhynchus mykiss) were used
in the survival study, including the following: 5 strains belonging to the species Listeria.
monocytogenes, 5 strains belonging to the species Listeria innocua, 5 strains belonging to the
species H. alvei, 5 strains belonging to the species Seratia liquefaciens and 5 strains belonging
to the to the species E.s faecalis (Table S1). Additionally, twenty L. monocytogenes strains
were used in the study of changes in the antibiogram in order to increase the number of
biological samples (Table S2). All strains used in the study come from the strain collection
of the Department of Industrial and Food Microbiology of the University of Warmia and
Mazury in Olsztyn. The strains were kept in microbanks (Biomaxima, Lublin, Poland) at
—80 °C until use. Tryptic soy broth (TSB; Merck, Darmstadt, Germany) was used to prepare
24 h bacterial cultures. Aliquots (2 mL) from each overnight culture were added to fresh
TSB tubes and incubated for 24 h at 37 °C.

2.2. Ceviche

A ceviche recipe was prepared as follows 680 g of mahi-mahi (Coryphaena hippurus)
with coriander (Coriandrum sativum) (30.8 g), red onion (Allium cepa) (50 g), habanero pepper
(Capsicum chinense) (6.2 g), marinated together with lime juice (Citrus aurantifolia) (236 g)
for 30 min.

2.3. A Limited Medium—Fish Flesh Medium

From the need to use a clear medium in cytometric analyses, the medium proposed by
Chandrasekaran (1985) [5], with modifications, was prepared. Fresh mahi-mahi (Coryphaena
hippurus) fish fillets were washed with distilled water and the meat was then cut into small
pieces. One hundred Grams of meat was homogenized with an equal volume of tap water,
and another 100 g with 1% NaCl solution. Homogenates were prepared in a volume
of 1000 mL and centrifuged (10,000 rpm for 30 min at room temperature (22 &+ 2 °C)).
The supernatant was mechanically filtered using filters 0.2 pm and stored at refrigeration
temperature.

2.4. Flow Cytometry
2.4.1. Flow Cytometer Adjustment

Fluorochrome stock solutions were prepared with accordance to producer instructions
by adding SYTO9 (5 mM) and PI (20 mM) in proportion 1:1 to a tube as a working solution.
For live (LCS) and dead (DCS) cell suspensions, 1 mL of 24 h bacterial suspension was
centrifuged at 10,000 x g for 5 min and resuspended in 1 mL of PBS for LCS or 1 mL of 70%
isopropanol for DCS. Staining was performed by adding 2 mL of LCS or DCS with 6 uL.
of working solutions. The mixtures were incubated for 15 min at room temperature and
read with a flow cytometer (FACSlyric, Beckton Dickinson, Franklin Lakes, NJ, USA). The
excitation laser of the flow cytometer had a wavelength of 488 nm and the fluorescence
emissions were collected in the red and green channels. SYTO9-stained LCS and PI-stained
DCS were used to locate appropriate bacterial populations and standardize the most appro-
priate cytometric parameters to avoid interference from emission spectra. Forward scatter,
side scatter, and fluorescence were recorded with logarithmic signal amplification. First,
the forward and side scatter enhancements were configured, followed by the green fluores-
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cence enhancement to detect live bacteria, and finally the red fluorescence enhancement
was combined to indicate dead bacteria.

2.4.2. Antibacterial Properties of Ceviche and Ceviche Components

To evaluate antimicrobial properties of ceviche and ceviche components fish flesh
medium were used. To use the same proportion as for traditional ceviche, the amount of
fish media used were equal to fresh fish ceviche, achieving a pH of 3.2-3.3. Each of the
ceviche ingredients was separately combined with the fish flesh media, then homogenized,
and filtered with a vacuum pump on 0.2 um pore size filters. The filtered medium was
combined with the previously centrifuged bacterial cultures so that the final concentration
was about 6 x 108 cfu/mL. The samples were incubated at 4 °C for 30 min, then the samples
were centrifuged for 10 min at 10,000 g, the supernatant was removed, and 1 mL of PBS
was added. Then, steps from the flow cytometer adjustment section were followed.

2.5. Bacterial Total Count

Samples (10 g) of ceviche (time = 0 and time = 30 min) were aseptically taken and
homogenized in stomacher (Masticator Homogenizator, IUL S.A., Barcelona, Spain) with
90 mL NaCl solution (9 g/L). The homogenate was serially diluted, and the total viable
rate (TVC) was determined by the pore plate method using Nutrient Agar (Merck, Darm-
stadt, Germany). The plates were incubated at 30 °C for 72 h and cfu/g were determinate.
Additionally, determination of dominant morphological colonies was performed. For
this purpose, the 10 most frequent colonies (based on morphological characteristic) were
selected and then identified using the MALDI-TOF system. Measurements were taken
using a VITEK® MS (bioMérieux, Marcy 1'Etoile, France) with acceleration voltage 200 kV,
mass range 2-20 kDa, laser frequency 50 Hz, and extraction delay time 200 ns. All mass
fingerprints were analyzed by the VITEK® MS v2.0 MALDI-TOF mass spectrometry sys-
temV2.0 research use only (RUO; SARAMIS version 4.13) databases (bioMérieux, Marcy
I’Etoile, France).

Isolates were tested in duplicate using the direct transfer protocol according to the
manufacturers’ recommendations. Briefly, the isolates were cultured for 48 h at 30 °C on
TSA (Merck, Darmstadt, Germany) than were transferred to the target plate. One microliter
of MALDI matrix VitekMS-CHCA (bioMérieux, Marcy 1'Etoile, France) (In the case of
identification of yeasts, this step was preceded by the addition of 0.5 pL of formic acid) was
added to the spots. After crystallization of the matrix solution, the target was loaded into
the MALDI-TOF MS, and the analysis was started. The confidence level was determined
in percentage.

2.6. Phenotypic and Genotypic Changes
2.6.1. Virulence Potential Changes in a Live Model

Galleria mellonella larvae were infected with Listeria monocytogenes (~100 CFU/larvae).
The studies were carried out on strains that had previously been subjected to stress related
to ceviche preparation. Bacterial inoculums were injected dorsolaterally into the hemocoel
of last-instar larvae using a 10 puL disposable Hamilton syringe. After injection, the larvae
were incubated at 37 °C. Larvae were considered dead if they did not move when touched.
Galleria larvae infused with 0.9% NaCl were a control group [6].

2.6.2. RNA Isolation and Reverse Transcription into cDNA

Total RNA was isolated from the overnight culture (control) and strains subjected to
the ceviche preparation process using the Total RNA Mini Plus Kit (A&A Biotechnology,
Gdynia, Poland) and purified and concentrated according to the manufacturer’s instruc-
tions using the CleanUp RNA Concentrator (A&A Biotechnology, Gdynia, Poland). RNA
integrity of all samples was checked by loading 10 pL. RNA into a 1.2% agarose gel in 0.5%
TBE buffer and running at 90 V for 1 h. Once the RNA integrity is confirmed by visualizing
the two bands (16S and 235 RNA) with little smearing. RNA concentration and purity were
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measured optically using a DeNovix DS11 FX spectrophotometer/fluorometer (DeNovix
Inc., Wilmington, NC, USA) based on sample absorption at wavelengths of 260 nm and
280 nm. All RNA samples were immediately partially reverse-transcribed and the rest
stored at —80 °C. All the RNA samples were normalized to 5 ug/pL and transcribed into
the cDNA using the TranScriba kit (A&A Biotechnology, Gdynia, Poland) for the synthesis
of first-strand cDNA. This kit uses recombinant MMLYV reverse transcriptase, which has
low RNAseH activity at 37-42 °C and optimal DNA polymerase activity. Template RNA
was protected with a recombinant RNAse inhibitor. Random sequence hexamer was used
as a primer.

2.6.3. Real Time PCR Analysis of Gene Expression

Nine genes were selected for expression evaluation: cspLA, gadB, opuCA, rpoE, flaA,
inlA, mprF, lin and fosX. For each gene, a threshold line and quantitative cycle (Cq) were
determined using the Rotor-Gene series software (Qiagen Inc., Montreal, ON, Canada).
Genomic DNA standard curves (5 points of dilutions. For each primer pair, amplification
efficiency was calculated as E = 10 (—1/slope) [7,8]. The level of gene expression was
determined fluorometrically using SYBR green with the RotorGene Q system (Qiagen Inc.,
Montreal, ON, Canada). Samples were examined for differences in gene expression using
relative quantification, in which relevant gene expression is normalized to a housekeeping
gene using the mathematical model proposed and reviewed by [7]. A threshold was
determined by the software for real-time PCR reactions. Expression ratios equal to or
greater than 2 represented a significant increase in gene expression, while expression ratios
equal to or less than 0.5 represented a significant decrease in gene expression. Primer
sequences for the housekeeping gene 23 S rRNA as well as the virulence-associated genes
gelE, asal, esp and cyIL were obtained from Shepard and Gilmore (2002) (Table S3). Gene
expression analysis was performed three times. Additionally, three independent real-time
PCR reactions were conducted in each replicate. The RGEs detected for each gene and each
stress condition were considered significant (p < 0.05) on the basis a t-test performed using
the RGE of the control as reference.

Real-time PCR reactions was performed in a final volume of 20 uL containing 10 puL of
PowerUp SYBR Green MasterMix (ThermoFischer Scientific, Waltham, MA, USA), 1.0 uL
of each primer (10 pmol/1 uL) and 5 ng of template cDNA, filled up with ddH,O to a final
volume. The real-time PCR cycling conditions were following 50 °C for 2 min, 95 °C for
2 min and 40 cycles of 15 s at 95 °C, 15 s at temperature adjust for primer set and 60 s at
72 °C. The specificity of the real-time PCR product was checked by the construction of the
melting curve by heating in a slow ramp between 60 and 95 °C in increments of 0.5 °C
for5s.

2.6.4. Antibiotic Susceptibility

The study of changes in susceptibility to antibiotics was carried out on strains from
24 h culture (control) and those subjected to stress related to the preparation of ceviche.
VITEK 2 Compact with AST-P643 (bioMérieux, Marcy 1’Etoile, France) was used to ac-
cess the antimicrobial susceptibility of the A8-1 to 18 clinical antibiotics, which included
benzylpenicillin (Bp, 0.125-64 pg/mL), ampicillin (Amp, 0.25-32 ug/mL), high-level gen-
tamicin (synergistic) (HLG, 500 pg/mL; Gen, 8-64 ng/mL), high-level streptomycin (HLS,
1000 ug/mL), clindamycin (Cli, 0.125-4ug/mL), levofloxacin (Lev, 0.12-8 pg/mL), ery-
thromycin (E, 0.25-8 ug/mL), quinupristin/dalofopine (Qd, 0.25-16 pg/mL), linezolid
(Lzd, 0.5-8 ug/mL), vancomycin (VA, 0.5-32 pg/mL), tetracycline (Tet, 1-16 pg/mL),
tigecycline (Tgc, 0.12-2 ug/mL), chloramphenicol (C, 4-64 ng/mL), daptomycin (Dap,
0.12-8 nug/mL), Trimethoprim/sulphamethoxazole (SXT, 0.5/9.5-16/304 pg/mL), and
nitrofurantoin (F, 16-512 ug/mL). According to the MIC obtained, the results were judged
according to Clinical Laboratory Standard Institute criteria (CLSI M100) (Clinical and
Laboratory Standards Institute, 2018) and the European Food Safety Authority (EFSA) for



Foods 2022, 11, 860

50f13

assessment of bacterial resistance to antimicrobials. The study increased the bioassays to 20
to increase the plausibility of the changes (Table S3).

2.7. Statistical Analysis

Statistical analyses were performed using Student’s ¢-test and /or the one-way ANOVA
for microbial reduction analysis. For transcriptome changes, analyses were performed
using two-way ANOVA, for groups of genes. For the analyses, p < 0.05 was considered
significant. The statistical analyses were performed using Prism 8.0.1 (Prism, GraphPad
Software, San Diego, CA, USA).

3. Results

As a result of the conducted experiment, it was observed that during the traditional
preparation of ceviche, i.e., marinating for 30 min, a statistically significant (p < 0.05)
reduction in microorganisms were noticed, although the reduction was from 5.2 to 4.4 log
cfu/g (Figure 1).

%k
5.5-
S 5.0+
o))
o
o
& 4.5-
4.0 . .
t=0  t=30'

Figure 1. The reduction in viable rate of bacteria during ceviche preparation, *—p = 0.0182.

As a result of the experiment, it was observed that 10 morphologically dominant
colonies belonged to four species: Staphylococcus captis, Staphylococcus epidermidis, Candida
parapsilosis and Carnobacterium divergens. The results are shown in Table 1.

Table 1. Identification of the most common species after the preparation of ceviche using MALDI-TOF

technique.
No Species Identification to Quality of Protein Extraction
) P Species Level% (Datacount)
1 S. captis 91.80-99.90 117-182
2 S. epidermidis 99.00 130-158
3 C. parapsilosis 99.00 117-132
4 C. divergens 75.50-92.00 144-152

In the experiment, it was observed that the traditional use of habanero pepper and
coriander did not affect the reduction in bacteria from the species E. faecalis, L. monocytogenes,
L. innouca, S. ligefaciens and H. alvei (Figure 2). In the case of the use of onion, it was observed
that L. monocytogenes was the most resistant and the number of viable cells remained at
99.93% after 30 min. The species S. ligefaciens 98.31% were the most sensitive to the use
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of the onion. Of the four ingredients used, lime juice was the most effective against all
bacteria. Again, the most sensitive bacteria were S. ligefaciens (95.67% of live cells), while
the most resistant ones were Listeria sp., 99.57% of live L. monocytogenes cells and 99.69% of

live L. innocua cells.
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Figure 2. Reduction in the number of live cells of selected species by individual ceviche components:
(a) lime (23.5%), (b) habanero (0.6%), (c) onion (5%), (d) coriander (3%), ***—p < 0.0001.
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The study of microbial reduction during the preparation of ceviche has proven that
the complex action of many components is more effective than the action of individual
components (Figures 2 and 3). The highest percentage of viable cells was observed in the
case of L. monocytogenes and remained at the level of 98.54%, slightly less for L. innocua
bacteria—96.93%. For the remaining species the reduction did not exceed 10%, for E. faecalis
it was 92.76%, for S. ligefaciens 91.44%, H. alvei 93.68%.
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Figure 3. Reduction in the number of live cells of selected species of bacteria during the preparation
of ceviche, ***—p < 0.0001.

In the conducted experiment on a live model using Galleria mollonella larvae, it was
observed that the results from the control sample and from the process of preparing the
ceviche differ statistically significantly (p < 0.05) (Figure 4). Only one strain (109) was more
virulent after the ceviche preparation process than before. In the case of the remaining
strains, a significant decrease in mortality among larvae was observed. The most drastic
change was observed for strain 118, where the death of each infected larva after 48 h was
recorded, while 60% of the larvae were still alive after 168 h of onion preparation.

In the conducted study, the expression of selected genes for two serotypes of L. monocy-
togenes 1/2a and 1/2c was tested. The results of the research showed that for the expression
of genes from each group, higher results were obtained for serotype 1/2a. Comparing
genes related directly or indirectly to virulence, it was observed that significantly overex-
pression was noticeable for the inlA gene, the stress induced by ceviche preparation did
not noticeably affect the relative expression of the flaA gene responsible for movement.
Expression of the stress response genes indicated that the highest expression value, 1.17
for serotype 1/2a and 1.16 for serotype 1/2c, was observed for the cspL gene. For the
remaining genes: gadB, opuCA and rpoE, in the case of 1/2c, underexpression was observed
with the results of 0.93, 0.51 and 0.19, respectively. For the serotype 1/2a, these values were
slightly higher and amounted to 1.06 for gadB and ropE and 0.37 for opuCA.

For the antibiotic resistance genes, it was shown that for the serotype 1/2a, the fosX
and mpr genes were overexpressed during the stress associated with ceviche preparation,
while underexpression was observed for the lin gene responsible for lincomycin resistance.
For serotype 1/2c, underexpression occurred with every gene (Figure 5).
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Figure 5. Relative expression of selected L. monocytogenes strains, *—p = 0.0393.
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As a result of the conducted research, it was shown that out of 18 tested antibiotics,
among 11, no changes caused by stress related to the preparation of ceviche were observed
(Figure 6). Changes for the largest number of strains were observed in the case of ni-
trofurantoin, for which the stressor caused a decrease in the MIC value for most of the
strains. For levofloxacin, the MIC value increased for as many as six strains, while for
four strains it increased. The greatest decrease was observed in the case of nitrofurantoin
and chloramphenicol, which, for some whispers, was three times lower than in the case
of optimal conditions. In contrast, the greatest increase in MIC values was observed with

daptomycin (five-fold increase).
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Figure 6. Antibiogram changes after ceviche preparation among L. monocytogenes strains; benzypeni-
cillin (Bp), ampicillin (Amp), high-level gentamicin (Gen High), high-level streptomycin (Strep High),
clindamycin (Cli), levofloxacin (Lev), erythromycin (E), quinupristin/dalofopine (Qd), linezolid
(Lzd), vancomycin (Va), tetracycline (Tet), tigecycline (Tgc), chloramphenicol (C), daptomycin (Dap),
Trimethoprim/sulphamethoxazole (Sxt), and nitrofurantoin (F).

4. Discussion

An experiment was carried out to determine the viability of bacteria often isolated from
fish—Listeria sp., E. faecalis, H. alvei and S. ligefaciens—in the preparation of a traditional
Peruvian ceviche. As a result of the experiment, it was proved that despite the combination
of several components with the potential antibacterial effect, no significant decrease in
viability was observed in any of the tested microorganisms. Although the preparation of
ceviche is an effective method to reduce, but not eliminate, bacteria of the genus Vibrio,
in the case of other microorganisms there is no significant decrease in the number of
viable cells [9]. In a study conducted by Mathur et al. on the effects of lime juice, the
main antibacterial agent in ceviche, the reduction in Gram-negative bacteria of the genus
Salmonella was shown to be as low as 0.5log cfu/g [9]. In our study, although the bacteria of
the species S. liquefaciens were the most sensitive to the components of ceviche, the reduction
was only 10%, it may additionally explain the frequent occurrence of even Gram-negative
bacteria in sold RTE ceviche [10].

Identification of the dominant species has shown that S. captis, S.s epidermidis, C. parap-
silosis and C. divergens are among them. The research results are in line with those obtained
by Ramirez-Martinez et al., in which they examined the microbiota of ceviche products;
due to the metagenome study usage, researchers were able to assess the microbiome much
more accurately [4]. Among the genera overlapping with the researchers is the genus
Staphylococcus belonging to the phylum Firmicutes, although the researchers did not specify
the species. Additionally, C. divergens belongs to the same Firmicutes phylium. Eukaryotic
types have not been determined.

Aromatic plants and spices such as Umbelliferae/Umbelliferae coriander (C. sativum
L.) contain biologically active compounds with antibacterial, antifungal and antioxidant
properties and are widely used in the pharmaceutical and food processing industries.
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Coriander is a bare aromatic herbaceous annual plant with a long culinary history and
serves as a source of fragrances and essential oils, and those are usually considered as
affective against variety of microorganisms.

In research conducted by Kac¢aniova et al. [11] it was shown that the main volatile
compounds of coriander essential oil were 3-linalool 66.07%, camphor tree 8.34%, ger-
anyl acetate 6.91% and cymene 6.35% and expressed the strongest antibacterial activity
against B. subtilis followed by S. maltophilia and P. expansum. However, research on corian-
der extracts showed that it has poor or non-antimicrobial properties [12-14], which was
also proven in our research, although a more sensitive method of antimicrobial activity
was performed.

As in the case of aromatic plants, habanero peppers also have an antibacterial potential,
while capsaicin and its derivatives are characterized by high MIC values of 512 mg/L
against most Gram-negative bacteria, including Escherichia coli, Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Proteus species and shows a slightly lower MIC value for Gram-
positive including various methicillin-resistant bacteria. A minimum MIC of 128 mg/L was
determined for capsaicin against Bacillus subtilis [15]. Although habanero pepper extracts
may contain as much as 5.88 mg/mL of capsaicin, its amount and very short exposure time
do not affect the viability of bacterial cells.

While testing the individual components of ceviche, onion resulted in a slight re-
duction in the number of viable cells, ranging from 98.31% for S. ligefaciens to 99.93% for
L. monocytogenes. There are numerous reports of the antibacterial effects of onions. Ramos
et al. [16] examined onion waste containing dried onions as the main component and excel-
lent antibacterial and antioxidant properties were observed. In addition, high antibacterial
activity of onion skin waste extract against E. coli, P. fluorescens, B. cereus, and the fungi
Aspergillus niger, Trichoderma viride, Penicillium cyclopium was observed [17]. It has been
reported that onion excretion contains a large amount of phenol and flavonoids, mainly
quercetin, which has high antibacterial activity [18].

In our experiment, it was determined whether the preparation of ceviche can influence
the virulence expressed phenotypically in the model using G. mollonella larvae, and the
results showed that only one L. monocytogenes strain was observed to be more virulent after
preparing the ceviche than in the control. This can be explained by sudden and short-term
stress, as there are reports explaining that the greatest changes in the transcriptome of
genes responsible for virulence are observed after prolonged exposure to the stress factor
which is lowering the pH. [19,20]. Li et al., using G. mollonella larvae to study the virulence
of L. monocytogenes exposed to organic acids, proved that the action of the stress factor
causes an increase in the pathogenic potential for a long time; however, those are still
strain-dependent features [20-22].

The main stressor in the preparation of ceviche is the lowered pH. This stress con-
tributes to the upregulated gene expression associated with acid stress. In the case of
L. monocytogenes, several decarboxylation systems are responsible for survival [23]. These
decarboxylation systems include the glutamate decarboxylase (GAD) and the arginine
decarboxylase (ADI) systems. The GAD system comprises three homologous glutamate
decarboxylases, GadD1, GadD2, and GadD3 and two antiporters GadT1 and GadT?2, en-
coded at three distinct genetic loci [24,25]. In this study, the expression of one of the genes
encoding GAD was investigated and it was observed that overexpression occurs only in
serotype 1/2a, while resistance to low pH in serotype 1/2c may be related to the ADI
system, which consists of three enzymes and one membrane bound transporter: arginine
deiminase (ArcA), catabolic ornithine carbamoyltransferase (ArcB, also known as AguB),
carbamate kinase (ArcC, also known as AguC), and the arginine/ornithine antiporter
ArcD [26]. The action of stressors may also influence the expression of other genes, includ-
ing virulence genes. There is ample evidence that high osmolarity, bile, acid, ethanol, blood
increase the virulence potential of L. monocytogenes strains [26]. The study examined the
effect of lowering the pH during the preparation of ceviche on the inl and flaA genes and
observed significant expression induction for serotype 1/2a.
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L. monocytogenes strains are generally susceptible to a wide range of antibiotics, occa-
sionally antibiotic resistant L. monocytogenes strains have been observed. The first multidrug-
resistant strain of L. monocytogenes was reported in 1988 by Poyart-Salmeron et al. (1990) [27].
This is confirmed by the characteristics of the L. monocytogenes strains used in our study,
which were mainly resistant to two antibiotics, daptomycin and nitrofurnantoin. The stress
of ceviche preparation resulted in changes, especially with nitrofurantoin and chlorpahoni-
col, where a decrease in MIC was observed, and doptamycin, with the greatest increase. In
a study of the impact of stress associated with the food industry and cooking, Al-Nabulsi
et al. only observed a positive trend, an increase in MIC values during acid stress [28,29].
Results obtained by McMahon et al. showed that NaCl or acid stress on E. coli and S. aureus
cells were more resistant (4-fold) to the antibiotics tested than control cells. On the other
hand, S. Typhimurium cells stressed after NaCl or acid stress were comparable to or less
resistant to unstressed cells. The differences in the research may result from the use of
L. monocytogenes by the authors of the stocks, after a minimum of 1 day after stress (about
10 generations of cells). These can vary considerably between stalks and serogroups. The
changed antibiotic resistance observed in this study is possibly linked to the reduction in
cell wall antibiotic binding sites, the amplification of genes involved in the synthesis and
manipulation of excretion pumps, and the induction of stress shock proteins [30].

5. Conclusions

The conducted study allowed us to determine that despite the fact that almost all of the
components in ceviche preparation have bactericidal potential, the use of fresh ingredients
and a short exposure time to these ingredients is not effective in reducing L. monocytogenes
and other bacteria that are commonly isolated from fish meat. Therefore, it is important to
ensure the quality and accurate pretreatment of the products used to prepare the ceviche,
as the stress associated with bacteria may contribute to negative changes of the strains.
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ARTICLE INFO ABSTRACT

Keywords: Sous-vide is a cooking technique which is considered safe for food preparation, however, the recommended
Sous-vide temperatures and times for preparing seafood and fish may not be sufficient to ensure safety, and additionally,
Ll:m”:“ thermal stress may cause changes in virulence and resistance. The objective of the present investigation was to
;‘Z:m monocytogenes determine the reduction of Listeria monocytogenes isolated from fish after sous-vide preparation. For this purpose
Virulence flow cytometry was used. The impact of stress during the preparation of the fish-based dish using the sous-vide

technique on the virulence potential and resistance profile was determined geno- and phenotypically. The study
was conducted at four different temperatures, that are typical for fish preparation (42, 52, 57 and 60 °C) showing
that none of them could be effective against L. monocytogenes. In addition, the investigation of changes in the
virulence, phenotypic antibiotic resistance and gene expression showed that the stress during the preparation of
sous-vide decrease virulence potential of the L. monocytogenes strains. It was observed that the greatest changes
in antibiotic resistance profile were noted for tetracycline and notable changes were also observed for some
strains in the case of fosfomycin and ciprofloxacin. Therefore it is important not to consider the sous-vide method
as ensuring the microbiological quality of products, especially those with high contamination levels, and choose

products of the best quality for processing.

1. Introduction

Listeria monocytogenes is one of the major human pathogens and it is
primarily transmitted through the consumption of contaminated food
including dairy, meat products, fish and seafood [1,2]. Invasive listeri-
osis is rare, with approximately >2000 cases reported annually in
Europe [3]. Listeriosis can have severe symptoms such as bacteremia
and neurolisteriosis causing high mortality <30% in those with
compromised immunity including the elderly and newborns [4].

Sous-vide is a cooking technique in which raw food is sealed in a
heat-stable vacuum bag and cooked in a water bath at a precise tem-
perature and time. Sous-vide by definition utilizes the concept of low-
temperature long-time (LTLT) cooking. The temperature range for the
sous-vide is between 65 and 95 °C. Due to the improved sensory quality
and increased nutrient preservation, it is becoming more and more
popular than conventional heat treatment (boiling, roasting, frying and
steaming) [5].

Due to the high water activity and neutral pH, fish and seafood are

* Corresponding author.
E-mail address: arkadiusz.zakrzewski@uwm.edu.pl (A. Zakrzewski).
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among the fastest perishable foods, which makes them ideal for the
development of spoilage and growth of pathogenic bacteria. Their shelf
life of them is limited and also due to high amounts of free amino acids
vulnerable to oxidation [6]. However, oxidation and off-flavour caused
by this are inhibited by the vacuum packaging used in sous-vide tech-
nology. Seafood that has been cooked sous-vide has a longer shelf life
than seafood cooked in a traditional manner. Following the heating
treatment, the initial microbiome of the food may be reduced, however,
recommended temperatures for processing fish and seafood are often
much lower than those mentioned by definition, therefore, this treat-
ment may be ineffective in controlling microorganisms.

There are many publications specifying the reduction of microor-
ganisms, this work was conducted in response to the need to understand
the influence of sous-vide processing on resistance and virulence of L.
monocytogenes. The objectives of this study were to 1) evaluate the
number of dead cells of L. monocytogenes during sous-vide processing; 2)
examine virulence potential changes among L. monocytogenes strains
after processing; 3) test phenotypic and genotypic antibiotic resistance
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changes among L. monocytogenes strains after sous-vide processing.

2. Methods
2.1. Strains and culture methods used in this study

Four L. monocytogenes strains isolated from salmon (Salmo salar) and
fish processing plants were used in this study (Table 1). All strains are a
part of the strain collection of the Department of Industrial and Food
Microbiology of the University of Warmia and Mazury in Olsztyn. Before
usage, the isolates were stored at —80 °C in microbanks (Biomaxima,
Lublin, Poland). The Tryptic Soy Broth (TSB; Merck, Darmstadt, Ger-
many) was utilized to cultivate microorganisms for 24 h. For further
investigation, 2 mL of each overnight cultures was transferred to the TSB
broth and incubated at 37 °C for 24 h.A characterisation description of
the strains in detail was published in our previous paper [7].

2.2. A limited broth consisting of fish flesh

In response to the need for a clear broth in cytometric analyses, a
modified version of the broth proposed by Chandrasekaran [8] was
developed. The fillets of fresh trout (Oncorhynchus mykiss) were rinsed
with distilled water and cut. One hundred grams of trout was homoge-
nized with an equal volume of potable water and a NaCl solution (1%).
The prepared homogenates were centrifuged at 10,000 rpm for 30 min
at ambient temperature. Finally, the supernatant was mechanically
filtered using 0.2 mm filter and cooled to 4 °C before use.

2.2.1. Flow cytometer adjustment

A flow cytometer was adjusted as described in our previous work [8].
Shortly fluorochrome stock solutions were prepared in proportion 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 a combi-
nation of culture with working solutions in proportion 333:1. The so-
lutions were kept at room temperature for 15 min 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 red and green channels were used to capture fluorescence
emissions. Two solutions with SYTO®9 - or Pl-stained bacteria were
utilized for identification of live and dead populations and for calibra-
tion of the most suitable cytometric parameters to prevent interference
from emission spectra. Logarithmic signal amplification was used to
capture forward scatter, side scatter, and fluorescence.

2.2.2. L. monocytogenes survival during sous-vide preparation

To evaluate bacterial survival during the sous-vide process, fish flesh
broth was used. The filtered broth was combined with the previously
centrifuged 24-h cultures so that the final concentration was about 6 x
10 CFU/mL. Then, the samples were sealed in a PP bags and processed
at four different temperatures: 42, 52, 57 and 60 °C for 60 min at 10 min
intervals in a sous-vide device (Hendi 225,264, Germany). Samples were
then cooled down in a shock cooler (Atitila ATTO5, Italy) then the
samples were centrifuged for 10 min at 10,000 g, the supernatant was
removed and 1 mL PBS was added. Similar approaches have been used
previously in the flow cytometer adjustment section.

Table 1
Strain characterisation.
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2.3. Effect of sous-vide processing on the virulence and antibiotic
resistance of Listeria monocytogenes

Based on the results obtained during the survival analysis, further
tests were carried out for the highest tested temperature (60 °C) in the
finished product, i.e. after full processing (60 min).

2.3.1. Antibiotic susceptibility testing by microdilution broth assay

Antibiotic susceptibility profiles for each strain and the changes
caused by stress exposure for the L. monocytogenes isolates were deter-
mined by the micro broth dilution method according to ISO 20776-1 [9]
using a 96-well V-bottom polystyrene plate.

In the study, 5 different antibiotics were used: lincomycin (Sigma
Aldrich, Germany), fosfomycin (Sigma Aldrich, Germany), tetracycline,
trimethoprim/sulfamethoxazole and clindamycin (TOKU-E; Belling-
ham, WA). Antibiotic solution stocks were made with the solvents and
diluents recommended by ISO 20776-1, Annex B: Solvents and diluents
for making stock solutions of selected antimicrobial agents [10]. For
each day of testing, antibiotic solution stocks were freshly diluted ac-
cording to ISO 20776-1, Annex C [10] in the Mueller -Hinton broth
(Merck, Darmstadt, Germany). The concentration applied to the plate
was 2x higher than the target concentration. L. monocytogenes isolates
were plated on TSA (Merck, Darmstadt, Germany) and incubated for 24
h at 37 °C. After, single colonies were then suspended in 0.9% saline
solution to obtain turbidity equal to the 0.5 McFarland. The turbidity
was measured with a McFarland densitometer DEN 1B, Bioscan, and a
(Bioscan, Latvia). Then, 50 pL of each antibiotic solution and bacteria
solution was added to the well of each row in the 96-well plates
(Promed®, Italy). One set of wells was left without bacterial solutions as
media controls, and another (without antibiotic solutions) as growth
controls. The experiment was conducted in triplicate. [10].

Plates were aerobically incubated at 35 + 2 °C for 20 h. After incu-
bation, the turbidity of the medium was measured with the naked eye.
The minimum inhibitory concentration (MIC) was the lowest concen-
tration at which no bacterial growth was observed. The results were
interpreted by the Clinical and Laboratory Standards Institute CLSI 2022
[11] as susceptible, intermediate resistant or resistant. Results were
acceptable only if there was sufficient growth of the tested strain (i.e.
obvious button or definite turbidity in the positive growth control), and
when no growth in the un-inoculated or negative growth control was
observed. The amount of growth in each well was compared with the
positive growth control. Streptococcus pneumoniae ATCC 49619 was used
as a quality control.

2.3.2. Virulence changes in a live model

The experiments were conducted on all strains individually, previ-
ously subjected to sous-vide cooking-related stress and under optimal
conditions. Galleria mellonella larvae (n = 11/strain) were infected with
L. monocytogenes strains (100 CFU/larvae). Using a 10 pL disposable
Hamilton syringe, bacterial inoculums were injected dorsolaterally into
the hemocoel of larvae in their last instar. After injection, 37 °C incu-
bation for 7 days was performed on the larvae. If a larvae did not move
when touched, it was deemed dead. The control group was G. mellonella
larvae injected with 0.9% NaCl [12]. Survival analysis were performed
using Kaplan-Meier model, comparison of survival curves was per-
formed using the logrank. RNA isolation and reverse transcription into

Isolate Source MLST cgMLST type Antimicrobials resistance Virulence factors
Clonal complex Sequence type

Lm_1 smoked salmon 8 8 1151 fosX, Imo0919, Imo1695,norB, sul LIPI-1

Lm_2 smoked salmon 8 8 1151 fosX, Imo0919, Imo1695,norB, sul LIPI-1

Lm_3 smoked salmon 121 121 909 fosX, Imo0919, Imo1695,norB, sul LIPI-1

Lm 4 fish processing plant 101 101 11,711 fosX, Imo0919, lmo1695,norB, sul LIPI-1
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cDNA

Using the Total RNA Mini Plus Kit and the CleanUp RNA Concen-
trator (A&A Biotechnology, Gdynia, Poland), a total RNA was extracted
from the overnight culture (control) and strains subjected to the sous-
vide preparation procedure. All samples’ RNA integrity was evaluated
by depositing 10 pL of RNA onto a 1.2% agarose gel in a 0.5% TBE buffer
and running it at 90 V for 1 h. The integrity of the RNA was determined
by observing the two bands (16S and 23S RNA) with minimal dispersion.
RNA concentration and purity were determined with a spectropho-
tometer/fluorometer (DeNovix DS11 FX, DeNovix Inc., Wilmington, NC,
USA). All RNA samples were normalized to 5 g/L and promptly reverse-
transcribed using a kit (TranScriba, A&A Biotechnology, Gdynia,
Poland) for the synthesis of first-strand c¢DNA utilizing a random
sequence hexamer as a primer.

2.3.3. Real-Time PCR analysis of gene expression

A total of 16 genes, including two groups, virulence genes- LIPI-1
genes (prfA, plcA, hly, mpl, actA, plcB, and osfX) and resistance genes
(drfA, fosX, lin, mpr, tetAl, tetA2, tetA3, tetC, sul) were selected for
expression analysis. A threshold line and quantitative cycle (Cq) were
determined for each gene (Rotor-Gene, Qiagen Inc., Montreal, ON,
Canada). Then, using five dilution points, DNA standard curves were
determined. The amplification efficacy of each primer pair was calcu-
lated using the formula E = 10 (1/slope) [8,13]. Samples were analyzed
for differences in gene expression using relative quantification, where
relevant gene expression is normalized to a housekeeping gene using a
mathematical model proposed and reviewed by Pfaffl [14]. The Rotor-
Gene Q 2.1.0.9 software (Qiagen Inc., Montreal, ON, Canada) estab-
lished a threshold for real-time PCR reactions. Expression ratios of 2 or
greater indicated a significant increase in gene expression, while ratios
of 0.5 or less indicated a significant decrease. In this study, primer se-
quences for the housekeeping gene 16 S rRNA as well as the virulence-
and resistance-associated genes were provided in supplemented mate-
rials (Table S1). Three separate gene expression analyses were con-
ducted. The relative gene expression (REG) detected for each gene and
stress condition were deemed significant (p 0.05) based on a t-test uti-
lizing the RGE of the control as the reference. Real-time PCR reactions
were carried out in a final volume of 20 pL containing 10 pL of PowerUp
SYBR Green MasterMix (Thermo Fischer Scientific, Waltham, MA, USA),
1.0 pL of each primer (10 pmol/1 pL), and 5 ng of template cDNA, with
the remaining volume being filled with ddH20. The cycling conditions
for the real-time PCR were as follows: 50 °C for 2 min, 95 °C for 2 min,
and 40 cycles of 15 s at 95 °C, 15 s at temperature adjustment for the
primer set, and 60 s at 72 °C. The specificity of the real-time PCR product
was evaluated by constructing the melting curve using a gradual rise
between 60 and 95 °C with 0.5 °C increments for 5 s.

3. Results
3.1. L. monocytogenes survival during sous-vide processing

A study of L. monocytogenes’ survival at four different temperatures
shows that none of them could be effective against this pathogen. The
results differ among strains,r the most heat-susceptible strain after 60
min at 60 °C 69.66% live cells were noticed, on the contrary, most heat-
resistant strain was 90.66%. Both lowest temperatures 42 and 52 °C, did
not affect the L. monocytogenes strains, the reduction of live cells was
marginal, 0.5-1.9% for 42 °C and 1.2-3.5% for 52 °C. Sous-vide pro-
cessing at 57 °C reduced live cells to 94.9%. The results of this analysis
are summarized in Fig. 1.

3.2. Expression of virulence and antibiotic resistance related gene
In the study carried out, the expression of selected genes related to

virulence and antibiotic resistance of L. monocytogenes was tested.
Comparing genes related directly to virulence, all genes that are located
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Fig. 1. Reduction of L. monocytogenes (n = 4) live cells during the preparation
of sous-vide. Curves represent four different temperatures and error bars
represent SD.

on LIPI-1 were observed to have no significant overexpression. Four out
of seven genes, after the thermal stress, had similar expression levels as
per the optimal condition, with gene mpl, zinc metalloproteinase pre-
cursor, having the highest expression (1.27). However, in two genes plcA
(listeriolysin positive regulatory protein) and osfX, significant under-
expression was noted, the values of which were 0.03 and 0.01, respec-
tively (Fig. 2).

For the antibiotic resistance genes, it was shown that the stress
related to sous-vide preparation caused overexpression for some genes
encoding resistance to tetracyclines. For the tetA2 gene, the relative
expression scores were 3.44, while for the tetC gene, the value was as
high as 3.56. For the tetA3 gene, an increase in relative expression was
also observed, but it was not defined as significant (1.95). The other
resistance genes showed expression similar to that under optimal
conditions.

3.3. Virulence changes in a live model

In a study of the virulence potential in a live model using
G. mellonella larvae, based on the results, we made the following ob-
servations. It was found that for strains grown under optimal conditions,
the average larval survival was only 11.46%. In the least virulent strain,
the survival rate was estimated at 33.33%. The study found that thermal
stress reduces the virulence potential of the strains, and the average
survival rate rose up to 58.81%. For the Lm_1 strain, under optimal
conditions, it was noted that all larvae were already dead by the 4th day,
while after stressful conditions, it was found that even on the last (7th
day), 50% of the larvae were still alive (Fig. 3). For the logrank test p <
0.001.

3.4. Changes in the antibiotic resistance phenotype

While examining changes in antibiotic resistance of strains, it was
observed that the greatest changes were noted for tetracycline. An in-
crease in resistance was observed in 3 strains, where for one of the
strains it was a 5-fold increase. Notable changes were also observed for
some strains in the case of fosfomycin and ciprofloxacin. No decrease in
resistance was observed for any of the tested antibiotics. For the two
antibiotics lincomycin and trimethoprim/ sulfamethoxazole no changes
were observed after exposure to stress (Fig. 4).

4. Discussion

For almost 10 years, in Europe, it was noticed that consumption of
fish and seafood increased by >1 kg/capita/year from 22.6 kg [15] in
2011 to 23.97 kg in 2019 [16]. This increase relates mainly to the
consumption of fish from aquaculture, which is associated with the
purchase of unprocessed fish by producers and directly by consumers.
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Fig. 3. Survival curves of G. mellonella larvae injected with L. monocytogenes
before and after sous-vide processing stress (60 °C for 60 min); c- control,
growth in optimal conditions, sv- sous-vide, k- control (saline).

This trend contributes to the search for new techniques, which include
sous-vide, because although it is a technique that appeared in the 70s for
several years, due to its low price and widespread availability, it is more
and more often found in homes.

Processing food using the sous-vide method allows to achieve better
texture, increase the taste and ensure the microbiological quality of the
finished products. For sous-vide processing, food is placed into heat-
stable plastic bags (usually PP) preceded by preliminary preparation
including evisceration, deboning, and washing [6]. Pouches are her-
metically sealed and heat-treated after the addition of seasonings or
spices to enhance a flavour. The requisite time-temperature parameter is
applied to vacuum-packaged products placed in a heating vessel with
specific temperature control and then cooked at the specified tempera-
ture. Increasing the temperature to the desired level, maintaining it for a
sufficient amount of time, and rapidly cold the product after heat
treatment are crucial steps for guaranteeing food safety during heat
processing. Ready products are served directly or refrigerated promptly
for later consumption [6]. However, in the case of fish and seafood,
much lower temperatures are used, which often do not exceed 60 °C and
a short time of around 20 min [17,18]. In our experiment, we chose four
temperatures of 42, 52, 57 and 60 °C based on internet recipes and our
experiment working in gastronomy. Interestingly, other researchers
rarely choose temperatures below 60 °C, though there are a few, the Nile
tilapia study studied treatment at 50 °C [19], salmon at 52 °C [20] or the
study of rainbow trout at 55 °C [21]. In tests, this temperature usually
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oscillates around 60-70 °C [6] and can be even 90 °C [22]. The choice of
temperature can be determined by the content of connective tissue, fat,
and the desired sensory characteristics.

To our knowledge, it is the first sous-vide research that focuses not
only on the survival of L. monocytogenes itself, but many on genotypic
and phenotypic changes during the sous-vide preparation.
L. monocytogenes is not considered a heat-resistant microbe, however, it
is known to be found in many niches in food production and on the
products. Researchers who assessed the survival rate of L. monocytogenes
during sous-vide fish processing described it as effective. In a research by
Dogruyol (2020) [23], the D-values of the L. monocytogenes were D55 =
33.38, D57.5 = 9.54, D60 = 3.10, and D62.5 = 1.49 min. However, it is
important that this study was carried out on one strain, and the studies
show that resistance to stress factors among L. monocytogenes strains is a
strain trait, so it is difficult to draw clear conclusions.

Nevertheless, in our study, it was decided to measure the survival
rate by flow cytometry, using SYTO®9 and propidium iodide dyes,
which can distinguish bacteria that show the characteristics of living
cells, but are not able to multiply on solid media. It was decided to do
this experiment in this way due to the fact that bacterial cells may still
pose a threat to consumers by expressing their virulence [24]. The study
showed that even the highest temperature of 60 °C killed only 31.44% of
bacterial cells. Although this result may appear low, L. monocytogenes,
despite being a non-spore-forming organism that is generally susceptible
to heat stress, it has been reported to show thermotolerance when
exposed to heat [25]. It is possible due to involving the increased tran-
scription of heat shock genes coding for three classes of heat shock
proteins (HSPs) [26].

To our knowledge, there is a lack of research on virulence tran-
scriptome changes of L. monocytogenes during heat stress. In the research
of Sheikh-Zeinoddin [27] heat stress effects it was observed that the heat
processing of media also reduces the level of virulence gene expression
in L. monocytogenes without affecting its growth. Thus, different stress
responses of this pathogen were investigated. Veen et al. [28] showed
that the heat shock response of L. monocytogenes included upregulation
of SOS response, heat shock, and cell wall-associated genes during the
first 3 min after heat exposure while genes encoding for cell division
proteins were upregulated late. In a research of low-shear, modelled
microgravity researchers observed downregulation of prfA, hly, inlA and
bsh were noticed in cells cultured under stress conditions [29]. In this
study, it was shown that most of the genes from LIPI-1 did not change
when exposed to stress related to heat, but three genes (plcA, hly and
osfX) downregulation was observed. These results are also reflected in
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Fig. 4. Resistance profile changes of L. monocytogenes after sous-vide preparation stress(60 °C for 60 min); lin-lincomycin, fos-fosfomycin, cip-ciprofloxacin, tet-

tetracycline, sxt- trimethroprim/sulfametaxazole.

an in vivo study in a live model using G. mellonella larvae. Lower mor-
tality among larvae was observed for all strains, which did not exceed
50%.

The preferred antibiotic for treating human listeriosis are penicillin
and ampicillin, either by itself or in combination with gentamicin. Pa-
tients who are allergic to penicillin, however, typically receive a second-
choice medication that combines trimethoprim with a sulfonamide, such
as sulfamethoxazole in co-trimoxazole. Erythromycin is used to treat
infected pregnant women, while vancomycin is used to treat bacteremia.
Listeriosis can also be treated with rifampicin, tetracycline, chloram-
phenicol, and fluoroquinolones [30,31]. In this study, we determined
resistance to antibiotics for which the strains had genes lincomycin,
fosfomycin, tetracycline, trimethoprim/ sulfamethoxazole and
ciprofloxacin.

In our study, it was observed that thermal stress did not affect the
resistance to trimethoprim/sulfamethoxazole and lincomycin, which
was confirmed phenotypically and genotypically. The highest
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overexpression was observed in the tetC and tetA2 genes, which was also
confirmed phenotypically.

Few studies determine the impact of stress on the antibiotic resis-
tance profile of strains. In the study of the effect of HPP on the tran-
scriptome, it was possible to determine that norB was only upregulated
at the 24h time point after 400 MPa treatment in barotolerant strains
[32]. In turn, the effect of low pH, studied in our previous studies,
showed that the stressor induced a decrease in the MIC value for the
majority of the strains when it came to nitrofurantoin. Levofloxacin’s
MIC value rose for six different strains. The nitrofurantoin and chlor-
amphenicol cases showed the most significant decrease, with some
values being three times lower than under optimal conditions.
Contrarily, daptomycin showed the largest increase in MIC values [8]. In
another study examining the effect of pH, it was found that L. mono-
cytogenes isolates exposed to acid stress tended to become more resistant
to most antibiotics. All isolates of L. monocytogenes were shown to be
moderately resistant to penicillin when exposed to pH 5.0. This study
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also determined the effect of cold (10 °C for 24 h) increased the resis-
tance of L. monocytogenes toward the tested antibiotics including tetra-
cycline and ciprofloxacin [33].

5. Conclusions

The outcome ofthe experimentation allowed us to determine that the
temperatures and times suggested for processing fish and seafood are not
effective in killing L. monocytogenes cells. Although many of them will
not be able to multiply, their cellular activity may remain. Thermal
stress caused by sous-vide processing, reduces the virulence potential of
L. monocytogenes, while it can increase tolerance to antibiotics such as
tetracycline or ciprofloxacin. Therefore, remembering that L. mono-
cytogenes infections rarely occur as outbreaks, but only as single cases it
is important not to consider the sous-vide method as ensuring the
microbiological quality of products, especially those with high
contamination levels, and choose products of the best quality for
processing.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.nfs.2023.05.003.
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