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Podstawe niniejszej pracy stanowi cykl powigzanych tematycznie pigciu artykulow
naukowych opublikowanych w czasopismach wymienionych w wykazie czasopism

naukowych 1 recenzowanych materiatow z konferencji miedzynarodowych MEiN:

P1. Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. 2020. Starter cultures as
a reservoir of antibiotic resistant microorganisms. LWT-Food Science and Technology,
127, 109424, https://doi.org/10.1016/j.1wt.2020.109424 (100 pkt. MEiN20205 IF2020 3,714,
liczba cytowan — bez autocytowan - Web of Science - 18)

MOoj wktad w powstanie publikacji polegat na wspotudziale w opracowaniu tematu pracy
i przygotowaniu konspektu publikacji, samodzielnym zebraniu literatury i przygotowaniu
wstepnej wersji manuskryptu oraz udziale w redakcji manuskryptu po recenzji. Moj udziat

procentowy w powstaniu publikacji szacuje na 65%.

P2. Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A. 2022. Microorganisms
from starter and protective cultures - Occurrence of antibiotic resistance and conjugal
transfer of tet genes in vitro and during food fermentation. LWT—Food Science and
Technology, 153, 112490. https://doi.org/10.1016/j.1wt.2021.112490 (100 pkt. MEiN2022;
1F2022 4,006, liczba cytowan — bez autocytowan - Web of Science - 6)

Moj wktad w powstanie publikacji polegatl na wspotudziale w opracowaniu koncepcji
badan, zebraniu i przeglgdzie literatury, udziale w walidacji metodyki, wykonaniu analiz
laboratoryjnych, analizie i opracowaniu wynikow, przygotowaniu wstepnej wersji
manuskryptu oraz udziale w redakcji manuskryptu po recenzji. Pelnitam takze rolg autora

korespondencyjnego. Moj udzial procentowy w powstaniu publikacji szacuje na 60%.

P3. 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 (140 pkt. MEiN2022; IF2022 5,516, liczba
cytowan — bez autocytowan - Web of Science - 3)

Moj wktad w powstanie publikacji polegat na zdobyciu finansowania badan, opracowaniu
koncepcji badan, zebraniu literatury, udziale w walidacji metodyki, wspotudziale

w wykonaniu analiz laboratoryjnych, analizie i opracowaniu wynikow, przygotowaniu



wstepnej wersji manuskryptu orvaz udziale w redakcji manuskryptu po recenzji. Petnitam
takze role autora korespondencyjnego. Moj udzial procentowy w powstaniu publikacji

szacuje na 55%.

P4. Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. Effect
of high pressure processing on changes in antibiotic resistance genes expression among
strains from commercial starter cultures. Food Microbiology, 110, 104169.
https://doi.org/10.1016/j.fm.2022.104169 (140 pkt. MEiN2023; 1F2023 6,374, liczba
cytowan — bez autocytowan - Web of Science - 1)

MOoj wktad w powstanie publikacji polegal na zdobyciu finansowania badan, opracowaniu
koncepcji badan, zebraniu literatury, walidacji metodyki, wspotudziale w wykonaniu
analiz laboratoryjnych, analizie i opracowaniu wynikow, przygotowaniu wstepnej wersji
manuskryptu, udziale w redakcji manuskryptu po recenzji oraz petnieniu roli autora

korespondencyjnego. Moj udzial procentowy w powstaniu publikacji szacuje na 60%.

P5. Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. High-
pressure processing effect on conjugal antibiotic resistance genes transfer in vitro and in
the food matrix among strains from starter cultures. International Journal of Food
Microbiology, 388, 110104. https://doi.org/10.1016/j.ijjfoodmicro.2023.110104 (100 pkt.
MEiN2023; 1F2023 5,911, liczba cytowan — bez autocytowan - Web of Science - 2).

MOoj wktad w powstanie publikacji polegal na zdobyciu finansowania badan, opracowaniu
koncepcji badan, zebraniu literatury, walidacji metodyki, wspotudziale w wykonaniu
analiz laboratoryjnych, analizie i opracowaniu wynikow, przygotowaniu wstepnej wersji
manuskryptu, udziale w redakcji manuskryptu po recenzji oraz petnieniu roli autora

korespondencyjnego. Moj udziat procentowy w powstaniu publikacji szacuje na 65%.

Sumaryczny Impact Factor (IF) w/w publikacji zgodnie z baza JCR wynosi: 25,521
(zgodnie z rokiem opublikowania).

Sumaryczna liczba puktow MEIN wynosi: 580 (zgodnie z rokiem opublikowania).

Pelne teksty wymienionych powyzej prac (wraz z oswiadczeniami wspolautorow

publikacji) stanowig zalgczniki do niniejszej pracy.
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POZOSTALA AKTYWNOSC NAUKOWA (na dzien 20.09.2023)

1) Publikacje w recenzowanych czasopismach naukowych

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Wisniewska K.,
Modzelewska-Kapituta M. Antibiotic Resistance Carriage Causes a Lower
Survivability Due to Stress Associated with High-Pressure Treatment among
Strains from Starter Cultures. Animals. 2022; 12(11):1460.
https://doi.org/10.3390/ani12111460. (100 pkt. MEiN2023; IF2022 3,231)
Zarzecka U., Zakrzewski A., Chajecka-Wierzchowska W., Zadernowska A.
Linezolid-Resistant Enterococcus spp. Isolates from Foods of Animal Origin—
The Genetic Basis of Acquired Resistance. Foods. 2022; 11(7):975.
https://doi.org/10.3390/foods11070975. (100 pkt. MEiN2023; IF2022 5,561)
Zakrzewski A., Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A. A
Comparison of Methods for Identifying Enterobacterales Isolates from Fish
and Prawns. Pathogens 2022, 11, 410.
https://doi.org/10.3390/pathogens11040410. (100 pkt. MEiN2023; IF2022 4,531)
Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. 2021. Effects
of osmotic and high pressure stress on expression of virulence factors among
Enterococcus spp. 1isolated from food of animal origin. Food Microbiology,
102:103900. https://doi.org/10.1016/j.fm.2021.103900 (140 pkt. MEiNz23;
1F2021 5,516)

Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A. Occurrence of
antibiotic resistance among Enterobacterales isolated from raw and ready-to-eat
food — phenotypic and genotypic characteristics. International Journal
of Environmental Health Research, 2021;
https://doi.org/10.1080/09603123.2021.1908522 (70 pkt. MEiN2023; 1F2021
1,914)

Chajecka-Wierzchowska W., Zarzecka U., Zadernowska A. 2020. Enterococci
isolated from plant-derived food - Analysis of antibiotic resistance
and the occurrence of resistance genes. LWT-Food Science and Technology,
110549. https://doi.org/10.1016/j.1wt.2020.110549 (100 pkt. MEiN2023; IF2020
3,714)

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/jsta.9285 (35 pkt. MEiN2019; IF2019 2,422)

Zadernowska A., Chajecka-Wierzchowska W., Zadernowski M., Zakrzewski A.,
Zarzecka U. 2018. Listeria monocytogenes w zywnos$ci. Challenge tests —
przewidywanie 1 eliminacja potencjalnych zagrozen mikrobiologicznych.
Przemyst Spozywczy, 72: 16-18; doi:10.15199/66.2018.6.3

Zadernowska A., Chajecka-Wierzchowska W., Kigbukowska L., Zarzecka U.,
Laniewska-Trokenheim L. 2017. Kultury ochronne i ich zastosowanie
W ograniczeniu i1 rozwoju paleczek Listeria monocytogenes w surowcach
i produktach migsnych. Kosmos. Problemy nauk biologicznych, 66: 59-65.



2) Rozdzialy w monografiach pokonferencyjnych

Zarzecka U., Gutowska N. Antybiotykooporno$¢ szczepéw z rodzaju
Lactobacillus izolowanych z roslinnej zywnosci fermentowanej. W: Kiewlicz J.,
Frak S. (red.). Mtodzi Liderzy Jakos$ci 2022. Instytut Nauk o Jakosci Uniwersytetu
Ekonomicznego w Poznaniu, Poznan 2022, s. 108-113.

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. Wplyw stresu
osmotycznego na antybiotykooporno$¢ i ekspresj¢ czynnikdw wirulencji
u paciorkowcow z rodzaju Enterococcus izolowanych z zywnos$ci. W: Salejda
A.M., Kancelista A. (red.) Przysztos¢ w zywnosci — zywno$¢ w przysziosci, s.
103-114.Wroctaw, Wydawnictwo Uniwersytetu Przyrodniczego we Wroctawiu,
2021. ISBN 978-83-7717-354-1

Zarzecka U. Wystgpowanie opornosci na antybiotyki i czynnikow wirulencji
u szczepow Enterococcus izolowanych z zywnos$ci pochodzenia zwierzgcego.
W: Mogielnicka-Brzozowska M. Ekologia zywnosci, §rodowiska i1 zdrowia
czlowieka. Migdzynarodowe Seminarium Kot Naukowych w Olsztynie. Tom 1,
s. 435-445. Poznan, Wydawnictwo Naukowe FNCE, 2020. ISBN 78-83-66264-
54-0

Dubiejko S., Zarzecka U. Wystepowanie wybranych czynnikow wirulencji
u paciorkowcéw z rodzaju Enterococcus izolowanych z zywnosci pochodzenia
ros$linnego. W: Mogielnicka-Brzozowska M. Ekologia zywnosci, $rodowiska
1 zdrowia czlowieka. Migdzynarodowe Seminarium Kot Naukowych w Olsztynie.
Tom 1, s. 282-291. Poznan, Wydawnictwo Naukowe FNCE, 2020. ISBN 78-83-
66264-54-0

Matachwiej A., Zarzecka U., Zakrzewski A. Antybiotykoopornos$¢ bakterii
z rodziny Enterobacteriaceae izolowanych z ryb 1 krewetek dostepnych w handlu
detalicznym. W: Mogielnicka-Brzozowska M. Ekologia Zywnosci, srodowiska
1 zdrowia czlowieka. Migdzynarodowe Seminarium K6t Naukowych w Olsztynie.
Tom 1, s. 324-334. Poznan, Wydawnictwo Naukowe FNCE, 2020. ISBN 78-83-
66264-54-0

Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A.
Antybiotykooporno$¢  gronkowcoéw  koagulazo-ujemnych izolowanych z
zywnosci. W: Baran M., Nyckowiak J. (red.). Badania i Rozw6j Mtodych
Naukowcow w Polsce. Zywno$¢ i zywienie, s. 115-122. Poznan, 2019. ISBN 978-
83-66139-18-3

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: Truszkowski W.,
Sosna P. R. (red.). Uwarunkowania bezpieczenstwa 1 jakosci zywno$ci w Polsce,
s. 243-253. Olsztyn, 2019. ISBN 978-83-943385-0-3

Matachwiej A., Zakrzewski A., Zarzecka U. Opornos$¢ Listeria monocytogenes
na chlorek benzalkoniowy 1 chlorek kadmu. W: Truszkowski W., Sosna P. R.
(red.). Uwarunkowania bezpieczenstwa i jakosci zywnosci w Polsce, s. 164-174.
Olsztyn, 2019. ISBN 978-83-943385-0-3

Zakrzewski A., Zarzecka U. Antimicrobial properties of plant essential oils
against Listeria sp. isolated from foodstuff. W: Truszkowski W., Sosna P. R.

10



(red.). Uwarunkowania bezpieczenstwa 1 jakosci zywnosci w Polsce, s. 235-242.
Olsztyn, 2019. ISBN 978-83-943385-0-3

Zarzecka U. 2017. Antybiotykooporno$¢ paleczek Listeria monocytogenes
izolowanych z zywnosci. W: Szatrawska ., Szatrawski K., Golgbiewska M. (red.).
Kota naukowe — szkotg tworczego dziatania. Nauki rolnicze Tom II, s. 15-28.
Olsztyn, 2017. ISBN 978-83-940679-4-6.

Zarzecka U. 2018. Antybiotykooporno$¢ bakterii z rodzaju Enterococcus
izolowanych z sushi. W: Tanska M., Sosna P. (red.). Kota naukowe — szkota
tworczego dziatania. Tom 5 - Nauki rolnicze 1 weterynaryjne cz. 2, s. 279-292.
Olsztyn, 2018. ISBN 978-83-949066-4-1.

3) Doniesienia na konferencjach naukowych

Zarzecka U., Gutowska N. Antybiotykooporno$¢ szczepow z rodzaju
Lactobacillus izolowanych z roslinnej zywnosci fermentowanej. II Dni Miodych
Lideréw Jakosci, Poznan 09-10.06.2022.

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. High
pressure processing effect on conjugal antibiotic resistance genes transfer in vitro
and in the food matrix among strains from starter cultures. FoodMicro2022, 28-
31.08.2022.

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. Effect of high
pressure processing on the survival of Lactococcus strains from commercial starter
cultures. IXth International Session of Young Scientific Staff — Nowadays food —
local vs. global? Traditional vs. innovative? Poznan (Poland), 20.05.2022.
Zarzecka U., Zadernowska A., Chaj¢cka-Wierzchowska W. High Pressure
Processing Effect on Virulence Factors and Tetracycline-Resistance Among
Enterococcus sp. Isolated From Food. World Microbe Forum 2021,
20-24.06.2021.

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. Microorganisms
from commercial starter cultures — occurrence of antibiotic resistance and
possibility of resistance genes transfer. International Applied Microbiology
Conference 2021, 07-11.06.2021.

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. Wplyw stresu
osmotycznego na antybiotykooporno$¢ 1 ekspresje czynnikow wirulencji
u paciorkowcdw z rodzaju Enterococcus izolowanych z Zywnosci.
XXV International Session of Young Scientific Staff, 21.05.2021.

Zarzecka U. Wystgpowanie oporno$ci na antybiotyki i czynnikow wirulencji
u szczepOw Enterococcus izolowanych z zywnosci pochodzenia zwierzecego.
49. Migdzynarodowe Seminarium Kot Naukowych, Olsztyn, 24.09.2020.
Matachwiej A., Zarzecka U., Zakrzewski A. Antybiotykooporno$¢ bakterii
z rodziny Enterobacteriaceae 1izolowanych z ryb i krewetek dostepnych w handlu
detalicznym. 49. Migdzynarodowe Seminarium Kot Naukowych, Olsztyn,
24.09.2020.

Dubiejko S., Zarzecka U. Wystepowanie wybranych czynnikéw wirulencji
u paciorkowcoéOw z rodzaju Enterococcus izolowanych z zywnos$ci pochodzenia
roslinnego. 49. Miedzynarodowe Seminarium Kot Naukowych, Olsztyn,
24.09.2020.
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Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A. Zywno$¢
pochodzenia roslinnego jako zrédto antybiotykoopornych paciorkowcoéw
z rodzaju Enterococcus. XXIV Sesja Naukowa Sekcji Mtodej Kadry Naukowe;j
PTTZ oraz VII International Session of Young Scientific Staff, Olsztyn, 23-
24.05.2019.

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. 48. Miedzynarodowe
Seminarium Koét Naukowych, Olsztyn, 11.04.2019.

Matachwiej A., Zakrzewski A., Zarzecka U. Opornos$¢ Listeria monocytogenes
na chlorek benzalkoniowy i chlorek kadmu. 48. Migdzynarodowe Seminarium
Kot Naukowych, Olsztyn, 11.04.2019.

Zakrzewski A., Zarzecka U. Antimicrobial properties of plant essential oils
against Listeria sp. isolated from foodstuff. 48. Migdzynarodowe Seminarium Kot
Naukowych, Olsztyn, 11.04.2019.

Zarzecka U., Chajecka-Wierzchowska W., Zadernowska
A. Antybiotykooporno$¢ gronkowcow koagulazo-ujemnych izolowanych
z zywnosci. VIII Krajowa Konferencja Naukowa — Mtodzi Naukowcy w Polsce —
Badania i Rozw¢j, Gdansk, 26.11.2018.

Zadernowska A., Chajecka-Wierzchowska W., Zarzecka U., Zadernowski
M.R. Serotyping and antibiotic susceptibility of Listeria monocytogenes isolated
from food. Food Factor Conference, Torremolinos-Malaga (Spain), 8-9.11.2018.
Chajecka-Wierzchowska W., Zadernowska A., Zarzecka U., Gajewska
J, Montowski G. Phenotypic and genotypic antibiotic resistance of coagulase-
negative staphylococci from ready-to-eat food in Poland. VIII International
Conference on Environmental and Applied Microbiology — BioMicro World
2018, Torremolinos-Malaga (Spain), 24-25.05.2018.

Zarzecka U. Antybiotykooporno$¢ bakterii z rodzaju Enterococcus izolowanych
z sushi. XLVII Miedzynarodowe Seminarium K6t Naukowych, Olsztyn (Poland),
26.04.2018.

Zarzecka U. Antybiotykooporno$¢ pateczek Listeria monocytogenes
izolowanych z zywnosci. (Antibiotic resistance of Listeria monocytogenes
isolated from food. XLVI Miedzynarodowe Seminarium Kot Naukowych,
Olsztyn (Poland), 24.04.2017.

4) Udzial w stazach naukowych

03.02.2023 — 04.03.2023 — wudziat w 30-dniowym stazu naukowym
w Departamento de Higiene y Tecnologia de los Alimentos, Universidad de Leon,
Campus de Vegazana s/n, 24071 — Leon. Opiekun stazu: prof. Maria Mercedes
Loépez Fernandez (dofinansowanie: program ,,PROM — Stypendium wymiany
migdzynarodowej dla doktorantéow i kadry akademickiej” Narodowej Agencji
Wymiany Akademickiej).

5) Udzial w kolach i towarzystwach naukowych

Polskie Towarzystwo Technologow Zywnosci
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Polskie Towarzystwo Mikrobiologow
Naukowe Koto Mikrobiologii Zywnosci ,,Kocuria”

6) Udzial w szkoleniach

19.02.2020 - 21.02.2020 - Szkolenie: Podstawy Real-Time PCR i wyznaczanie
poziomu ekspresji genow metodag AACt i Pfaffl’a — PolyGen Sp. z 0.0., Wroctaw.

7) Udzial w projektach badawczych

03.01.2022 — 02.01.2023 — Kierownik projektu badawczego: ,,Wptyw obrobki
wysokocisnieniowe] na ekspresj¢  antybiotykoopornosci oraz potencjat
przenoszenia gendw opornosci na antybiotyki u szczepdw z kultur starterowych”
finansowanego przez Narodowe Centrum Nauki (PRELUDIUM-20; Grant nr
2021/41/N/NZ9/00675)

02.2019 - 03.2019 - wykonawca w projekcie ,,Warunki stresowe podczas
otrzymywania produktow sous-vide i ceviche z ryb i krewetek oraz przezywalnos¢
1 odpowiedZz komorkowa bakterii wielolekoopornych™ finansowanym przez
Ministerstwo Nauki i1 Szkolnictwa Wyzszego (kierownik projektu: mgr inz.
Arkadiusz Zakrzewski)

01.06.2019 — 31.05.2021 - stypendysta w projekcie ,,Wptyw technologii ptotkow
i obrobki sous-vide na ekspresje czynnikow wirulencji i genéw opornosci
na antybiotyki u Listeria monocytogenes i1 Enterococcus sp.” finansowanym przez
Narodowe Centrum Nauki (OPUS-15; numer projektu 2018/29/B/NZ9/00645),
kierownik projektu: prof. Anna Zadernowska

8) Wykonane recenzje artykulow
Wykonanie 21 recenzji artykutdéw w nastgpujacych czasopismach:
- Applied Sciences (MDPI) — 4
- Infection and Drug Resistance (DovePress) — 3
- Animals (MDPI) — 2
- Antibiotics (MDPI) — 2
- Food Science & Nutrition (Wiley) — 2
- Archives of Microbiology (Springer) — 1
- Biology (MDPI) — 1
- Foods (MDPI) — 1
- Food Frontiers (Wiley) - 1
- International Journal of Environmental Research and Public Health (MDPI) — 1
- Journal of Consumer Protection and Food Safety (Springer) — 1
- Microbiology Research (MDPI) - 1
- Pharmaceutics (MDPI) — 1
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CALOSCIOWE ZESTAWIENIE DOROBKU NAUKOWEGO
(na dzien 20.09.2023)

Autorstwo/Wspolautorstwo w pracach naukowych

Liczba > IF (zgodny z rokiem > punktow MEiN

publikacji opublikowania)
Publikacje w
recenzowanych 14 52,702 1290
czasopismach
naukowych
LWT — Food Science 3 11,726 300
and Technology
Food Microbiology 3 17,406 420
International Journal of 1 5911 100
Food Microbiology
Animals 1 3,231 100
Pathogens 1 4,531 100
Foods 1 5,561 100
International Journal of
Environmental Health 1 1,914 70
Research
Journal of the Science
of Food and 1 2,422 100
Agriculture
Przemyst Spozywczy 1 - -
Kosmos-Problemy 1 - _
Nauk Biologicznych
Rozdzialy w
monografiach 1 - 320
pokonferencyjnych

Inne aktywnosci naukowe

Doniesienia na
konferencjach
naukowych

18

Krajowe: 13

Miedzynarodowe: S

Udzial w stazach

1
naukowych
Udzial w kolach i
towarzystwach 3
naukowych
Udzial w szkoleniach 1
Udzial w projektach 3
badawczych
Wykonane recenzje 21
artykuléw

Wskazniki oceny dorobku naukowego (Web of Science)

H-indeks ]
Laczna liczba cytowan 52

(bez autocytowan)
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WYKAZ STOSOWANYCH SKROTOW

ARGs — geny opornosci na antybiotyki (ang. antibiotic resistance genes)

BHI - podtoze mdézgowo-sercowe (ang. brain-hear infusion)

CFU — jednostki tworzace koloni¢ (ang. colony forming units)

ERIC-PCR - Enterobacterial Repetitive Intergenic Consensus - Polymerase Chain
Reaction

FAO — Organizacja Narodow Zjednoczonych ds. Wyzywienia i Rolnictwa (ang. Food
and Agriculture Organization of the United Nations)

FDA — Agencja Zywnosci i Lekow (ang. U.S. Food and Drug Administration)

GRAS - status Generalnie Uznanych za Bezpieczne (ang. Generally Recognized as Safe)
HG — housekeeping gene

HGT - horyzontalny transfer genoéw (ang. horizontal gene transfer)

LAB — bakterie fermentacji mlekowej (ang. lactic acid bacteria)

MALDI-TOF — Spektrometria masowa z desorpcja/jonizacja laserowa wspomagang
matrycg z analizatorem czasu przelotu (ang. Matrix-Assisted Laser Desorption/
Ionization Time-of-Flight Mass Spectrometry)

MIC — minimalne st¢zenie hamujace (ang. minimum inhibitory concentration)

MRS — podloze wg de Man, Rogosa 1 Sharpe

OIE — Swiatowa Organizacja Zdrowia Zwierzat (ang. The World Organisation for Animal
Health)

PPS — ptyn fizjologiczny z peptonem (ang. physiological peptone saline)

QPS — kwalifikowane domniemanie bezpieczenstwa (ang. Qualified Presumption
of Safety)

TBE — Tris-borate EDTA

UPGMA —metoda grup niewazonych par ze srednig arytmetyczng (ang. unweighted pair
group method with arithmetic mean)

WHO — Swiatowa Organizacja Zdrowia (ang. World Health Organization)
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STRESZCZENIE

Wedlug WHO oporno$¢ na antybiotyki jest powaznym zagrozeniem i jednym
z najwickszych probleméw zdrowia publicznego. Przez wiele lat problem
antybiotykooporno$ci wigzany byl jedynie ze $rodowiskiem szpitalnym. Z czasem
wykazano, ze zrodtem opornosci na antybiotyki mogg by¢ takze szczepy pochodzace
z innych $rodowisk, miedzy innymi z zywno$ci. Wiele szczepow stosowanych
przemystowo w produkcji zywnosci zostato uznanych za jej tradycyjne sktadniki, dzieki
czemu uzyskaty status bezpiecznych i zostaly prawnie dopuszczone do stosowania
w produkcji zywnosci na terenie Unii Europejskiej bez koniecznos$ci przeprowadzenia
badan potwierdzajacych ich bezpieczenstwo. Poniewaz analiza wyst¢powania genow
opornosci jest stosowana stosunkowo od niedawna, nie ma informacji o ich
wystepowaniu u szczepow stosowanych w produkcji zywnos$ci od wielu lat.

Celem pracy byla analiza wystgpowania 1 mozliwosci horyzontalnego
przenoszenia gendw opornosci na antybiotyki wsrdd szczepoéw wchodzacych w skiad
komercyjnych kultur starterowych i ochronnych. Analizie poddano takze wplyw
czynnikow stresowych zwigzanych z produkcja i przechowywaniem zywnosci na zmiany
w ekspresji genow kodujacych opornos¢ na antybiotyki, jak 1 czesto$¢ transferu genow.

Uzyskane wyniki wykazaty, ze szczepy wchodzace w sktad komercyjnych kultur
starterowych 1 ochronnych moga by¢ nosicielami genéw nabytej opornosci
na antybiotyki. Najwyzsze minimalne st¢zenia hamujace odnotowano dla tetracykliny
(maks. >256 pg/ml), kanamycyny (maks. 48 pg/ml) i chloramfenikolu (maks. 32 pg/ml).
Najczescie] wystepujacymi genami opornosci byly aph(3’)-Illa, kodujacy opornosé
na kanamycyne (n = 35; 60,3%) 1 gen oporno$ci na chloramfenikol cat (n = 32; 55,2%).
Szczepy wykazaly takze zdolno$¢ horyzontalnego przenoszenia gendw opornosci
zarOwno in vitro jak 1 in situ. Najczgsciej dochodzilo do transferu gendow opornosci
na tetracykliny tetM 1 tefK.

Po  zastosowaniu roznych  wariantow  obrébki  wysokoci$nieniowej
oraz po ekspozycji na stres kwasowy i osmotyczny ekspresja genéw kodujacych opornosé
na aminoglikozydy (aac(6')le-aph(2")la i aph(3')-1l1a), chloramfenikol (cat), ampicyling
(blaZ) i/lub tetracykliny (tetM, tetW) zwigkszala si¢. Przechowywanie chlodnicze
wywolalo obnizenie poziomu ekspresji gendow aac(6')le-aph(2")la, aph(3')-1lla 1 tetM.

Wyniki uzyskane w analizie ekspresji genow korelowaly z wynikami uzyskanymi
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w analizie fenotypowej. Po ekspozycji na czynniki stresowe zaobserwowano takze
zmiany w czgstosci transferu badanych genow.

Uzyskane wyniki wskazuja, ze szczepy wchodzace w sktad kultur starterowych
1 ochronnych stosowanych w przemysle spozywczym moga by¢ rezerwuarami genow
oporno$ci na antybiotyki i bra¢ udziat w ich rozprzestrzenianiu. Ponadto wykazano,
ze warunki panujace podczas produkcji, utrwalania badz przechowywania zywnos$ci
mogg przyczynia¢ si¢ do zmian w oporno$ci na antybiotyki wsrod szczepow, ktore
przetrwaty proces oraz do zmian w czestosci transferu gendéw, co prowadzi
do szybszego rozprzestrzeniania opornosci w srodowisku. Nalezy zauwazy¢, ze chociaz
antybiotykooporno$¢ bakterii pochodzacych z kultur starterowych i ochronnych nie
stanowi bezposredniego zagrozenia dla konsumentdw, jest to zjawisko budzace niepokoj,
ktérego nie mozna zignorowaé. Wskazuje to na konieczno$¢ weryfikacji szczepow
celowo stosowanych w przemysle spozywczym pod katem ich opornos$ci na antybiotyki,

aby nie stawaly si¢ one srodowiskowym rezerwuarem gendéw opornosci.

Stowa kluczowe: kultury starterowe, kultury ochronne, czynniki stresowe, oporno$¢

na antybiotyki, ekspresja genéw, horyzontalny transfer genéw
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ABSTRACT

According to the WHO, antibiotic resistance is a serious threat and one
of the biggest public health problems. For many years, the problem of antibiotic resistance
was associated only with the hospital environment. Over time, it has been shown
that strains from other environments, including food can also be the source of antibiotic
resistance. Many strains used industrially in food production have been recognized as its
traditional ingredients, thanks to which they have obtained the status of safe and have
been legally approved for use in food production in the European Union without the need
to conduct tests confirming their safety. Since the analysis of the occurrence of resistance
genes has been used relatively recently, there is no information about their occurrence
in strains used in food production for many years.

The aim of the study was to analyze the occurrence and possibility of horizontal
transfer of antibiotic resistance genes among strains from commercial starter
and protective cultures. The impact of stress factors associated with food production
and storage on changes in the expression of genes encoding resistance to antibiotics,
as well as the frequency of gene transfer, was also analyzed.

The obtained results showed that the strains from the commercial starter and
protective cultures may be carriers of acquired antibiotic resistance genes. The highest
Minimum Inhibitory Concentrations (MICs) were reported for tetracycline (max. >256
png/ml), kanamycin (max. 48 pg/ml) and chloramphenicol (max. 32 pg/ml). The most
common resistance genes were aph(3')-1lla, encoding resistance to kanamycin (n = 35;
60.3%) and chloramphenicol resistance cat (n = 32; 55.2%). The strains also
demonstrated the ability to horizontally transfer resistance genes both in vitro and in situ.
The tetM and tetK genes for resistance to tetracyclines were transferred most frequently.

After applying various variants of high-pressure treatment and after exposure
to acid and osmotic stress, expression of genes encoding resistance to aminoglycosides
(aac(6')le-aph(2")la and aph(3')-1lla), chloramphenicol (cat), ampicillin (blaZ)
and/or tetracyclines (tetM, tetW) increased. Refrigerated storage resulted
in a downregulation of aac(6')le-aph(2")la, aph(3')-Illa and tetM genes. The results
obtained in the analysis of gene expression correlated with the results obtained
in the phenotypic analysis. Changes in the frequency of transfer of the studied genes were

also observed after exposure to stress factors.
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The obtained results indicate that the strains included in the starter and protective
cultures used in the food industry may be reservoirs of antibiotic resistance genes and
participate in their spread. In addition, it has been shown that the conditions prevailing
during the production, preservation or storage of food can contribute to changes
in antibiotic resistance among strains that survived the process and to changes
in the frequency of gene transfer, which leads to faster spread of resistance
in the environment. It should be noted that while antibiotic resistance in starter and guard
cultures is not an immediate threat to consumers, it is a cause for concern that cannot be
ignored. This indicates the need to verify the strains used in the food industry in terms
of their antibiotic resistance, so that they do not become an environmental reservoir
of resistance genes.

Keywords: starter cultures, protective cultures, stress factors, antibiotic resistance, gene

expression, horizontal gene transfer
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1. WSTEP — ZAGADNIENIE W SWIETLE LITERATURY

1.1. ANTYBIOTYKOOPORNOSC JAKO WSPOLCZESNY PROBLEM
ZDROWIA PUBLICZNEGO
Wedtug danych Swiatowej Organizacji Zdrowia (ang. World Health Organization
— WHO) opornos$¢ drobnoustrojow na antybiotyki stanowi ogromny problem i staje si¢
jednym z najpowazniejszych zagrozen zdrowia publicznego. WHO ostrzega tez przede
wszystkim przed brakiem nowych antybiotykow do zwalczania narastajacej opornosci.
Wigkszo$¢ dostgpnych obecnie antybiotykdw to modyfikacje juz istniejacych, ktore
w tym przypadku s3 jedynie rozwigzaniami doraznymi. Bez pilnych dziatan zmierzamy
w kierunku ery postantybiotykowej, w ktorej powszechne infekcje i drobne urazy stang
si¢ $miertelne (WHO, 2022). Swiatowa Organizacja Zdrowia wraz z Organizacja
Narodow Zjednoczonych do spraw Wyzywienia i Rolnictwa (ang. Food and Agriculture
Organization of the United Nations - FAO) wskazuja, ze oporno$¢ drobnoustrojow
na antybiotyki jest problemem, ktory nie dotyczy, jak dawniej sadzono, jedynie
srodowiska szpitalnego. Nalezy wigc patrze¢ na ten problem globalnie, uwzgledniajac
wszystkie mozliwe obszary, w tym takze tancuch zywno$ciowy (Samtiya i in., 2022).
Badania wskazuja na zwigzek migdzy masowym naduzywaniem antybiotykow
w produkcji rolnej a wzrostem opornosci na antybiotyki. Wskazuje si¢, ze bezposrednia
przyczyna pojawienia si¢ opornosci na antybiotyki w srodowisku mogto by¢ nadmierne
1 niekontrolowane stosowanie §rodkoéw przeciwdrobnoustrojowych, biocydow i metali
cigzkich w sektorze spozywczym i rolnym. Opornos$¢ na antybiotyki rozprzestrzenita si¢
szybko w wyniku globalizacji dostaw Zywnos$ci, zwigkszonej liczby ludnosci
na obszarach miejskich i podrézy miedzynarodowych (Holmes i in., 2016; Molnar, 2019).
W kontekscie narastajgcego problemu opornos$ci na antybiotyki FAO 1 WHO wraz
ze Swiatowa Organizacja Zdrowia Zwierzat (World Organisation for Animal Health -
OIE) zaproponowaly podejscie ,,One Health”, dazace do rownowazenia i optymalizacji
zdrowia ludzi, zwierzat i srodowiska (Aslam i in., 2021; McEwen i Collignon, 2018).
1.2. KULTURY STARTEROWE I OCHRONNE W PRZEMYSLE
SPOZYWCZYM
Od tysigcy lat ludzkos¢ wykorzystuje wilasciwosci drobnoustrojow w celu
otrzymywania produktow spozywczych o okreslonych cechach organoleptycznych
oraz do konserwowania zywnosci. Wraz z rozwojem przemyshu spozywczego

opracowano kultury wyselekcjonowanych szczepéw drobnoustrojow do przemystowego
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wykorzystania. Sposrod nich najczgscie] wymienia si¢ kultury starterowe oraz kultury
ochronne. Wykorzystanie przemystowych kultur drobnoustrojow zintensyfikowato si¢
w ostatnich dziesi¢cioleciach (Laulund i in., 2017).

Kultury starterowe wprowadzane sg na etapie produkcji zywnosci w celu
uzyskania produktu o pozadanych wtasciwosciach i cechach organoleptycznych. Bez ich
udzialu otrzymanie wlasciwego produktu nie Dbyloby mozliwe, poniewaz
mikroorganizmy te biorg udzial w najwazniejszych przemianach, maja za zadanie, m.in.
przeprowadzenie fermentacji cukrow, wytworzenie substancji smakowo-zapachowych,
biorg tez udzial w prowadzeniu przemian proteolitycznych i lipolitycznych. Niektorzy
autorzy jako funkcje kultur starterowych wskazuja takze wydhluzenie okresu przydatnosci
do spozycia (Garcia-Diez i Saraiva, 2021).

Kultury ochronne definiuje si¢ jako zywe mikroorganizmy celowo dodawane
do zywnosci w celu kontroli jej stanu bakteriologicznego bez zmiany jej wlasciwosci
technologicznych i sensorycznych. W sktad kultur ochronnych wchodza gléwnie bakterie
fermentacji mlekowej (ang. Lactic acid bacteria — LAB). Wykazano bowiem, ze moga
one hamowa¢ wzrost wielu mikroorganizmow chorobotworczych, takich jak Listeria
monocytogenes, Clostridium botulinum, czy Staphylococcus aureus. Dzialanie
antagonistyczne wobec innych drobnoustrojow wynika w gtownej mierze z konkurencji
o zwigzki pokarmowe oraz produkcji przez LAB metabolitow o wlasciwosciach
przeciwbakteryjnych i przeciwgrzybicznych, takich jak etanol czy nadtlenek wodoru,
a takze  syntetyzowanych  rybosomalnie  peptydow o  wlasciwos$ciach
przeciwdrobnoustrojowych — bakteriocyn (Ben Said 1 in., 2019; Dokka 1 in., 2018; Silva
iin., 2018).

Stosowanie kultur starterowych jest praktykowane w produkcji Zywnosci od lat,
poniewaz pozwala na uzyskanie produktu o pozadanych cechach w kontrolowanych
warunkach, z kolei stosowanie kultur ochronnych stalo si¢ bardziej; powszechne
w ostatnich latach. Wzrost zainteresowania ich stosowaniem wynika z dazenia do tzw.
czystej etykiety 1 zwigzanej z tym rezygnacji ze stosowania konserwantéw, co pociaga
za soba konieczno$¢ zapewnienia bezpieczenstwa zywnosci w inny, naturalny sposob.
W tym miejscu zaproponowano wprowadzanie szczepOw bakterii fermentacji mlekowej,
bezpiecznych dla konsumenta, jednak dziatajgcych antagonistycznie wobec innych

mikroorganizmow, w tym chorobotworczych (Bintsis, 2018; Zadernowska i in., 2017).
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1.3. UREGULOWANIA PRAWNE DOPUSZCZAJACE
DROBNOUSTROJE DO STOSOWANIA W ZYWNOSCI

Z uwagi na fakt, ze drobnoustroje wchodzace w sktad kultur przemystowych
trafiajg do zywnosci w duzej liczbie, konieczne jest upewnienie si¢, ze nie stanowig one
bezposredniego badz posredniego zagrozenia dla zdrowia konsumenta. Przemystowe
kultury drobnoustrojéw podobnie jak inne skfadniki Zzywnos$ci, musza spekniac
wymagania okre§lone w Prawie Zywnosciowym, czyli Rozporzadzeniu Unii
Europejskiej nr 178/2002, ktorego Artykut 14 mowi, ze zabronione jest wprowadzanie
do obrotu zywnosci, ktora moze by¢ niebezpieczna dla konsumenta, a zapewnienie
bezpieczenstwa zywnos$ci jest obowigzkiem podmiotu wprowadzajacego zywnosé
na rynek. W tym celu niezbedne bylo opracowanie norm prawnych dotyczacych
kryteriow dopuszczajacych drobnoustroje do stosowania w zywnosci (Herody i in., 2010;
van der Meulen, 2013).

W Stanach Zjednoczonych do stosowania w zywnosci dopuszcza si¢ szczepy
majace status GRAS (ang. Generally Recognized As Safe). System ten wprowadzono
w 1958 roku. Zgodnie z poprawka do ustawy o zywnosci, lekach i kosmetykach z 1958
r. dotyczacej dodatkow do zywnoSci wszystkie skladniki egzogenne celowo
wprowadzane do tancucha zywnosciowego, w tym kultury drobnoustrojow, sa dodatkami
do zywnosci, dlatego przed wprowadzeniem do obrotu podlegaja zatwierdzeniu przez
Agencje Zywnosci i Lekéw (ang. Food and Drug Administration - FDA). Jednak gdy
dany dodatek ma status GRAS lub posiada histori¢ bezpiecznego stosowania w Zywnosci
przed 1958 r. nie wymaga zatwierdzenia przez FDA przed wprowadzeniem na rynek
(Russo 11n., 2017).

Z kolei w roku 2007 Europejski Urzad ds. Bezpieczenstwa Zywnosci EFSA (ang.
European Food Safety Authority) nakreslit schemat oparty na koncepcji kwalifikowanego
domniemania bezpieczenstwa (ang. Qualified Presumption of Safety — QPS). Jest
to narzedzie stuzace do szybkiej oceny ryzyka w odniesieniu do produktow
zawierajagcych mikroorganizmy. Aby otrzymaé¢ status QPS szczep musi by¢
zidentyfikowany pod wzgledem taksonomicznym i niechorobotwoérczy, co musi zosta¢
poparte dostgpng wiedza literaturowa wystarczajaca do potwierdzenia bezpieczenstwa.
Ponadto jasno zdefiniowane musi zosta¢ przeznaczenie szczepu (Laulund 1 in., 2017).

Wiele szczepow LAB ze wzgledu na ich dlugg histori¢ bezpiecznego stosowania
w produkcji ZywnoS$ci zostato uznanych za tradycyjne sktadniki Zywnos$ci. Dzigki temu

szczepy te zostaly prawnie dopuszczone do stosowania w produkcji Zywnos$ci bez
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koniecznosci  przeprowadzenia badan potwierdzajacych ich  bezpieczenstwo,
decydujacych o pozwoleniu na stosowanie do zywnos$ci. Problematyczny moze by¢
jednak fakt, ze szczepy, ktorym w przesztosci przyznano status bezpiecznych nie muszg
by¢ regularnie sprawdzane pod katem wystepowania nabyte] opornosci
na antybiotyki. Poniewaz analiza wyst¢epowania genetycznych determinant opornosci jest
stosowana stosunkowo od niedawna, nie ma zadnych informacji o wystgpowaniu gendw
opornosci 1 mobilnych elementéw genetycznych u szczepéw stosowanych w produkcji
zywnosci od wielu lat. Szczepy te potencjalnie moga jednak stac si¢ rezerwuarami genow
opornosci 1 przyczyniac si¢ do ich rozpowszechniania (Laulund i in., 2017).

1.4.  ANTYBIOTYKOOPORNOSC WSROD BAKTERII FERMENTACIJI

MLEKOWEJ

W ostatnich latach badania dotyczace selekcji 1 rozprzestrzeniania opornosci
na antybiotyki koncentrowaly si¢ gldwnie na klinicznie istotnych gatunkach bakterii.
Obecnie wiadomo juz, ze takze bakterie zwigzane z zywnos$cia moga by¢ nosicielami
genetycznych determinant oporno$ci. Spowodowato to wzrost zainteresowania tematyka
oporno$ci na antybiotyki ws$rod drobnoustrojow zwigzanych z  ZywnoS$cig
i zintensyfikowanie badan w tym zakresie, skupiano si¢ jednak gléwnie
na drobnoustrojach patogennych badz potencjalnie patogennych. Jednak, jak wskazuja
dane literaturowe, oporno$¢ na antybiotyki moze wystgpowac tez u mikroorganizmow
niechorobotworczych dla cztowieka, m.in. szczepéw celowo dodawanych do zywnosci
w postaci kultur przemystowych. Oporno$¢ naturalna, a takze bedaca wynikiem
spontanicznych mutacji nie wzbudza niepokoju, poniewaz charakteryzuje si¢ niewielkim
ryzykiem horyzontalnego przenoszenia. Obecnie jednak coraz czg$ciej podaje sig,
Ze szczepy uznawane za bezpieczne, takie jak bakterie fermentacji mlekowej, moga
wykazywa¢ duze zdolno$ci adaptacyjne, co przejawia si¢ zdolno$cia do nabywania
opornosci przez pozyskiwanie plazmidow i/lub transpozondow zawierajacych geny
opornosci, ktére nastgpnie na drodze horyzontalnej] moga by¢ przekazywane innym
szczepom (Erginkaya i in., 2018; Verraes i in., 2013).

Oporno$¢ na antybiotyki wsrod bakterii fermentacji mlekowej zostata
najdoktadniej udokumentowana u szczepdéw z rodzaju Lactobacillus. Wedtug literatury
sag one naturalnie oporne na glikopeptydy (np. wankomycyna), chinolony
(np. ciprofloksacyna i norfloksacyna) oraz niskie stezenia aminoglikozydow
(np. gentamycyny, streptomycyny, kanamycyny). Jednak wykazuja takze potencjat

do nabywania opornosci na inne antybiotyki, gtdéwnie antybiotyki hamujace synteze
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biatek, takie jak chloramfenikol, tetracyklina oraz makrolidy (np. erytromycyna).
Opornos$¢ na chloramfenikol wynika najczeséciej z obecnos$ci genu cat. Z kolei opornos¢
na erytromycyne jest czesto zwigzana z obecnoscig gendow erm(A), erm(B) i erm(C).
Nabyta oporno$¢ na tetracykliny u szczepéw Lactobacillus zwykle kodowana jest przez
geny tet(M), tet(S) 1 tet(W) (Federici 1 in., 2014; Georgieva i in., 2015; Sharma 1 in.,
2016).

Opornos¢ na antybiotyki bakterii z rodzaju Lactococcus poznano stabiej. Podaje
sie, ze wigkszos¢ gatunkéw nalezacych do tego rodzaju jest naturalnie oporna
na metronidazol, trimetoprim i cefoksytyng. Zgodnie z literaturg bakterie z rodzaju
Lactococcus moga nabywa¢ opornos$¢ na rézne antybiotyki, gléwnie makrolidy -
erytromycyne i linkomycyne, tetracykliny i niektére antybiotyki o szerokim spektrum
dzialania, na przyktad rifampicyne i chloramfenikol. Nieznacznie zmniejszong
wrazliwo$¢ obserwuje si¢ rowniez w przypadku chinolonéw 1 antybiotykow
B-laktamowych. Wérod réznych zidentyfikowanych gendw opornosci genem najczesciej
stwierdzanym u Lactococcus jest gen erm(B), ktory ulega ekspresji konstytutywnej lub
indukowalnej. Oporno$¢ na tetracykliny jest kodowana gltownie przez gen tet(M)
(Devirgiliis 1 in., 2013; Erginkaya i in., 2018).

Literatura wskazuje, ze bakterie z rodzaju Pediococcus sa naturalnie oporne na
glikopeptydy, niskie stgezenia aminoglikozydow, ciprofloksacyn¢ oraz trimetoprim
1 sulfametoksazol. Szczepy nalezace do tego rodzaju moga wykazywac takze nabyta
opornos¢, najczgsciej wskazywana jest oporno$¢ na tetracykliny i makrolidy. Oporno$é
na tetracykliny jest kodowana najczesciej przez geny tet(K), tet(O), tet(S) 1 tet(W), z kolei
oporno$¢ na makrolidy przez gen erm(B) (Cordeiro i in., 2010; Kastner 1 in., 2006).

Z uwagi na fakt, ze bakterie fermentacji mlekowej nie sa organizmami
chorobotwdrczymi gltownym zagrozeniem zwigzanym z wystgpowaniem u nich
opornosci na antybiotyki jest ryzyko horyzontalnego przeniesienia genoéw warunkujacych
opornos$¢ do bakterii patogennych. Co prawda w ostatnich latach zaczgly pojawiac sie
doniesienia  dotyczace zakazen wywotanych przez szczepy Lactococcus
czy Lactobacillus, jednak dotyczyty one jedynie 0sob ze skrajnie obnizong odpornoscia,
dlatego nie mozna przyjaé, ze drobnoustroje te stanowig bezposrednie zagrozenie
dla zdrowia konsumentéw (Fraqueza, 2015). Literatura wskazuje, ze bakterie fermentacji
mlekowej moga by¢ nosicielami plazmidéw o roznej wielkosci, na ktorych zlokalizowane
sa determinanty opornosci. Ich obecno$¢ stwierdzano z poréwnywalng czgsto$cig wsrod

szczepow Lactobacillus 1 Lactococcus (Gevers 1 in., 2003; Patel i in., 2012). Innym
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rodzajem mobilnych elementéw genetycznych, ktorych obecno$¢ stwierdza si¢ wsrod
szczepdbw LAB, w tym takze tych o znaczeniu przemyslowym sa transpozony
koniugacyjne, zarowno o szerokim, jak i waskim zakresie gospodarzy. Wystepuja one
zarbwno u szczepow Lactococcus (Tn5276 1 Tn5301) jak 1 Lactobacillus
(Tn916/Tn1545). Zycka-Krzesifiska i in. (2015) na podstawie analizy obecnoéci
plazmidow i transpozonu Tn976 u opornych na tetracykling szczepdw Lactococcus lactis
wykazali zwigzek genu tet(M) wystepujacego u szczepdw z tego gatunku z transpozonem
Tn916, ktory uczestniczy w przenoszeniu opornosci na tetracykliny. Pozwala
to sugerowac, ze bakterie z rodzaju Lactococcus moga stanowi¢ biologiczny rezerwuar
genow opornosci na tetracykliny. Dowiedziono rowniez, ze geny kodujace opornosé
na makrolidy oraz na tetracykliny sg szeroko rozpowszechnione w$rdd drobnoustrojow
wlasnie ze wzgledu na ich zwigzek z mobilnymi elementami genetycznymi (Mendonca
11n., 2016; Dec i in., 2017). Gen tet(M) jest zwigzany z transpozonami koniugacyjnymi
z rodziny Tn97/6/Tnl545, ktore maja wysoki potencjat przenoszenia horyzontalnego,
tet(K) czgsto znajduje si¢ na matych przeno$nych plazmidach, podczas gdy te#(O) moze
by¢ zlokalizowany na plazmidzie koniugacyjnym lub na chromosomie. Z kolei wsrod
gendw opornosci na makrolidy najbardziej rozpowszechnione sa geny erm(A), erm(B)
i erm(C). Gen erm(B) jest zwigzany z transpozonem koniugacyjnym Tn9/6
lub transpozonami z rodziny Tn9/6-Tnl545, ktére charakteryzuja si¢ znacznym
potencjatem horyzontalnego przenoszenia, z kolei geny erm(A) 1 erm(C) sa
zlokalizowane na chromosomie i na malych plazmidach (Nawaz i in., 2011; Preethi i in.,
2017).

Przypuszcza si¢, ze geny opornosci na antybiotyki moga by¢ przenoszone przez
bakterie fermentacji mlekowej w obrgbie gatunku i rodzaju, ale postuluje si¢ takze
mozliwo$¢ przekazywania gendéw innym mikroorganizmom, zaré6wno komensalom
przewodu pokarmowego, m.in. Escherichia coli, jak 1 mikroorganizmom
chorobotworczym takim jak Staphylococcus aureus, Bacillus subtilis, a nawet Listeria
monocytogenes (Thumu 1 Halami, 2018). Mozliwo$¢ zajécia mig¢dzygatunkowego
transferu plazmidéw niosacych geny oporno$ci migdzy szczepami bakterii fermentacji
mlekowej a komensalami przewodu pokarmowego zostala potwierdzona zaréwno
w warunkach in vitro, in situ w modelu zywnos$ci jak 1 in vivo na organizmach
modelowych. Zgodnie z literaturg, najczesciej dochodzi do transferu genéw opornosci
na tetracykliny i makrolidy (Preethi i in., 2017; S. C. R. Thumu i Halami, 2019). Warty

zaakcentowania jest fakt, ze bakterie dodawane do zywno$ci na skale przemystowa
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zwykle wystepujg w produkcie w duzej liczbie, po spozyciu produktu duza liczba zywych
komorek dociera do jelita grubego, gdzie wchodzi w kontakt z bytujagcymi tam
mikroorganizmami. Zgodnie z literatura, duze zaggszczenie komoérek w przewodzie
pokarmowym czlowieka zapewnia doskonate warunki do poziomego transferu
plazmidéw koniugacyjnych 1 transpozonéw zawierajacych geny kodujace opornosé
na $rodki przeciwdrobnoustrojowe (Devirgiliis i in., 2013; Nawaz i in., 2011). Mimo
iz problematyka transferu genéw opornosci przez bakterie fermentacji mlekowe;j jest
obecnie dos¢ dobrze poznana, wcigz istnieje niewiele doniesien dotyczacych
koniugacyjnego przenoszenia determinantdw opornosci na antybiotyki z bakterii
fermentacji mlekowej wykorzystywanych w kulturach przemystowych do innych

drobnoustrojéw, co sugeruje potrzeb¢ podjecia badan w tym zakresie.

1.5. WPLYW CZYNNIKOW STRESOWYCH
NA ANTYBIOTYKOOPORNOSC DROBNOUSTROJOW

Waznym aspektem, ktory nie byt dotychczas poruszany w badaniach naukowych,
jest wplyw warunkow produkcji 1 przechowywania zywno$ci na antybiotykooporno$¢
szczepow stosowanych w kulturach starterowych lub ochronnych. Mikroorganizmy te sg
narazone na rozne stresy srodowiskowe podczas produkcji zywnosci. Moga by¢ one
zwigzane ze zmianami Srodowiska w trakcie fermentacji, m.in. obnizenie pH z powodu
akumulacji  kwasow  organicznych  lub  moze  wynika¢é z  proceséw
przetwarzania/utrwalania zywnos$ci. Najcze$ciej wymieniane to: niska temperatura
podczas przechowywania w warunkach chtodniczych oraz dodatek NaCl. Obecnie
wspomina si¢ rowniez o obrébce wysokoci$nieniowej (HPP), obiecujacej nowej metodzie
nietermicznego utrwalania zywnosci (Mbye i in., 2020; Ma i in., 2019).

W odpowiedzi na rozne warunki stresowe mikroorganizmy opracowaty
kompleksowe strategie zapobiegania uszkodzeniom powodowanym przez niekorzystne
srodowisko (Ma 1 in., 2020; Yang i in., 2021). Z przeprowadzonych dotychczas badan
nad wpltywem stresOw zwigzanych z przemyslem spozywczym na mikroorganizmy
wynika, ze adaptacja mikroorganizmow do niesprzyjajacych warunkow zwykle wigze sie
z indukcja duzej liczby gendw, syntezg biatek odpowiedzi stresowej 1 rozwojem
opornosci krzyzowej. na inne rodzaje stresu. Regulacja tych odpowiedzi jest zloZzona
1 $ciSle zwigzana ze szlakami metabolicznymi. Inne badania potwierdzity, Zze bakterie
fermentacji mlekowej wykazuja wiele reakcji fizjologicznych 1 adaptacyjnych

w niesprzyjajacych warunkach srodowiskowych (Wu i in., 2013). Zazwyczaj ta adaptacja
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ma miejsce jako bakteryjna odpowiedz komoérkowa na czynnik stresowy poprzez
regulacje mechanizmdéw molekularnych. Aktywacja tych mechanizméw moze skutkowac
selekcja wariantow o zwigkszonej tolerancji lub oporno$ci na inne czynniki stresowe,
w tym zmniejszong wrazliwo$¢ na kilka antybiotykow, w tym antybiotyki wazne
w praktyce klinicznej (Al-Nabulsi 1 in., 2015; Giacometti i in., 2021; McMahon
1 1in., 2007a; Komora i in., 2017). Podaje si¢ rowniez, ze ekspozycja na rdézne warunki
stresowe moze skutkowaé mobilizacja niektérych elementow genetycznych, a tym
samym zwi¢kszong czestotliwos$cig transferu genéw (Giacometti i in., 2021; McMahon
1 in., 2007b). Wszystkie te badania przeprowadzono tylko dla mikroorganizmow
chorobotworczych. Nie ma badan dotyczacych zwigzku miedzy reakcja na stres
a opornoscig na antybiotyki wsrdd niepatogennych mikroorganizmow, takich jak bakterie

fermentacji mlekowe;j.

Omowione zagadnienia teoretyczne zostaly omowione w publikacji:
P1. Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W. 2020. Starter cultures
as a reservoir of antibiotic resistant microorganisms. LWT-Food Science

and Technology, 127, 109424. https://doi.org/10.1016/j.1wt.2020.109424
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2. CEL 1 ZAKRES PRACY, HIPOTEZY BADAWCZE

Celem pracy byla analiza wystepowania opornosci na antybiotyki wsrod
szczepdw wchodzacych w sktad komercyjnych kultur starterowych i ochronnych oraz ich
zdolno$¢ do horyzontalnego transferu genéw opornos$ci. Analizie poddano takze wptyw
czynnikoéw stresowych zwigzanych z produkcjg 1 przechowywaniem zZywnos$ci na zmiany

w ekspresji gendw kodujacych opornos¢ na antybiotyki, jak i czgstos¢ transferu gendw.

W oparciu o cel badan postawiono nastepujace hipotezy badawcze:

1. Drobnoustroje wchodzace w sktad komercyjnych kultur starterowych
1 ochronnych mogg by¢ nosicielami gendw nabytej opornosci na antybiotyki

2. Drobnoustroje te moga wykazywaé zdolno$¢ do horyzontalnego transferu genow
1 przez to bra¢ udzial w rozprzestrzenianiu opornosci w srodowisku

3. Czynniki stresowe zwigzane z produkcja, przetwarzaniem i przechowywaniem
zywnosci mogg prowadzi¢ do zmian w fenotypie opornosci na antybiotyki
szczepow wchodzacych w sklad kultur starterowych i ochronnych, ekspresji

gendw opornosci na antybiotyki i/lub czgstosci transferu gend6w opornosci.

Szczegdlowy plan badan przedstawiono ponizej (Ryc. 1).
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Rye. 1 Schemat planu badan

3. MATERIALY I METODY

W roku 2020 dokonano zmian w nomenklaturze rodzaju Lactobacillus, w zwigzku
z tym w czesci publikacji stanowigcych podstawe niniejszej pracy uzywane jest stare
nazewnictwo, zas w publikacjach wydanych po zmianie nomenklatury nazewnictwo
zostalo zaktualizowane. Dla ujednolicenia jednak w tekscie pracy uzywana bedzie dawna

nomenklatura.

3.1. IZOLACJAIIDENTYFIKACJA SZCZEPOW

Szczepy do analizy otrzymano z komercyjnych kultur starterowych (n = 30)
1 ochronnych (n = 10) od kilku producentow oferujacych kultury do wykorzystania
w przemysle spozywczym. Liofilizowane kultury ozywiano na bulionie MRS (Merck,
Niemcy) w warunkach beztlenowych przez 24 — 48 h w temperaturze 30°C, a nastgpnie
izolowano na podtozu agarowym MRS (Merck, Niemcy) do uzyskania czystych
szczepOw. Nastepnie przeprowadzono ekstrakcje genomowego i plazmidowego DNA
za pomocg zestawdw Genomic Mini DNA oraz Plasmid Mini (A&A Biotechnology,

Polska), zgodnie z instrukcjami producenta. Otrzymane probki DNA przechowywano
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w temperaturze -20°C. Szczepy przechowywano w temperaturze -80°C w systemie
Microbank (Biocorp, Polska), aby zminimalizowaé ryzyko utraty plazmidow podczas
pasazowania.

Identyfikacje szczepow przeprowadzono w celu odrdznienia szczepdw zawartych
w kazdej kultur. Szczepy zidentyfikowano fenotypowo za pomoca techniki MALDI-TOF
MS w trzech powtorzeniach, zgodnie z zaleceniami producenta. Do walidacji metody
uzyto szczepu referencyjnego Escherichia coli ATCC® 8739.

Poniewaz analiza MALDI-TOF nie umozliwia rozroéznienia gatunkow
Lactobacillus pentosus, L. plantarum 1 L. paraplantarum oraz podgatunkow Lactococcus
lactis, w tym celu zastosowano réznicowanie metoda PCR z wykorzystaniem
specyficznych starteréw i warunkow reakcji. Jako kontrole pozytywne w reakcjach PCR
wykorzystano szczepy referencyjne L. pentosus (ATCC® 8041) i L. plantarum
(ATCC® 14917™) oraz L. lactis ssp. lactis (ATCC® 87139) i L. lactis ssp. cremoris
(ATCC® 9596).

Produkty PCR rozdzielano za pomoca elektroforezy na 1,5% zelach agarozowych
w buforze 1xXTBE wybarwionych roztworem Midori green (0,5 pg/ml) (ABO, Polska)
przy 100 V przez 6 min. a nast¢pnie przy 80 V przez 90 min. i wizualizowano za pomoca
systemu do dokumentacji i analizy barwionych fluorescencyjnie zeli G-BOX F3
(Syngene, UK).

Po identyfikacji zduplikowane szczepy odrzucono i do dalszych analiz wybrano
po jednym szczepie danego gatunku od kazdego producenta.

3.2. GENOTYPOWANIE SZCZEPOW

Wszystkie szczepy genotypowano przy uzyciu techniki ERIC-PCR. Produkty
PCR rozdzielano za pomoca elektroforezy na 1,5% zelach agarozowych w buforze
IxTBE wybarwionych roztworem Midori green (0,5 pug/ml) (ABO, Polska) przy 150 V
przez 150 min. 1 wizualizowano za pomocg systemu do dokumentacji 1 analizy
barwionych fluorescencyjnie zeli G-BOX F3 (Syngene, UK).

Profile ERIC-PCR analizowano za pomoca analizy skupien z wykorzystaniem
oprogramowania BioNumerics ver. 7.6.3. (Applied Maths/bioM¢érieux, Sint-Martens-
Latem, Belgia). Odlegtosci podobiefistw miedzy profilami ERIC-PCR obliczono
za pomocg wspotczynnika Dice, a dendrogram oparto na metodzie grup niewazonych par

ze $rednig arytmetyczng UPGMA.
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3.3. OKRESLENIE FENOTYPU OPORNOSCI NA ANTYBIOTYKI

Minimalne st¢zenia hamujace wyznaczono dla 9 antybiotykow: ampicylina
(AMP), wankomycyna (VA), gentamycyna (CN), kanamycyna (KA), streptomycyna (S),
erytromycyna (E), klindamycyna (DA), tetracyklina (TE) i chloramfenikolu (C).
Zastosowano dwie metody oznaczania: za pomocg paskow gradientowych (Liofilchem,
Wiochy) na podtozu agarowym Mueller-Hinton (Merck, Niemcy) oraz przy uzyciu
systemu VITEK®2 Compact do oznaczania wrazliwosci drobnoustrojow (Biomerieux,
Durham, Karolina Péinocna, USA) z kartami AST—P643. Warto$ci MIC odczytywano po
18 h inkubacji w temp. 30°C. Ze wzgledu na brak aktualnych wytycznych dotyczacych
oznaczania antybiotykoopornosci wérod szczepow bakterii kwasu mlekowego, wyniku
nie interpretowano w kategoriach wrazliwy/oporny. Podane zostaty jedynie wartosci MIC

okreslone dla poszczegdlnych antybiotykow.

3.4. ANALIZA WYSTEPOWANIA GENOW OPORNOSCI
NA ANTYBIOTYKI
Wszystkie szczepy przebadano na obecno$¢ sze$ciu gendw opornosci
na tetracykling, czterech kodujacych biatka chronigce rybosom — tetM, tetO, tetS 1 tetW
oraz dwoch kodujacych pompy efflux — terK i tefl.. Kazdy ze szczepow byt analizowany
takze pod katem obecnosci genow kodujacych opornosé na aminoglikozydy - aac(6')-Ie-
aph(2")-1a, aph(3")-1lla, aph(2")-Ic, aac(6')-Ii and ant(6')-1a, chloramfenikol - cat, B -
laktamy — blaZ, blatem, blaoxa, blasuv 1 blactx-m, glikopeptydy — vanA 1 vanB oraz
makrolidy — ermA, ermB, ermC 1 msrA/B. Ponadto uzyto specyficznej pary starterow
do amplifikacji genu zwigzanego z obecnoscig transpozondow koniugacyjnych
Tn916/Tni545. Testy obecnosci gendw przeprowadzono z wykorzystaniem reakcji PCR
przy uzyciu okreslonych starteréw i warunkow. Jako kontrole pozytywne zastosowano
szczepy referencyjne E. faecalis ATCC® 29212 (tetM), E. faecalis ATCC® 51299 (ermB,
aac(6')-le-aph(2'")-1a), S. epidermidis ATCC® 35984 (aph(3')-1lla, ermA, blaZ, ant(6)-
la), S. epidermidis ATCC® 12228 (blaZ, tetK) i szczepy z kolekcji Katedry Mikrobiologii
Przemystowej i Zywnosci dobrze scharakteryzowane pod katem wystepowania gendw
opornos$ci na antybiotyki.
Rozdziat 1 wizualizacje produktéw reakcji PCR przeprowadzono tak, jak opisano

w punkcie 3.1.
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3.5. ANALIZA TRANSFERU GENOW OPORNOSCI
Pierwszym etapem analizy transferu gendéw bylo wyznaczenie puli dawcow.
W tym celu sprawdzono, czy zidentyfikowane wcze$niej geny opornosci byty
zlokalizowane w chromosomach czy na plazmidach. Na dawcoéw mozna bylo wybraé
szczepy, ktore posiadaty jednoczesnie co najmniej jeden gen opornosci zlokalizowany
na plazmidzie i wykazywaty wysoka warto§¢ MIC dla danego antybiotyku.
Standardowym biorcag w eksperymencie byt szczep E. faecalis JH2-2 (LMG
19456), wolny od plazmidéw, oporny na rifampicyng (MIC>256 ng/ml) i kwas fusydowy
(MIC>256 pg/ml).
3.5.1. TRANSFER IN VITRO
Zdolno$¢ do przenoszenia gendw opornosci na antybiotyki in vitro badano
z wykorzystaniem metody filtr6w membranowych. W tym celu zmieszano po 1 ml
kultury dawcy i biorcy w wykltadniczej fazie wzrostu i przefiltrowano przez sterylny filtr
membranowy z celulozy o $rednicy porow 0,45 um. Nastgpnie filtry przeptukane 2 ml
sterylnego roztworu PPS (Merck, Niemcy) umieszczono na podlozu agarowym BHI
1 inkubowano przez 24 h w temperaturze 37°C. Po inkubacji kolonie wyhodowane
na powierzchni filtra zawieszono w 2 ml PPS, wykonano serie 10-krotnych rozcienczen
1 wysiano na 3 rodzaje pozywek: T-BHI dla transkoniugantéw (z dodatkiem 100 pg/ml
kwasu fusydowego, 50 pg/ml ryfampicyny i 10 pg/ml tetracykliny), TD-BHI dla dawcow
(z dodatkiem 10 pg/ml tetracykliny) 1 B-BHI dla biorcow (z dodatkiem 100 pg/ml kwasu
fusydowego 1 50 pg/ml ryfampicyny). Inkubacje prowadzono w temperaturze 37°C przez
24-48 godzin. Czestos¢ transferu genow wyrazono jako stosunek liczby
transkoniugantéw do liczby biorcow.
3.5.2. TRANSFER IN SITU
W celu oceny mozliwosci transferu genow in situ, tj. bezposrednio w produkcie,
przygotowano model zakwaszonego mleka. Hodowle dawcow i biorcow przygotowano
identycznie jak w analizie in vitro, jednak hodowl¢ prowadzono nie na podtozu BHI, lecz
w mleku. Odtluszczone mleko w proszku (4% wag./obj.) dodano do 10 ml
pasteryzowanego mleka 1 ogrzewano w temperaturze 63°C przez 30 minut, a nastgpnie
schtodzono do temperatury 42°C. Nast¢pnie do mleka dodawano po 1 ml hodowli dawcy
1 biorcy 1 inkubowano w temperaturze 42°C do uzyskania pH 4,3. Otrzymang mieszaning
skoagulowanego mleka nastepnie inkubowano w temperaturze 4°C przez 48 godzin.

Po inkubacji wykonane 10-krotne rozcienczenia prébek wysiano na podtoza, jak opisano

32



powyzej. Ptytki inkubowano przez 24-48 godzin w temperaturze 37°C i czestos¢ transferu
wyrazano identycznie jak opisano powyzej.
3.5.3. POTWIERDZENIE TRANSFERU GENOW, GENOTYPOWANIE
TRANSKONIUGANTOW
Otrzymane transkoniuganty sprawdzono pod katem ich opornosci na antybiotyki
z wykorzystaniem paskéw gradientowych (Liofilchem, Wtochy). Wartos¢ MIC
odczytywano po 18 h inkubacji w temperaturze 30°C. Nastgpnie wyizolowano genomowe
DNA za pomocg zestawu Genomic Mini (A&A Biotechnology, Polska)
1 przeprowadzono powtorne reakcje PCR w celu potwierdzenia transferu genow.
Genotypowanie transkoniugantow, u ktorych stwierdzono, ze nabyly geny opornosci,
uzyskano w reakcji ERIC-PCR, jak opisano powyzej. Uzyskane profile porownywano
z profilami szczepow biorcéw w celu potwierdzenia transferu genow.
3.6. ODDZIALYWANIE CZYNNIKOW STRESOWYCH ZWIAZANYCH
Z PRZEMYSLEM SPOZYWCZYM NA DROBNOUSTROJE

3.6.1. ODDZIALYWANIE CZYNNIKOW STRESOWYCH

Na podstawie przeprowadzonych badan wstepnych wybrano po jednej wartosci
stezenia NaCl, pH 1 temperatury chtodniczej oraz dwie wartos$ci wysokiego ci$nienia,
ktore znaczaco, ale nie catkowicie, zmniejszyty liczbe komoérek w stosunku do probki nie
poddanej dziataniu ci$nienia. Ekspozycje¢ na stres kwasowy, osmotyczny i zwigzany
z chtodniczym przechowywaniem prowadzono w sterylnych proboéwkach Falcon z 20 ml
bulionu MRS (Merck, Niemcy), do ktéorego dodawano hodowle badanych szczepow
w wyktadniczej fazie wzrostu (ODsgo ~ 0,6) w ilosci 250 pl. Nastepnie, aby sprawdzié
wplyw stresu kwasowego, do probéwek dodano kwas mlekowy do uzyskania warto$ci
pH 4,0 1 inkubowano w temperaturze 30°C przez 48 h beztlenowo. W celu sprawdzenia
wptywu stresu osmotycznego do kolejnych probowek dodano NaCl do uzyskania stezenia
4,0% 1 inkubowano beztlenowo w temperaturze 30°C przez 48 godzin. Sterylnos¢
dodawania kwasu mlekowego i NaCl zapewniono filtrujagc dodatki na filtrach
strzykawkowych 1 wprowadzajac je do sterylnego podtoza pod komorg laminarng. W celu
sprawdzenia efektu chtodniczego przechowywania probowki z zaszczepiong pozywka
przeniesiono do lodowki 1 przechowywano w temperaturze 7°C przez 48 godzin.
Dodatkowo przygotowano probki kontrolne — zaszczepiony bulion MRS bez dodatkow,
inkubowany w optymalnych warunkach. Test przeprowadzono w trzech powtorzeniach

w roznych dniach.
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Ekspozycji na wysokie ci$nienia poddawano po 10 ml hodowli badanych
szczepOdw w stacjonarnej fazie wzrostu w bulionie MRS (Merck, Darmstadt, Niemcy).
Cisnieniowanie przeprowadzano w roztworze glikol-woda (1:1, obj./obj.) przy uzyciu
jednokomorowej aparatury wysokocisnieniowej U4040 (IWC PAN, Warszawa, Polska,
Unipress Equipment Division) przy temperature 20 + 3°C, szybkoS$ci przyrostu ci§nienia
300 MPa/min oraz czasie obnizania ci$nienia mniejszym niz 5 s.

Po zakonczeniu obrobki stresowej probki od razu poddawano kolejnym etapom
badan.

Nastepnie w dalszej czesci analizy skupiono si¢ jedynie na wplywie obrobki
wysokoci$nieniowej na drobnoustroje. Poszerzono jednak analiz¢ o rézne warianty
warto$ci ci$nienia i czasu trwania procesu, aby sprawdzi¢, w jaki sposob efekt

oddziatywania HPP na drobnoustroje zalezy od warunkéw procesu.
3.6.2. ANALIZA PRZEZYWALNOSCI

3.6.2.1. LIVE/DEAD

Analizie poddano probki 1 ml hodowli kazdej z prob badanych oraz préb
kontrolnych w logarytmicznej fazie wzrostu w bulionie MRS (Merck, Niemcy).
Do analizy wykorzystano zestaw Survey of Live/Dead® BacLight™ Bacterial Viability
Kit (ThermoFischer Scientific, Waltham, Massachusetts, USA) zgodnie z instrukcjami
producenta.

Analizy przeprowadzono na cytometrze przeplywowym BD FACSLyric™
(Becton Dickinson, San Jose, CA, USA) zgodnie z metodyka (Habtewold 1 in., 2016).

3.6.2.2. METODA PLYTKOWA
Przezywalnos$¢ szczepoOw sprawdzono rowniez metodg ptytkowa. W tym celu
wykonano  serie  dziesigciokrotnych  rozcienczen dla  kazdego  szczepu
przed i po ekspozycji na czynnik stresowy oraz oznaczono liczbe CFU/ml na agarze
MRS. Liczbe kolonii zliczono po 48 h inkubacji w warunkach beztlenowych
w temperaturze 30°C.
3.7.  WPLYW CZYNNIKOW STRESOWYCH NA ZMIANY
W OPORNOSCI NA ANTYBIOTYKI
Do analizy wptywu czynnikéw stresowych na poziom opornosci na antybiotyki
wybrano te sposrod szczepow, u ktorych stwierdzono obecno$¢ genu opornosci
na antybiotyki przy jednoczesnej niskiej wartosci MIC dla danego antybiotyku. Kazdy

z badanych szczepow zostal poddany dziataniu nast¢pujgcych czynnikdéw stresowych:
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niskiego pH, podwyzszonego stezenia NaCl, niskiej temperatury przechowywania
oraz obrobki wysokoci$nieniowej. Zastosowane w badaniach warto$ci czynnikow
stresowych dobrano na podstawie dostepnej literatury, w ktorej wskazano wartosci
najczesciej wystepujacych w zywnosci czynnikéw stresowych oraz na podstawie
przeprowadzonych badan wstepnych.
3.7.1. ANALIZA ZMIAN W FENOTYPIE OPORNOSCI NA ANTYBIOTYKI

Po ekspozycji na czynniki stresowe odzyskano komorki bakteryjne i sprawdzono
ponownie wartosci MIC dla analizowanych antybiotykéw. Analiz¢ przeprowadzono
identycznie jak opisano w punkcie 3.3. Nastepnie przywrocono optymalne warunki
wzrostu (szczepy hodowano w pozywkach o optymalnym sktadzie i inkubowano
w optymalnych warunkach) i ponownie sprawdzono wartosci MIC, aby zobaczyc,
czy zmiany si¢ utrzymuja.

3.7.2. ANALIZA ZMIAN EKSPRESJI GENOW OPORNOSCI

Catkowite RNA izolowano z hodowli bakteryjnych za pomoca zestawu Total
RNA Mini Plus (A&A Biotechnology, Polska) w trzech powtdrzeniach dla kazdej probki
zgodnie z instrukcjg producenta. Otrzymane probki RNA oczyszczono i zatezono przy
uzyciu zestawu Clean-Up RNA Concentrator (A&A Biotechnology, Polska). Wszystkie
probki sprawdzono pod katem jakosci wyizolowanego RNA poprzez rozdziat
elektroforetyczny 10 pl probki na 1,2% zelu agarozowym w 0,5% buforze TBE pod
napieciem 90 V przez 1 godzing, a nastgpnie zweryfikowano przez wizualizacj¢ dwoch
prazkéw (16S 1 23S RNA) z wykorzystaniem systemu do dokumentacji 1 analizy
barwionych fluorescencyjnie zeli G-BOX F3 (Syngene, Cambridge, UK). Stezenie RNA
mierzono za pomocg Spektrofotometru/Fluorometru DeNovix DS-11 FX (DeNovix Inc.,
Wilmington, USA), w oparciu o absorbancje¢ probki przy dlugosci fali 260 nm 1 280 nm.
Wszystkie probki RNA zostaly natychmiast uzyte do syntezy pierwszej nici cDNA
przy uzyciu zestawu Transcriba Kit (A&A Biotechnology, Polska) zawierajacego
rekombinowang odwrotng transkryptaze MMLYV, a jako startery zastosowano heksamery
o losowej sekwencji.

Analize ekspresji genéw przeprowadzono z wykorzystaniem ilosciowej rekcji
PCR (ang. quantitative PCR — qPRC) w czasie rzeczywistym - Real-Time PCR z trzema
niezaleznymi reakcjami dla kazdego powtdrzenia. Reakcje przeprowadzono przy uzyciu
systemu RotorGene Q (Qiagen, Niemcy). Pomiary byly oparte na metodzie
fluorometrycznej przy uzyciu barwnika SYBR Green. Reakcje qPCR byly prowadzone
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z wykorzystaniem specyficznych primerow 1 warunkoéw reakcji. Dla kazdego z genow
badanych na podstawie literatury i badan wstgpnych dobrano gen referencyjny (ang.
housekeeping gene — HG), czyli gen metabolizmu podstawowego, ktorego ekspresja jest
niezmienna. W toku badan rolg¢ gendéw referencyjnych pehnity nastepujace geny: 16S
rDNA, 23S rRNA i gap. Analizie poddano ekspresje nast¢pujacych gendw opornosci
na antybiotyki: aac(6’)le-aph(2’’)la, aph(3’)-Illa 1 tetM w pierwszej analizie oraz
genow: aac(6’)le-aph(2’’)1a, aph(3’)-1lla, tetM, tetW, blaZ i cat w analizie skupione;j
jedynie na wptywie HPP. W analizie tej badano takze zmiany ekspresji genéw ogdlne;j
odpowiedzi na stres: clpL, groEL 1 dnaK. Specyficzno$¢ kazdego produktu qPCR
sprawdzono na podstawie krzywej topnienia sporzadzonej przez ogrzewanie z powolng
zmiang temperatury migdzy 60 a 95°C co 0,5°C przez 5 sekund.

Do wyliczenia roznic w ekspresji gendéw wykorzystano metod¢ poréwnawczg CT
(2"22¢T) (Livak i Schmittgen, 2001). W tej metodzie, obliczony wzér 2744t wylicza
proporcje ekspresji danego genu w poréwnaniu z genem metabolizmu podstawowego
(HG).

38. WPLYW CZYNNIKOW STRESOWYCH NA CZESTOSC
TRANSFERU GENOW OPORNOSCI

Wpltyw czynnikdéw stresowych na czestos$¢ transferu gendw opornosci podobnie
jak zmiany w opornosci na antybiotyki analizowano w dwoch etapach badania.
W pierwszej czesci analizie poddano wpltyw podwyzszonego st¢zenia NaCl, obniZzonego
pH 1 niskiej temperatury przechowywania oraz dwoch wartosci wysokiego ci$nienia
na czestos¢ transferu gendw aph(3')-1lla, aac(6')-le-aph(2")-1a, tetM 1 tetO w warunkach
in vitro. Nastepnie przeprowadzono analiz¢ skupiajacg si¢ na wplywie roznych
wariantdw wartosci cisnienia i czasu trwania procesu na czg¢stos¢ transferu gendw: tetM,
aph(3')-1lla, aac(6')-1e-aph(2")-1a, blaZ i cat w warunkach in vitro jak 1 in situ.

Pule dawcow w obu etapach analizy stanowity szczepy bedace nosicielami
przynajmniej jednego zlokalizowanego na plazmidzie genu opornosci na antybiotyki przy
jednoczesnej wysokiej wartosci MIC dla danego antybiotyku, za$ standardowym biorca
byl szczep E. faecalis JH2-2 (LMG 19456), wolny od plazmidow, oporny na rifampicyneg
(MIC>256 pg/ml) 1 kwas fusydowy (MIC>256 pg/ml).

Zdolnos¢ do przenoszenia gendw opornosci na antybiotyki in vitro przez filtracje
1 in situ w produkcie prowadzono w sposob opisany w punkcie 3.5.1 i 3.5.2. Analizie
poddano szczepy odzyskane po ekspozycji na warunki stresowe. Inkubacje prowadzono

beztlenowo przez 48 godzin w temperaturze 30°C. Zastosowano trzy rodzaje pozywek
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selekcyjnych na bazie podloza BHI (Merck, Niemcy): T-BHI dla transkoniugantow
(z dodatkiem 100 pg/ml kwasu fusydowego, 50 pg/ml rifampicyny i jednego z badanych
antybiotykéw: 10 pg/ml tetracykliny, 10 pg/ml chloramfenikolu, 1 pg/ml gentamycyny,
1 pg/ml kanamycyny, 1 pg/ml streptomycyny lub 1 pg/ml ampicyliny), TD-BHI dla
dawcow (z dodatkiem 10 pg/ml tetracykliny, 10 pug/ml chloramfenikolu, 1 pg/ml
gentamycyny, 1 pg/ml kanamycyny, 1 pg/ml streptomycyny lub 1 pg/ml ampicyliny)
i B-BHI dla biorcow (z dodatkiem 100 pg/ml kwasu fusydowego i 50 pg/ml
ryfampicyny). Nastepnie po wyliczeniu czgstosci transferu gendéw przeprowadzono
badania majace na celu potwierdzenie zaj$cia transferu genow, jak i genotypowanie
transkoniugantow tak, jak opisano w punkcie 3.5.3.
3.9. ANALIZY STATYSTYCZNE

Analizy statystyczne uzyskanych wynikéw prowadzono z wykorzystaniem
dwoch programow: STATISTICA 13.3 StatSoft® software (Tibco, Inc., Tulsa, OK,
USA) oraz Prism 9.3.1. (Prism, GraphPad Software, San Diego). Do analizy wynikow
wykorzystywano testy: t-Studenta, jednoczynnikowa analiz¢ ANOVA, test U — Manna-
Whitneya oraz korelacj¢ Spermana w zaleznosci od specyfiki analizy. Zatozony poziom

istotno$ci wynosit 0,05.

Szczegolowy opis zastosowanej metodyki przedstawiono w publikacjach, bedgcych
podstawq niniejszej pracy.
3.1. - 3.5. — w publikacji:
P2. Zarzecka U., Chajecka-Wierzchowska W., Zadernowska A. 2022. Microorganisms
from starter and protective cultures - Occurrence of antibiotic resistance and conjugal
transfer of tet genes in vitro and during food fermentation. LWT-Food Science

and Technology, 153, 112490. https://doi.org/10.1016/5.1wt.2021.112490

3.6. — w publikacji:

P3. 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

37



3.7. — w publikacjach:

P3. 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

P4. Zarzecka U., Zadernowska A., Chaj¢cka-Wierzchowska W., Adamski P. 2023.
Effect of high pressure processing on changes in antibiotic resistance genes expression
among strains from commercial starter cultures. Food Microbiology, 110, 104169.

https://doi.org/10.1016/j.fm.2022.104169

3.8. — w publikacjach:

P3. 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

P5. Zarzecka U., Zadernowska A., Chajgcka-Wierzchowska W., Adamski P. 2023.
High-pressure processing effect on conjugal antibiotic resistance genes transfer in vitro
and in the food matrix among strains from starter cultures. International Journal of Food

Microbiology, 388, 110104. https://doi.org/10.1016/j.ijjfoodmicro.2023.110104
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4. WYNIKI

41. OMOWIENIE PULI SZCZEPOW ZAKWALIFIKOWANYCH
DO ANALIZY

Z 30 dostepnych na rynku kultur starterowych i 10 kultur ochronnych uzyskano
facznie 58 szczepow. Najwieksza liczba szczepow (n = 44; 75,9%) pochodzita z kultur
starterowych, 14 izolatow (24,1%) odzyskano z kultur ochronnych. Najwigksza liczba
szczepow nalezata do dawnego rodzaju Lactobacillus (n = 26; 44,9%) — w tym wedlug
obecnej nomenklatury: Lactobacillus (n = 10), Lacticaseibacillus (n = 7),
Lactiplantibacillus (n = 5), Latilactobacillus (n = 3) oraz Lentilactobacillus (n = 1);
nastepnie Lactococcus (n = 17; 29,3%), Pediococcus (n = 8; 13,8%), Streptococcus
(n = 4; 6,9%), Staphylococcus (n = 2; 3,4%) i Leuconostoc (n = 1; 1,7%) (P2, Table 1).
Genotypowanie za pomocg ERIC-PCR wykazato niskg réznorodnos¢ genetyczng wsrod
szczepow (P2, Fig. 1).

4.2. WYSTEPOWANIE OPORNOSCI NA ANTYBIOTYKI WSROD
DROBNOUSTROJOW Z KULTUR STARTEROWYCH
I OCHRONNYCH

Wsrdéd wszystkich badanych szezepdw najwyzsze wartosci MIC odnotowano dla
tetracykliny (maksymalna wartos¢ MIC - >256 pg/ml), kanamycyny (maksymalna
warto$¢ MIC - 48 ng/ml) oraz chloramfenikolu (maksymalna warto§¢ MIC - 32 pg/ml).
Najnizsze wartosci MIC odnotowano dla erytromycyny i streptomycyny (wszystkie
wartosci MIC byly najnizsze od 1 pg/ml). Najwigksze spektrum wartosci MIC
zaobserwowano dla tetracykliny (0,19 - >256 pg/ml). Nie stwierdzono statystycznie
istotnych roéznic w obserwowanych wartosciach MIC dla kazdego antybiotyku
w zalezno$ci od rodzaju bakterii lub zrodta szczepu (P2, Table 2).

Niezaleznie od prezentowanego fenotypu opornosci, u wszystkich szczepoéw
analizowano obecno$¢ 15 roznych determinantoéw opornosci. Obecno$¢ genow vanA
1 vanB sprawdzano tylko u szczepow Lactococcus, Streptococcus 1 Staphylococcus
ze wzgledu na wrodzong opornos¢ na wankomycyne u szczepdw Lactobacillus,
Leuconostoc 1 Pediococcus.

Niezaleznie od rodzaju, najczestszym genem kodujagcym  opornosé
na aminoglikozydy byt gen aph(3')-1lla, nastgpnie geny aac(6')-le-aph(2')-1a, aac(6')-1a

i aph(2')-Ic. Zaden ze szczepow nie wykazywat obecnoéci genu ant(6')-la.

39



Czestos¢ wystepowania réznych gendw opornosci na tetracykliny zalezata
od rodzaju. Wérod szczepow Lactobacillus oporno$¢ na tetracykling byla najczesciej
zwigzana z obecnos$cig genu fefM, nastepnie tetW i tetO. S§rod szczepow Lactococcus,
Pediococcus 1 Staphylococcus geny tetM 1 tetW byly przenoszone przez ten sam odsetek
szczepow, a gen tetO dominowal wsérdd szczepow Streptococcus.

Ponad potowa szczepow (55,2%) posiadata gen cat kodujacy opornosé
na chloramfenikol. Wérdd analizowanych gendéw kodujacych oporno$¢ na antybiotyki
B-laktamowe dwa szczepy byly nosicielami genow blaoxa 1 blaZ. Sposrdd czterech
okreslonych gendéw opornosci na makrolidy, stwierdzono, ze tylko jeden szczep
Latobacillus jest nosicielem genu msrA/B. Pozostalych gendw nie oznaczono w zadnym
ze szczepéw. W zadnym ze szczepoOw nie stwierdzono takze genow opornosci
na wankomycyng (vanA 1 vanB). Transpozon koniugacyjny z rodziny Tn916/Tnl545 byt
obecny tylko w czterech izolatach (P2, Table 3).

Analiza statystyczna wykazata istotne roznice w czgstosci wystgpowania genow:
aph(3')-Illa, aac(6')-le-aph(2')-1a, aac(6')-la, tetM, tetO, tetW 1 int w zalezno$ci
od rodzaju drobnoustrojéw. Analiza czgstoSci wystepowania gendOw opornosci
w zalezno$ci od pochodzenia szczepu nie wykazata rdznic.

4.3. ZDOLNOSC BAKTERII FERMENTACJI MLEKOWEJ
DO HORYZONTALNEGO TRANSFERU GENOW

Do analizy zdolnosci bakterii fermentacji mlekowej do horyzontalnego transferu
gendw opornosci wybrano pig¢ szczepow posiadajacych zlokalizowany na plazmidzie
gen opornosci na tetracykling (trzy szczepy posiadajace gen tefK i dwa posiadajace gen
tetM), ktore pelnily role dawcow (P2, Table 4).

Mozliwo$¢ zajscia transferu genow zaobserwowano dla kazdego ze szczepow.
W metodzie in vitro czesto$é transferu wahata sie od 2,78x107 do 1,71x107
transkoniugantow na biorce. Wartosci MIC tetracykliny dla transkoniugantow miescity
si¢ w zakresie od 24 do 64 pg/ml. W metodzie in situ przenoszenie gendw obserwowano
rowniez dla kazdego szczepu, ale czgstotliwos$¢ przenoszenia byta nizsza niz w przypadku
transferu w warunkach in vitro i wahata sie od 1,36x10® do 1,07x1077. Wartosci MIC
tetracykliny dla transkoniugantéw miescity si¢ w zakresie od 12 do 48 pg/ml. Warto$ci
MIC dla tetracykliny byly nizsze lub réwne wartosciom MIC wyznaczonym dla dawcow
z wyjatkiem transferu od szczepow Pediococcus pentosaceus LAB-17 1 Lactobacillus
rhamnosus LAB-28, gdzie warto§ci MIC dla transkoniugantow uzyskanych w transferze

in vitro bylty wyzsze niz u dawcow (P2, Table 5).
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Genotypowanie metodg ERIC-PCR wujawnily podobne profile biorcow
1 transkoniugantéw. Mozna zatem wykluczy¢, ze opornos$¢ zostala nabyta przez mutacje

w genomie dawcy, co potwierdza klonalny charakter transkoniugantow (P2, Fig. 2).

44. PRZEZYWALNOSC W ODPOWIEDZI NA CZYNNIKI STRESOWE
ZWIAZANE Z PRZETWORSTWEM ZYWNOSCI

Analize przezywalnosci szczepow w odpowiedzi na czynniki stresowe
przeprowadzono metoda cytometrii przeptywowej 1 metoda ptytkowa. Uzyskane wyniki
wskazujg, ze badane szczepy charakteryzowaly si¢ najwyzsza przezywalnoscig
w obecnosci 4% stezenia NaCl (powyzej 90%). Najnizszg przezywalnos¢
zaobserwowano w odpowiedzi na ci$nienie 400 MPa (ponizej 50%). Nalezy réwniez
zauwazyC€, ze wyniki uzyskane metoda ptytkowa réznity sie¢ od wynikdw uzyskanych
w analizie cytometrycznej. Analiza liczby metoda ptytkowa wykazata wyzszy procent

redukc;ji liczby CFU/ml w przypadku kazdego z czynnikow stresowych (P3, Table 2).

45. WPLYW  CZYNNIKOW  STRESOWYCH NA ZMIANY
W FENOTYPIE ANTYBIOTYKOOPORNOSCI 1 EKSPRESJI
GENOW OPORNOSCI NA ANTYBIOTYKI

4.5.1. ZMIANY W FENOTYPIE OPORNOSCI

Analiza wptywu roznych czynnikéw stresowych na fenotyp 1 ekspresj¢ genow
opornos$ci na antybiotyki wykazata, ze zaden z zastosowanych czynnikow nie wywotat
istotnej statystycznie zmiany w opornos$ci na streptomycyne u zadnego ze Szczepow.
Zaobserwowano znaczny wzrost wartosci MIC dla gentamycyny i kanamycyny
po ekspozycji na niskie pH 1 zwigkszone st¢zenie NaCl (tj. od 0,5 pg/ml do 8 pg/ml),
podczas gdy ekspozycja na niskg temperaturg przechowywania oraz wysokie ci$nienia
wywotata istotng redukcj¢ wartosci MIC dla tych antybiotykow (tj. od 0,5 pg/ml do 0,125
pg/ml). Opornos$¢ na tetracykling nie zmienita si¢ po ekspozycji na czynnik stresowy
wsrdd szczepow, dla ktorych wyjsciowo stwierdzono wysoka warto§¢ MIC. Wsrod
szczepow, ktore poczatkowo wykazywaty niskg warto§¢ MIC dla tetracykliny, warto$¢
MIC znacznie wzrosta po ekspozycji na niskie pH, wysokie st¢zenie NaCl i wysokie
ci$nienie (tj. od 1 pg/ml do 8 pg/ml). Po ekspozycji na niska temperatur¢ warto§¢ MIC
znacznie si¢ obnizyla (tj. z 1 pg/ml do 0,25 pg/ml). Nalezy rowniez zaznaczy¢, ze zmiany
te utrzymywaty si¢ nawet po przywroceniu optymalnych warunkow (P3, Table 3).

Po zawezeniu analizy jedynie do wplywu roéznych wariantow obrdbki

wysokoci$nieniowe] stwierdzono, ze po ekspozycji na czynnik stresowy dochodzito
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do zmian w fenotypie opornosci na antybiotyki. Zaobserwowano, ze wartosci MIC
dla chloramfenikolu i ampicyliny wzrastalty w kazdym z wariantow ci$nieniowania,
jednak najbardziej wzrosty po zastosowaniu ci$nienia 300 MPa przez 3 minuty (np. z 32
png/ml do 192 pg/ml dla chloramfenikolu iz 3 pg/ml do 8 pg/ml dla ampicyliny). Wartosci
MIC dla antybiotykéw aminoglikozydowych (gentamycyny i kanamycyny) zmniejszyty
si¢ po ekspozycji na kazdy z parametrow ci$nieniowania (np. od 2 pg/ml do 0,75 pg/ml).
Co wazne, w przypadku aminoglikozydow nie zaobserwowano réznic w wartosciach
MIC pomiedzy probkami, niezaleznie od zastosowanych warto$ci ci$nienia i1 czasu
trwania procesu. W przypadku opornosci na tetracykliny przy wysokiej poczatkowe;j
wartosci MIC (> 30 pg/ml) nie obserwowano zmian wartosci MIC niezaleznie
od cis$nienia i czasu trwania procesu. Przeanalizowano dwa szczepy o niskich warto$ciach
MIC dla tetracykliny (1 pg/mli 12 pg/ml). Dla tych szczepéw zaobserwowano znaczny
wzrost warto$ci MIC po zastosowaniu obrobki wysokocisnieniowej (np. z 12 pg/ml
do 64 pg/ml). Warto dodaé, ze wartosci MIC dla tetracykliny po obrobce
wysokoci$nieniowej nie réznily si¢ istotnie migdzy probkami niezaleznie
od zastosowanej wartos$ci ci$nienia i czasu trwania procesu (P4, Table 4).
4.5.2. ZMIANY W EKSPRESJI GENOW OPORNOSCI

Analiza wynikow ilosciowych reakcji PCR wykazata, ze wyniki poziomu
ekspresji genow korelowaly z wynikami uzyskanymi w analizie fenotypowej. Ekspresja
gendw opornosci na aminoglikozydy (aac(6')-le-aph(2")-Ia 1 aph(3’)-Illa) istotnie
wzrosta w odpowiedzi na niskie pH 1 zwigkszone stgzenie NaCl (wzgledny poziom
ekspresji genow > 2,00). Po ekspozycji na niskg temperature przechowywania i wysokie
ci$nienia odnotowano obnizenie poziomu ekspresji genéw, ale w wigkszosci zmiany te
nie byly istotne statystycznie (wzgledny poziom ekspresji genow > 0,5). Wyjatkiem byty
szczepy LAB-39 po ekspozycji na stres zwigzany z chlodniczym przechowywaniem
1 HPP, LAB-43 w odpowiedzi na cisnienie 200 MPa oraz LAB-3 i LAB-46b
w odpowiedzi na ci$nienie 400 MPa. W tych przypadkach obnizenie poziomu ekspresji
genow byto znaczace (wzgledny poziom ekspresji genéow <0,5). Poziom ekspresji genu
tetM kodujacego opornos¢ na tetracykling u szczepow LAB-46b i LAB-8 wzrastat
w odpowiedzi na kazdy z czynnikow stresowych poza niskg temperaturg. Po ekspozycji
na stres zimna zanotowano nieznaczne obnizenie poziomu ekspresji (P3, Fig. 2).

Analiza ekspresji genow skupiajgca si¢ jedynie na wptywie réznych wariantow
cisSnieniowania wykazata, zgodno$¢ miedzy wynikami uzyskanymi w analizie

fenotypowej a wynikami ekspresji genéw. Uzyskane wyniki wskazuja, ze ekspresja
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genow opornosci na aminoglikozydy znacznie zmniejszyla si¢ po ekspozycji na wysokie
cisnienia (wzgledny poziom ekspresji genow < 0,5). Dla zadnego z gendéw nie
zaobserwowano istotnych réznic mig¢dzy poziomami ekspresji w zalezno$ci od warunkow
ci$nieniowania. Jednoczes$nie zaobserwowano znaczny wzrost ekspresji genow opornosci
na tetracykliny, z czego najwigkszy wzrost poziomu ekspresji odnotowano dla genu tefW.
W przypadku genu fefM nie zaobserwowano roznic mie¢dzy poziomami ekspresji
w zaleznosci od wariantu ci$nieniowania. Natomiast dla genu tefW poziom ekspresji
po zastosowaniu wariantu 400 MPa/3 min. byt znacznie nizszy niz poziomy ekspresji
w pozostalych wariantach procesu. Ekspresja genow kodujgcych opornos¢ na ampicyline
(blaZ) 1 chloramfenikol (cat) rowniez wzrosta po zastosowaniu wysokiego ci$nienia.
Co wazne, wzrost ekspresji byt najwiekszy po zastosowaniu wariantu 300 MPa/3 min,
a wraz ze wzrostem warto$ci ci$nienia 1 czasu trwania procesu poziom ekspresji
nieznacznie obnizat si¢.

Przeprowadzona dodatkowo analiza ekspresji genow odpowiedzi na stres: dnak,
groEL i clpL wykazala, ze ekspresja kazdego z trzech analizowanych genéw znacznie
wzrosta w odpowiedzi na zastosowane wysokie ci$nienia. Poziomy ekspresji genu clpL.
po zastosowaniu kazdego z wariantow ci$nieniowania nie r6znity si¢ istotnie od siebie.
Zaobserwowano jednak réznice migdzy poziomami ekspresji genow dnaK i groEL

w zaleznosci od zastosowanego wariantu obrobki (P4, Fig. 2).

4.6. WPLYW CZYNNIKOW STRESOWYCH NA ZMIANY
W  CZESTOSCI  TRANSFERU GENOW  OPORNOSCI

NA ANTYBIOTYKI
Analiza czestos$ci transferu gend6w opornosci przed 1 po ekspozycji na czynniki
stresowe wykazata, Zze czgsto$¢ transferu genu oporno$ci na kanamycyn¢ znacznie
wzrosta po ekspozycji na niskie pH 1 zwigkszone stezenie NaCl w poréwnaniu z probg
kontrolng. Czestotliwo$¢ przenoszenia gendow w probkach kontrolnych wahata sie
od 2,32x10° do 7,23x10°. Po ekspozycji na stres osmotyczny czestos¢ gendw wahata sie
od 5,87x10° do 1,58x107, a po ekspozycji na niskie pH od 5,45x10° do 9,32x10°°.
Po zastosowaniu niskiej temperatury 1 wysokiego ci$nienia transfer gendw w ogole nie
zachodzil. Po ekspozycji na niskie pH 1 podwyzszone stezenie NaCl dochodzito
do transferu gendéw opornosci na gentamycyne, czego nie obserwowano w probce
kontrolnej ani po ekspozycji na niska temperatur¢ i wysokie ci$nienia. W odniesieniu
do transferu gendw opornosci na tetracykling, odnotowano zwigkszong czgstos¢ transferu

po ekspozycji na niskie pH i zwickszone stezenie NaCl. Czestotliwos¢ przenoszenia
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genow w probkach kontrolnych wahata sie¢ od 3,96x107° do 7,75x107. Po ekspozycji
na stres osmotyczny czesto$¢ transferu gendéw wahata sie¢ od 7,23x10° do 9,78x107,
a po ekspozycji na niskie pH wynosita od 7,04x10° do 8,89x107°. Po zastosowaniu
wysokich ci$nien czestotliwo$¢ przenoszenia byla porownywalna z czestotliwoscig
w probkach kontrolnych. Ponadto nie odnotowano transferu genow po ekspozycji
na niskg temperaturg. Wartosci MIC dla transkoniugantéw miescily si¢ w zakresie 1 - 8
png/ml dla gentamycyny, 1 - 12 pg/ml dla kanamycyny i 1,5 - 32 pg/ml dla tetracykliny.
Te wartosci MIC byly nizsze lub rowne warto§ciom MIC okreslonym dla dawcow.
Genotypowanie wykazalo podobne profile biorcow i1 transkoniugantoéw, co moze
sugerowaé, ze opornos¢ nie zostatla nabyta przez mutacje w genomie dawcy,
co potwierdza klonalny charakter transkoniugantow (P3, Table 4).

Analiza skupiajaca si¢ jedynie na wplywie obrobki wysokoci$nieniowej
na czg¢stos¢ transferu gendw oporno$ci wykazata, ze transfer genow aph(3')-1lla i aac(6')-
le-aph(2")-la kodujacych oporno$¢ na aminoglikozydy nie zachodzit w zadnym
z wariantdow cis$nieniowania, zarOwno w warunkach in vitro, jak 1 in situ
w przeciwienstwie do probek kontrolnych, niepoddawanych ci$nieniowaniu. Czgstosé
przenoszenia in vitro gendw: tetM kodujacego oporno$¢ na tetracykline, cat kodujacego
oporno$¢ na chloramfenikol i blaZ odpowiedzialnego za oporno$¢ na ampicyling
po ekspozycji na dziatanie wysokich ci$nien zmienila si¢ istotnie w pordwnaniu
z probkami kontrolnymi, zardwno in vitro, jak 1 in situ. Czgsto$¢ transferu genow blaZ
1 cat znacznie wzrosty po ekspozycji na wysokie ci$nienia, zarowno w warunkach in vitro,
jak rowniez in situ. Z kolei czestoS¢ przenoszenia genu fefM zmniejszyla
si¢ po ekspozycji na analizowane warianty ciSnieniowania w warunkach in vitro 1 wzrosta
w warunkach in situ. Stwierdzone wartosci MIC dla transkoniugantow wahaty sie¢
nastgpujaco: 0,38 - 0,75 pg/ml dla gentamycyny, 4 - 6 pg/ml dla kanamycyny, 24 - 32
pg/ml dla tetracykliny, 12 - 32 pg/ml dla chloramfenikolu 1 0,125 - 0,25 pg/ml
dla ampicyliny. Te warto$ci MIC byty nizsze lub rowne warto§ciom MIC okreslonym
dla dawcow. Co warte odnotowania, wartosci MIC dla ampicyliny, tetracykliny
1 chloramfenikolu wsréd transkoniugantow byly wyzsze niz u biorcow, podczas
gdy warto$ci MIC dla gentamycyny i kanamycyny nie roznity si¢ istotnie od szczepdw
biorcoOw. Nie zaobserwowano istotnych réznic migdzy wartosciami MIC wyznaczonymi
dla transkoniugantow uzyskanych in vitro i in situ. Wystgpowanie gendw opornosci
na antybiotyki, ktérych transfer analizowano, stwierdzono zaréwno w genomowym,

jak 1 plazmidowym DNA transkoniugantow (P5, Table 3).
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5. DYSKUSJA

Chociaz dostepnych jest wiele badan dotyczacych opornosci na antybiotyki wsrod
bakterii fermentacji mlekowej i innych mikroorganizmoéw zwigzanych z zywnoscia,
wcigz niewiele jest aktualnych danych na temat wystepowania opornosci na antybiotyki
wsrod szczepdw wcehodzacych w sktad kultur starterowych 1 ochronnych. Z tego wynika
potrzeba analizy stanu obecnego.

Z punktu widzenia bezpieczenstwa zywnosci, szczepy pochodzace z kultur
starterowych lub ochronnych nie powinny by¢ nosicielami gendéw opornosci. Wyniki
uzyskane w badaniach bedacych podstawa niniejszej pracy wskazuja, ze szczepy oporne
na antybiotyki mogg by¢ obecne w kulturach drobnoustrojéw stosowanych przemystowo.
Analiza  fenotypowa  wykazata  wysokie  wartosci MIC  dla  pigciu
z dziewigciu analizowanych antybiotykoéw. Najwyzsze wartosci MIC odnotowano
dla trzech antybiotykow: tetracykliny, kanamycyny i chloramfenikolu, najnizsze
dla erytromycyny i streptomycyny. Ponadto ponad 10% szczepéw charakteryzowato
si¢ jednoczesng wysoka wartoscig MIC dla antybiotykow z trzech lub wigcej réznych
klas. Wyniki przedstawione przez innych badaczy wskazuja na zblizone badz wigksze
spektrum oporno$ci na antybiotyki (Cordeiro i in., 2010; Coton i in., 2018; Georgieva
1 in., 2015; Kastner i in., 2006; Marty i in., 2012; Resch i in., 2008). Wyniki takie
w odniesieniu do szczepow stosowanych na szeroka skale w przemysle spozywczym
wzbudzaja niepokdj. Wyniki uzyskane dla szczepéw nalezacych do dawnego rodzaju
Lactobacillus sa zgodne z wcze$niej opublikowanymi badaniami, ktéore wskazuja
potencjat szczepéw do nabywania opornosci na tetracykling czy chloramfenikol
(Devirgiliis 1 in., 2013; Duskova i in., 2020). Jednak wyniki fenotypu opornos$ci
na antybiotyki uzyskane dla innych rodzajéw drobnoustrojow nie s zgodne z wynikami
innych badaczy, ktoére wykazaly najwyzszy odsetek szczepéw o wysokim MIC
dla erytromycyny, podczas gdy jedynie kilka szczepéw wykazywato wysokie MIC
dla tetracykliny (Federici i in., 2014; Zycka-Krzesinska i in., 2015). Moze to wynikac
z roznic migdzy poszczegdlnymi szczepami tego samego rodzaju lub gatunku lub
z fluktuacji ekspresji genow odpowiedzialnych za ujawnienie cechy fenotypowe;.
Thimaczytoby to réwniez brak rdznic w wystepowaniu wysokich wartosci MIC
a rodzajem bakterii lub Zzrédtem szczepu.

Wszystkie szczepy sprawdzono takze pod katem obecnosci 24 roéznych

genetycznych determinantow opornosci. Lacznie w materiale genetycznym badanych
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szczepow stwierdzono obecno$¢ 15 z nich, co stanowi wysoki odsetek (62,5%).
Najwickszy odsetek szczepéw wykazywat obecno$¢ genow kodujacych opornosé
na aminoglikozydy. Co ciekawe, pomimo cze¢stego wystepowania tych gendw, nie kazdy
szczep wykazywal wysoka warto§¢ MIC dla tych antybiotykdéw. Sugeruje to potrzebe
poglebionych badan w tym zakresie w celu weryfikacji czynnikow wplywajacych na
ekspresje tych gendéw. Sposrod wszystkich zidentyfikowanych genéw opornosci
najwigksza r6znorodnos¢ zaobserwowano w przypadku gendw opornosci na tetracykliny,
poniewaz wsrod badanych szczepoéw stwierdzono obecnos¢ szesciu réznych z grupy tet.
Najczescie] wystepowaly geny tefM 1 tetW. Podobne wyniki uzyskali inni autorzy
(Anisimova i Yarullina, 2018; Cordeiro i in., 2010; Resch i in., 2008; Singla i in., 2018).

Koniugacja jest uwazana za podstawowy mechanizm horyzontalnego
przenoszenia gendw opornosci na antybiotyki w $rodowisku naturalnym. Poniewaz
szczepy wykorzystywane przemystowo sg spozywane w duzej liczbie, niepokojacym
zjawiskiem jest zdolno$¢ drobnoustrojow wchodzacych w sktad kultur przemystowych
do horyzontalnego przekazywania nabytej opornosci na antybiotyki. Dlatego obecnosé¢
nabytych genow oporno$ci u szczepow przemystowych powinna by¢ $cisle
monitorowana. Anisimova i Yarullina (2020) oraz Campedelli i in. (2019) wskazuja,
ze najscislej monitorowana powinna by¢ opornos¢ na erytromycyneg, tetracykling
1 chloramfenikol, poniewaz geny opornosci na te antybiotyki sa najczescie)
zlokalizowane na ruchomych elementach genetycznych, co wigze si¢ z ryzykiem
poziomego transferu gendw opornosci. Przeprowadzona analiza zdolno$ci przenoszenia
genow opornosci wykazata, ze analizowane szczepy posiadajg zdolnos¢ poziomego
przenoszenia gendw opornosci na tetracykliny — fefM 1 fefK. Potwierdzil to zarowno
wzrost wartosci MIC dla tetracykliny, jak i obecno$¢ przeniesionych genéw w materiale
genetycznym transkoniugantéw. Wykazano, ze do transferu genéw dochodzito zar6wno
w warunkach laboratoryjnych, jak i bezposrednio w produkcie. Warto jednak zauwazy¢,
ze dla tego samego szczepu czestos$¢ transferu w zywnosci byla o okoto jedng jednostke
logarytmiczng nizsza niz czestotliwos$¢ transferu w warunkach laboratoryjnych. Feld i in.
(2009) udokumentowali przenoszenie genu opornos$ci na makrolidy z Lactobacillus
plantarum do szerokiego zakresu gospodarzy, w tym Lactobacillus rhamnosus,
Lactococcus lactis, Enterococcus faecalis, ale takze Listeria monocytogenes. Transpozon
koniugacyjny Tn9/6 zawierajacy gen opornosci na tetracykling fef(M), ktory obecny byt
u szczepu Lactobacillus  paracasei  izolowanego z  kultur starterowych

wykorzystywanych do produkcji wloskiego tradycyjnego sera Mozzarella di Bufala

48



Campana, zostal z powodzeniem przekazany szczepom z gatunku Enterococcus faecalis,
bedacego oportunistycznym patogenem czlowieka (Devirgiliis i in., 2009). Nawaz
iin. (2011) wykazali przeniesienie genu opornosci na makrolidy - erm(B) z Lactobacillus
plantarum 1 Lactobacillus brevis do Enterococcus faecalis. Ponadto w plazmidzie
Campylobacter jejuni znaleziono gen opornosci na aminoglikozydy aadE, catkowicie
identyczny z genem kodowanym przez plazmid Pediococcus acidilactici. Postulowano
przeniesienie tego genu do patogenu w przewodzie pokarmowym (O’Connor i in., 2007).
Co ciekawe, w wiekszosci dostepnych badan autorzy wykazali brak transferu genow
opornosci w produkcie (Florez i in., 2016; Thumu 1 Halami, 2018). Ponadto Anisimova
1 Yarullina (2020) oraz Li i in. (2019) nie wykazali mozliwosci transferu genow nawet
w warunkach in vitro. Wyniki te moga sugerowac, ze zdolnos¢ do przenoszenia genow
jest cecha zalezng od szczepu. Yang i Yu (2019) sugeruja, Ze niepowodzenie w transferze
genow moze rowniez wynikaé z faktu, ze u niektorych szczepéw geny opornosci moga
znajdowaé¢ si¢ na plazmidach niekoniugacyjnych, ktére nie sg kompetentne
do przenoszenia przez koniugacje. W zwigzku z tym mozna przypuszczaé, ze ujawnienie
zdolnos$ci przenoszenia gendéw przez szczepy LAB moze zaleze¢ od wielu czynnikow
srodowiskowych. Pozostawia to pole do dalszych badan nad tym zagadnieniem. Warto
jednak zauwazy¢, ze w przypadku szczepow celowo dodawanych do zywnosci, nawet
pojedyncze przypadki przeniesienia genu opornos$ci na antybiotyki sg zjawiskiem
niepozadanym, gdyz przyczyniaja si¢ do rozprzestrzeniania si¢ opornosci w srodowisku.

Procesy zwigzane z produkcja 1 przechowywaniem zywnoS$ci wigza
si¢ ze zmianami warunkow srodowiskowych, ktore moga by¢ czynnikiem stresowym
dla mikroorganizmow zwigzanych z zywnoscia, takich jak bakterie fermentacji mlekowe;j
zawarte w kulturach starterowych i ochronnych. Najczestszymi czynnikami stresowymi,
z ktorymi maja do czynienia mikroorganizmy w taficuchu przetwoérczym, sa chtodnicze
przechowywanie, niskie pH, podwyzszone stezenie NaCl. Wsrod nowych proceséw
zwigzanych z przemystem spozywczym, ktére moga stanowi¢ czynnik stresowy
dla drobnoustrojow wymienia si¢ mi¢dzy innymi obrobke wysokocisnieniowa. Zdolnos¢
drobnoustrojéw do przetrwania w niesprzyjajacych warunkach zalezy od indywidualnych
cech. Bakterie fermentacji mlekowej obecne w Zywnos$ci w duzej liczbie charakteryzuja
si¢ wysoka przezywalnoscig po ekspozycji na czynniki stresowe, co oznacza, ze duza
liczba komoérek pozostaje w zywno$ci. Wykazano, ze w warunkach stresowych
drobnoustroje te uruchamiajg mechanizmy przystosowawcze, co moze wptyna¢ na ich

zywotno$¢ 1 wlasciwosci technologiczne. Pod wplywem czynnikéw stresowych
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aktywowane sg rozne geny kodujace biatka odpowiedzi na stres. W rezultacie komorki
sa zdolne do ekspresji okreslonego zestawu biatek, w tym molekularnych biatek
opiekunczych i proteaz. Wsrdéd nich najczesciej wymieniane sg biatka Clp, ktore
sg szeroko rozpowszechnione u bakterii Gram-dodatnich i odgrywaja kluczowsg rolg
w systemie kontroli jakosci biatek (Ferreira i in., 2013). Ponadto, zgodnie z danymi
literaturowymi, czgsto aktywowane sg rowniez geny kodujace biatko opiekuncze DnaK
(gen dnaK) oraz geny zmieniajace translacj¢ lub biatka opiekuncze (groEL) (Bucka-
Kolendo i in., 2021). Zdolnos$¢ do przystosowania si¢ do réznych stresujacych warunkow
moze rowniez pochodzi¢ z systemoéw ochrony krzyzowej. Bakterie fermentacji mlekowe;j
sg bardzo cenne dla przemystu spozywczego, dlatego wazne jest doktadne poznanie ich
mechanizmoéw reakcji na stres (Bucka-Kolendo i Sokotowska, 2017; Song i in., 2014).

Badane szczepy charakteryzowaty si¢ wysoka przezywalnoscig wobec czynnikow
stresowych zastosowanych w badaniach w ramach niniejszej pracy. Uzyskane wyniki
znajduja potwierdzenie w wynikach uzyskanych przez innych badaczy (Gandhi i Shah
2016; Hernandez i in. 2019). Zywotno$é bakterii w stresujacym $rodowisku ma kluczowe
znaczenie dla funkcjonowania bakterii w produktach mleczarskich, zwlaszcza
zawierajacych duze ilosci soli, wysoka kwasowos$¢ czy niska wilgotno$¢. Zmniejszona
liczba zywych bakterii przy zwiekszonej ekspozycji na stres jest prawdopodobnie
spowodowana uszkodzeniem integralnos$ci btony bakteryjnej (Gandhi i Shah, 2015).
Poréwnanie wynikow przezywalnosci uzyskanych metoda cytometrii przeptywowe;j
1 w metodzie ptytkowej wykazalo réznice w oznaczonym poziomie przezywalnosci.
W przemysle spozywczym standardowa metoda ptytkowa jest nadal szeroko stosowana
do szybkich analiz mikrobiologicznych. Jednak liczba jednostek tworzacych kolonie
zalezy od wielu réznych parametrow, takich jak warunki hodowli, stan fizjologiczny
bakterii 1 uszkodzenia subletalne. Podczas gdy obie metody stuza jedynie do oszacowania
rzeczywistej liczby bakterii, mniej czynnikdw wplywa na wyniki uzyskane w cytometrii
przeptywowej (Bonomo 1 in., 2013).

Obecnie nie ma dostgpnych badan dotyczacych wpltywu stresu zwigzanego
z zywnoscig na oporno$¢ na antybiotyki wsrdd bakterii fermentacji mlekowej. Z tego
powodu trudno jest porownywac¢ wyniki uzyskane w tym badaniu z innymi badaniami.
Niewiele jest tez badan analizujgcych ten problem wsrdd innych bakterii Gram-dodatnich
1 dotyczg one tylko patogenow, takich jak Listeria monocytogenes czy Staphylococcus
aureus. Wigcej badan dotyczy ogodlnej reakcji na stres, wskazujacej na zwigkszong

ekspresje bialek zwigzanych ze stresem (Al-Nabulsi i in., 2015; Komora i in., 2017).
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Stres kwasowy wywotany przez kwas mlekowy jest rodzajem stresu narzuconego
przez LAB ze wzgledu na ich wlasciwosci metaboliczne. Kwas mlekowy, a takze inne
kwasy organiczne wytwarzane przez LAB, m.in. kwas mrowkowy i kwas octowy
gromadzg si¢ podczas fermentacji cukru i powoduja stres kwasowy (Guan i Liu, 2019).
Zrodta literaturowe podaja, ze wérdd bakterii fermentacji mlekowej kwasy organiczne
dysocjuja w cytoplazmie, chociaz LAB sg wyposazone w mechanizmy, ktore pozwalaja
im przetrwa¢ w fermentowanej zywnosci, ktorej koncowe pH wynosi okoto 4,0 (Ferreira
1 Mendes-Faia, 2020). Mikroorganizmy mogg przystosowac si¢ do stresu kwasowego
poprzez synteze¢ bialek btony zewnetrznej, takich jak ATPaza przemieszczajaca protony,
ktéra pomaga stabilizowaé¢ wewnetrzne pH komorki. Zmianie moze ulec réwniez
przepuszczalno$¢ 1 plynno$¢ btony komorkowej (Chen i in., 2017). Zmiany
te jednocze$nie moga mie¢ bezposredni wptyw na doptyw i odptyw antybiotykow przez
bton¢ komorkowa, a tym samym na wrazliwo$¢ drobnoustroju na antybiotyki (Giacometti
i in., 2021). W badaniu tym wykazano, ze przy niskim pH wzrasta ekspresja genow
kodujacych oporno$¢ na gentamycyne, kanamycyng i tetracykling. W kilku publikacjach
zbadano mozliwy zwigzek miedzy opornoscig na antybiotyki a tolerancja na kwasowos$¢
srodowiska. Al-Nabulsi 1 in. (2015) podali, ze szczepy wyizolowane z fermentowanych
produktow mleczarskich i migsnych wykazywaly wiekszg wrazliwos$¢ na streptomycyne,
gentamycyne 1 kanamycyne w poréwnaniu ze szczepami niestresowanymi, jednak
zmniejszala si¢ ich wrazliwo$¢ na tetracykling, amoksycyling, ampicyling, wankomycyne
1 ciprofloksacyne, co pozwala sugerowaé, ze efekt ochrony krzyzowej taczacy stres
kwasowy z oporno$cig na antybiotyki nie dotyczy wszystkich antybiotykéow (Wu
11n., 2021). Podobne wyniki uzyskali Komora i in. (2017), ktérzy stwierdzili korelacj¢
migdzy poziomem tolerancji na kwasowo$¢ Srodowiska a poziomem wrazliwoS$ci
na antybiotyki wsrod drobnoustrojéw Gram-dodatnich. Co ciekawe Lopez i in. (2020)
podali, ze dojrzewanie fermentowanych produktow miesnych skutkowato zmniejszeniem
liczby opornych na antybiotyki gronkowcdéw koagulazo-ujemnych wchodzacych w sktad
kultury starterowej — S. xylosus i S. carnosus.

Dodatek NaCl jest jedng z najstarszych metod utrwalania Zywnosci 1 nadawania
pozadanych cech smakowych. W produkcji niektdrych rodzajéw zywnosci
fermentowanej dodatek soli sprzyja procesowi fermentacji, poniewaz LAB maja wyzsza
tolerancj¢ na s6l w porownaniu z innymi bakteriami, takimi jak mikroorganizmy
chorobotwdrcze i powodujace psucie si¢ zywnosci (Fessard i Remize, 2019). To dziatanie

sprawia, ze soOl jest powszechnym S$rodkiem konserwujacym w roéznych produktach
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spozywczych, w tym fermentowanej zywnosci, takiej jak salami 1 ser. Podczas
przetwarzania niektorych serow so6l moze wystgpowac w stezeniu nawet 4,0%, co moze
nagle zwigkszy¢ osmolarno$¢ i zmniejszy¢ zywotnos¢ komorek (Ho i in., 2016). Dodatek
NaCl zaburza rownowage osmotyczng migdzy $rodowiskiem pozakomorkowym
a cytoplazma, wywierajac cis$nienie osmotyczne na komorki bakteryjne. Aby tolerowac
takie zmiany, LAB dostosowuja swoja osmolarno$¢ wewnatrzkomorkowa, aby utrzymac
turgor i aktywujg mechanizmy zapobiegajace $mierci komorki. Ponadto mogg wytwarzaé
czasteczki ochronne, takie jak biatka operonu DnaK 1 HtrS, ktore petnig funkcje ochronne
(Mbye 1 in., 2020). W prezentowanym badaniu zaobserwowano wzrost ekspresji genow
kodujacych oporno$¢ na kanamycyng, gentamycyne i tetracykling po ekspozycji
na zwigkszone stgzenie NaCl. Kilka badan wykazato zwigzek migdzy stresem
osmotycznym a opornoscig na antybiotyki, chociaz koncentrowaty si¢ one tylko
na mikroorganizmach chorobotworczych. Stwierdzone zmiany opornosci na antybiotyki
dotyczyty gtéwnie ampicyliny, tetracykliny, wankomycyny i chloramfenikolu (Komora
1in., 2017; Maiin., 2019).

Bakterie do$wiadczaja stresu zwigzanego z chtodniczym przechowywaniem
podczas przechowywania zywnosci w lodéwce oraz w trakcie dojrzewania (np. sery)
(Liao 1 in., 2020). Fermentacja zywnoS$ci jest czesto przeprowadzana we wzglednie
niskiej temperaturze (0-10°C), w ktorej obecne sg odporne na zimno szczepy LAB.
W ciagu ostatnich kilkudziesigciu lat przeprowadzono wiele badan nad mechanizmami
opornosci na zimno u bakterii chorobotwdrczych, podczas gdy tylko kilka badan
koncentrowalo si¢ na bakteriach fermentacji mlekowej. Wiadomo, ze odporne na zimno
szczepy LAB przystosowuja si¢ do niskich temperatur wytwarzajac wiecej kwasu
mlekowego, co poprawia smak produktu i jego wlasciwosci (Liu i in., 2020). Obecnie nie
ma dostepnych badan analizujacych wplyw stresu zimna na opornos$¢ bakterii
na antybiotyki. W obecnym badaniu zaobserwowano obnizong ekspresje genow
1 wartosci MIC dla gentamycyny, kanamycyny 1 tetracykliny.

Obrobka wysokoci$nieniowa jest uwazana za jedna z najbardziej obiecujacych
nowych metod nietermicznego utrwalania zywno$ci. Dzieki wysokiemu cis$nieniu
mozliwa jest eliminacja patogenéw 1 mikroorganizmow powodujacych psucie
przy zachowaniu wilasciwosci sensorycznych i uzytkowych produktu (Li i in., 2020).
Dlatego coraz czgsciej stosuje si¢ je do utrwalania zywnos$ci uzyskanej przy uzyciu kultur
starterowych lub ochronnych. Przetwarzanie pod wysokim ci$nieniem moze zatrzymac

lub zahamowa¢ wzrost LAB poprzez inaktywacje okreslonych enzyméw (Modugno
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1 in., 2018). LAB reaguja na stres HPP z r6zng intensywnoscia, chociaz w wigkszo$ci
z nich umiarkowana warto$¢ ci$nienia nie powoduje zerwania wigzan kowalencyjnych.
Odpowiedz LAB na HPP jest trudniejsza do zidentyfikowania, poniewaz systemy
odpowiedzi HPP s3 bardzo podobne do odpowiedzi na inne czynniki stresowe,
potencjalnie ze wzgledu na obecnos¢ systemow ochrony krzyzowej (Liu i in., 2018).
Obecne badania nad odpowiedzia LAB na stres wywotany wysokim ci$nieniem
koncentrujg si¢ na zmianach w strukturze, metabolizmie, wzros$cie i zywotnosci komorek.
Wysokie ci$nienie moze wplywa¢ na proteom bakteryjny i indukowaé zmiany
konformacyjne biatek (Gayan i in., 2017). W odpowiedzi na wysokie ci$nienie LAB
moga wytwarza¢ wiecej nienasyconych kwasoéw tluszczowych, zwigkszaé plynnosé
btony komoérkowej i wytwarzaé wigcej polisacharydow (Bucka-Kolendo i in., 2020; Yang
1 in., 2021). Zgodnie z literatura, obrobka wysokocisnieniowa moze by¢ w stanie
skutecznie inaktywowaé L. plantarum w réznych matrycach, takich jak piwo, mleko,
bufor fosforanowy i bufor cytrynianowy, osiggajac S-logarytmiczne redukcje przy
wartos$ciach 400-500 MPa stosowanych przez 30 s do kilka minut (Putnik i in., 2020).
W obecnym badaniu zaobserwowano zmiany w ekspresji genu opornosci na tetracykliny.
Obecnie istnieje niewiele badan dotyczacych wptywu HPP na zmiany opornos$ci
na antybiotyki. Badania pilotazowe autoréw wykazaly, ze ekspozycja na wysokie
cisnienie zwigkszyta ekspresje genu fefM w enterokokach przenoszonych przez zywnosc,
ale w badaniu przeprowadzonym przez Tabanelli i in. (2013) zastosowanie HPP nie
zmienito opornosci bakterii fermentacji mlekowej na antybiotyki. Wyniki poszerzonej
analizy wykazaly, ze ekspozycja na wysokie cisnienie wywotata wzrost minimalnego
stezenia hamujgcego dla trzech antybiotykow: chloramfenikolu, tetracykliny i ampicyliny
1 nieznaczne obnizenie wartosci MIC antybiotykow aminoglikozydowych (kanamycyny
1 gentamycyny). Co wazne, w przypadku chloramfenikolu i ampicyliny najwigkszy
wzrost wartosci MIC zaobserwowano po zastosowaniu najlagodniejszego wariantu
ci$nienia (300 MPa/3 min.). Moze to sugerowaé, ze tagodniejsze warunki z wigkszym
prawdopodobienstwem stymuluja zmiany oporno$ci na te antybiotyki. Sugeruje sie,
ze inne czynniki stresowe, gtownie stres temperaturowy, moga powodowa¢ podobne
zmiany w poziomie antybiotykoopornosci. Woode i in. (2020) odnotowali spadek
opornosci na kilka antybiotykow w odpowiedzi na stres cieplny. Jednak Poole (2012)
wskazal, ze stres cieplny jest powigzany z opornoscig na B-laktamy, ktora jest zwigzana
z chaperonem ClpL, wystgpujacym u mikroorganizméw Gram-dodatnich. To mogloby

prawdopodobnie tlumaczy¢ obserwowany w tym badaniu wzrost wartosci MIC
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dla ampicyliny, ktora jest rowniez antybiotykiem B-laktamowym. W tych samych
badaniach Poole (2012) wskazat réwniez na zmniejszenie oporno$ci na aminoglikozydy
wsérod drobnoustrojow Gram-dodatnich jako efekt stresu cieplnego, co jest zgodne
z wynikami uzyskanymi w tym badaniu. Ponadto Dorrian i in. (2011) podali,
ze wywolanie stresu cieplnego spowodowato wzrost opornosci na makrolidy u szczepow
Lactococcus lactis, chociaz nie zaproponowano zadnego mechanizmu.

W toku badan prowadzonych w ramach niniejszej pracy zaobserwowano wzrost
szybkos$ci transferu gendéw kodujacych oporno$¢ na gentamycyng, kanamycyneg
1 tetracykling po ekspozycji na niskie pH 1 wysokie stezenie NaCl. Uzyskane wyniki
znajduja odzwierciedlenie w danych literaturowych, zgodnie z ktorymi stres
srodowiskowy podczas produkcji i przechowywania zywno$ci moze wplywaé
na szybko$¢ transferu genow i liczbe kopii plazmidu w komoérkach bakteryjnych.
Poziomy transfer plazmidéw opornosci na antybiotyki moze by¢ promowany przez stres
zwigzany z utrwalaniem zywnosci, taki jak wysoka lub niska temperatura, wysokie
stezenie NaCl i1 niskie pH, chociaz mechanizmy sg jeszcze nieznane (McMahon
1 in., 2007a; McMahon 1 in., 2007b; Obolski i Hadany, 2012; Polit i in., 2018).
Na efektywno$¢ 1 czestotliwo$¢ transferu genow wplywa wiele czynnikéw,
w szczeg6lnosci odpowiednie zageszczenie komorek i ich stan fizjologiczny, na ktory
moze wpltywaé wiele czynnikdéw fizykochemicznych (James 1 in., 2021; Lerner
1in., 2017). Li 1 Zhang (2022) wykazali, Zze na czestotliwo$¢ transferu genow moga miec
rowniez wplyw warunki srodowiskowe. Obecnie dostepne sg ograniczone dane na temat
tego, jak warunki zwigzane z Zzywnoscig wplywaja na przenoszenie OpoOrnosci
na antybiotyki podczas procesu fermentacji (Gazzola i in., 2012). Obecnie wiadomo,
ze transfer gendw moze odbywac si¢ w rdznych macierzach. Chociaz wykazano transfer
gendw w stabilnym $rodowisku laboratoryjnym, wcigz niewiele wiadomo na temat
transferu genow w naturalnych niszach, takich jak zywnos$¢ (Fletcher, 2015; Thumu
1 Halami, 2018). Dlatego tak wazne jest poznanie mechanizméw warunkujacych
rozprzestrzenianie si¢ genow w innych warunkach, aby zidentyfikowa¢ wszelkie
modyfikowalne interakcje ograniczajace lub przerywajace rozprzestrzenianie
si¢ opornosci w srodowisku. Wiedza na temat zdolnosci LAB do przenoszenia opornosci
na antybiotyki w matrycach zywnos$ciowych jest wcigz ograniczona. Jednym
z przyktadow moze by¢ badanie przeprowadzone przez Leroy 1 in. (2019), ktorzy opisali
transfer plazmidoéw przenoszacych oporno$¢ na antybiotyki podczas fermentacji kietbas

miedzy szczepami Lactobacillus.
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Wedlug mojej najlepszej wiedzy obecnie nie ma badan dotyczacych wptywu HPP,
na mozliwos¢ horyzontalnego transferu gendow opornosci na antybiotyki z udzialem
szczepdw niepatogennych celowo wprowadzanych do zywnosci. Jednak dane
literaturowe wskazuja, ze w tancuchu pokarmowym geny opornos$ci na antybiotyki moga
by¢ nabywane przez bakterie narazone na wiele roznych streséw zwigzanych z zywnoscia
(Lopez i in., 2020; Obolski i Hadany, 2012; Oniciuc i in., 2019). Skandalis i in. (2021)
donosza réwniez, ze komorki bakteryjne dotknigte czynnikami stresowymi mogg nadal
uczestniczy¢ w poziomym transferze genow. Badania przeprowadzone w ramach
niniejszej pracy wykazaty, ze przeniesienie gendw opornosci na aminoglikozydy nie
nastgpito po obroébce wysokocisnieniowej, ani in vitro, ani in situ. Po ekspozycji na HPP
czestosci przenoszenia gendw opornosci na tetracykling, ampicyling i chloramfenikol
znacznie wzrosty w porownaniu z probka kontrolng, zardwno in vitro, jak 1 in situ.
Czgstos¢ transferu gendw opornosci w matrycy pokarmowej w probkach cisnieniowych
nie roznita si¢ istotnie od szybkosci transferu in vitro.

Podobne badania przeprowadzono w odniesieniu do szczepdéw srodowiskowych
1 wykazano, ze presja selekcyjna zwigzana ze stresem $rodowiskowym skutkuje
zwigkszong czgstoscig transferu genéw u szczepow, ktore przezyly ekspozycije
na czynniki stresowe. Nabycie genéw opornosci na antybiotyki wydaje si¢ by¢
odpowiedzig na presje selekcyjng. Narazenie na czynniki stresowe w Srodowisku
wywiera presje, wywolujac reakcje stresowg i promujac poziomy transfer genow,
co indukuje rozprzestrzenianie si¢ gendow odpornosci (Bombaywala 1 in., 2021; Chen
iin., 2019; Lin i in., 2019).

Wyniki uzyskane w badaniach bedacych podstawa niniejszej pracy rzucaja nowe
Swiatlo na problem rozprzestrzeniania si¢ opornos$ci na antybiotyki w S$rodowisku
przy udziale drobnoustrojow niepatogennych, a zwlaszcza wpltywu warunkow
przetwarzania 1 przechowywania zywno$ci na antybiotykoopornos¢. Obecnie
w literaturze brak jest obszernej dyskusji na ten temat, dlatego wazne jest doglgbne
zrozumienie mechanizméw 1aczacych reakcje stresowa ze zmianami opornosci
na antybiotyki co jest istotne w kontek$cie przetwdrstwa  ZywnoSci

1 antybiotykoopornosci.
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6. STWIERDZENIA KONCOWE I PODSUMOWANIE

Badania przeprowadzone w ramach realizacji pracy doktorskiej, pozwolity
na sformutowanie nast¢pujacych spostrzezen:

1. Szczepy wchodzace w sktad kultur starterowych i ochronnych moga stanowic

srodowiskowy wektor genéw opornosci na antybiotyki.

2. Warunki panujgce podczas przetwarzania i przechowywania zywnosci mogag

stanowi¢ dla drobnoustrojéw czynniki stresowe indukujace zmiany
w fenotypie opornosci na antybiotyki jak réwniez ekspresji gendw opornosci
na antybiotyki.

3. Na  skutek oddzialywania  czynnikow  stresowych  zwigzanych

z przetwarzaniem zywno$ci moze takze dochodzi¢ do zmian w czgstosci
transferu gendow opornosci na antybiotyki zaro6wno w warunkach
laboratoryjnych jak i bezposrednio w produkcie. Réznice w czestosci
transferu gendw w warunkach in vitro 1 in situ wskazuja na potrzebe badania
mozliwos$ci przenoszenia gendéw nie tylko w warunkach laboratoryjnych ale
takze bezposrednio w Zzywnosci.

Uzyskane wyniki wskazuja, ze problem antybiotykoopornosci dotyczy takze
szczepow niepatogennych, celowo dodawanych do zywnosci i od lat uznawanych
za bezpieczne. Chociaz zjawisko to nie jest zbyt dobrze poznane, moze budzi¢ niepoko;.
Na szczegolna uwage zastuguje wykazana zdolno$¢ przenoszenia gendw opornosci,
co moze w istotny sposdb przyczyni¢ si¢ do rozprzestrzeniania si¢ oOpornosci
w srodowisku. Zatem szczepy pochodzace z kultur starterowych 1 ochronnych, cho¢ nie
stanowig bezposredniego zagrozenia dla konsumentoéw, moga im zagraza¢ posrednio.
Ponadto istnieje duza luka w wiedzy na temat wptywu warunkoéw panujacych podczas
przetwarzania 1 przechowywania zywnosci na drobnoustroje bytujace w produkcie
1 przezywajace proces, a zwlaszcza ich cechy zwigzane z opornoscig na antybiotyki.
Uzyskane wyniki wskazuja, ze moze dochodzi¢ do zwigkszania poziomu ekspresji genow
opornosci na antybiotyki i/lub czgsto$ci transferu gendéw, a tym samym szybszego
rozprzestrzeniania opornosci w srodowisku. Z tego wynika potrzeba dalszych badan
w tym zakresie, aby szczepy wprowadzane do zywnosci nie stawaly si¢ sSrodowiskowym

rezerwuarem gendow opornosci na antybiotyki.
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Starter cultures are selected bial strains i tionally added to food to obtain a product with desired
organoleptic characteristics. The most imp: group of mic i used in starter cultures are bacteria,
mostly lactic acid bacteria (LAB). For many years the safety criteria for the use of starter cultures in food
production were based mainly on their long history of safe use. However, recent research indicates that starter
culture microorganisms are able to acquire antibiotic resistance genes. Starter culture microorganisms can carry

riously sized plasmids with resi deter These strains have a high potential for transmitting re-
sistance genes, which raises concerns regarding the antibiotic resistance of food-related bacteria. It should be
noted that the antibiotic resistance of starter culture bacteria does not pose a direct risk to consumers because
they are not pathogenic. However, they can act as environmental reservoirs of antibiotic resistance determi-
nants. Therefore, bacteria that harbor antibiotic resistance genes on mobile genetic elements should not be used
in food production. In addition, it is reported that stress factors iated with the production and storage of
food may affect the ch in the antibioti profile of these mi i R h indi that
the acquisition of antibiotic resistance in starter cultures is not a critical problem, but it poses a concern that

cannot be disregarded.

1. Introduction

Starter cultures are pure cultures of carefully selected strains of
microorganisms - bacteria, yeast and mold, used on a large scale in the
food industry. They allow controlled production process in order to
obtain products with the desired organoleptic characteristics. The
starter culture production was initiated about 1900 by Emil Christian
Hansen and Christian D.E. Hansen. The first patented starter cultures
were presented in 1940's, they were liquid, prepared by cultivation of
bacteria in sterilized milk. However, these cultures lost their viability
during storage due to overacidification. To overcome this problem,
drying technologies were developed, leading to improve stability of the
cultures. Starter cultures are chilled, frozen or lyophilized to preserve
their stability, performance and utility (Blandino, Al-Aseeri, Pandiella,
Canterob, & Webb, 2003; Surono & Hosono, 2011).

Antibiotic resistance poses one of the most challenging problems in
human and veterinary medicine as well as in food production around
the globe. The food chain is considered to be one of the key pathways
for the t of drug across bacterial populations
(Founou, Founou, & Essack, 2016). Research on the prevalence of an-
tibiotic resistance is mainly focused on clinically relevant bacterial
species. Regarding to antibiotic resistance among food-borne
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microorganisms, researchers’ i isc

opportunistic pathogens. However, it is speculated that non-p g
microorganisms intentionally added to food, as starter cultures can act
as reservoirs of antibiotic resistance genes because the bacteria in-
cluded in starter cultures can show acquired, ferabl i e to
many antibiotics. Literature data indicate that starter culture bacteria
can carry genes that encode resistance, mainly to tetracycline: tet(M),
tet(K) and tet(W) and macrolides: erm(B), erm(C) and erm(G). If genes
are localized on mobile genetic elements they can be transferred to
other microorg; both ¢ 1 and pathogenic (Cordeiro, Du,
Mulvey, Krause, & Hooley, 2010; Kastner et al., 2006; Resch, Nagel, &
Hertel, 2008).

It should be also noted that starter cultures are added to foods in
large quantities that app 107-10° CFU/g. Numerous bacterial
cells are i duced into the gast I tract, where they are in
contact with many microorganisms cells. Authors indicate that the
human gastrointestinal tract is also an ideal site for genetic exchanges
among bacteria (Lerner, Matthias, & Aminov, 2017). The European
Food Safety Authority (EFSA) has committed to developing criteria for
assessing the safety of the microorganisms used in food production.
These criteria are based on the concept of qualified presumption of
safety (QPS) (Herman et al., 2019; Leuschner et al., 2010). In the United
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States a GRAS system (generally recognized as safe) developed by the
American Food and Drug Administration (FDA) was introduced (FDA,
2010).

There are only a few reports in the literature of antibiotic resistance
in starter cultures. although the results of the available studies indicate
a problem, this is not a topic often raised by researchers. In addition,
some researchers indicate that stress factors associated with the con-
ditions of food production and storage, such as high and low tem-
perature, low pH or high concentration of NaCl may affect the changes
in the antibiotic resistance profile of these microorganisms, most often
manifested by an increase in the MIC value. The proposed reason is the

LWT - Food Science and Technology 127 (2020) 109424

mainly carbon dioxide, are also produced. Homofermentative bacteria
include most genera L Pedi: and Strep and
some of Lactobacillus species, i.e. Lactobacillus delbrueckii, Lactobacillus
plantarum and Lactobacillus acidophilus. Heterofermentation follows the
pentose phosphate pathway. As a result of heterofermentation, 1 mol of
glucose is converted to 1 mol of lactic acid and 1 mol of by-products,
such as ethanol, carbon dioxide or acetic acid. Heterofermentative
bacteria include bacteria of the genera Leuconostoc and such Lactoba-
cillus species as Lactobacillus brevis and Lactobacillus fermentum. Het-
erofermentation is the effect of the lack of some key enzymes for the
homofermentation process, including aldolase and triphosphate iso-
(Wright & Axelsson, 2012), Thus, lactic acid bacteria are ap-

combination oEmolachl hanisms of stress resp and antibioti
resistance, which entails changs in the expression of the genes re-
ible for antibioti in to

Therefore the aim of this review is to summarize and critically
evaluate the current state of knowledge about antibiotic resistance in
starter cultures microorganisms. Due to the huge number of species of

plicable in starter cultures used in the food industry with an enormous
variety of fermented dairy products, meat, fish, fruit, vegetable and
cereal products. Besides, LAB contribute to the flavour, texture and
nutritional value of the foods, through production of aroma compo-
nems and used as adjunct cultures (Ammor & Mayo, 2007). Other

microorganisms used in starter cultures, attention will be f d only

bial used in starter cultures also play an important role,

on bacteria of the genera Lactobacillus, 1 Pedi

Strep cus and Staphyl since only these genera have been the
subject of research on antibiotic resistance in starter cultures and lit-
erature data on this topic is available.

2. Starter cultures in food production

Starter cultures are preparations of selected microbial strains which
contain live or dormant cells whose metabolic activity allows obtaining
the final product with the desired organoleptic properties and char-
acteristics. They are added to enhance the appearance, flavor and
aroma of food products, and to prolong their shelf life. Functional mi-
crobiota and additional microbiota can be distinguished among the
microorganisms included in the starter culture Functional microbiota is
responsible for the fermentation process, the production of flavor and
aroma compounds, as well as proteolytic and lipolytic processes.
Additional microbiota exerts a positive infl e on the ¢
health, prolongs the product’s shelf life and prevents the development
of pathogens. Starter cultures may be categorized as mesophilic or
thermophilic, according to the manufacturing temperatures under
which they are used. Mesophilic cultures grow and produce lactic acid
at optimal levels, at a P about 30 "C, whereas thermophilic
cultures optimally function at a temperature about 42 °C (Surono &
Hosono, 2011). Starter cultures have been also classified based on the
diversity of 1 strains. Single-st 1 have been idendﬁod
which contain only one strain of a given microbial ingle-sp!
cies cultures which contain at least two strains of a given microbial
species that are selected based on their optimal growth temperature and
mutual growth stimulation, and multi-species cultures which contain at
least two strains belonging to different microbial species.

Species composition is the basic criterion for classifying starter
cultures. Starter cultures can be composed of bacterial, yeast and fungal
cells. The majority of starter culture are composed of bacteria, and LAB
are most frequently used. Lactic acid bacteria are Gram-positive, op-
tionally anaerobic non-sporulating cocci or bacilli with low
Guanine + Cytosine (G + C) content. The most important feature of
their metabolism is the ability to ferment carbohydrates to produce
lactic acid. Lactic acid bacteria are an important group of micro-
organi in food production. They are ible for the taste and
texture of numerous food products and for preventing the development
of path ic microorg; (Wright & Axelsson, 2012). Lactic acid
bactcrla can be classified as homofi ive and h fe i
based on their by-products of carbohydrate fermentation. Homo-
fermentative LAB convert hexoses to lactic acid accordlng to the
Embden-Meyerhof-Parnass (EMP) pathway. In h i
1 mol of glucose is converted into 2 mol of pyruvate. Then there is a
simultaneous reduction of pyruvate and NADH oxidation, resulting in
2 mol of lactic acid and 2 mol of ATP. Small amounts of by-products,

but they are uscd only in the pmducnon of selected foods. They include,
for ple, c gative species of the genus Staphylococcus - S.
xylosus and S. camnsus (meat starter cultures), species of the genus
Pediococcus — P. pentosaceus and P. acidilactici (meat starter cultures),
propionic bacteria of the genus Propionibacterium (hard ripened cheese
starter cultures) and Streptococcus thermophilus (yogurt starter cultures).
According to EFSA guidelines, strains of the genus Enterococcus cannot
be used in food production although they are classified as lactic acid
bacteria. Enterococci can cause opportunistic infections in im-
munocompromised people and contribute to the spread of antibiotic
resistance; therefore their use in the food industry poses an excessive
risk (Leuschner et al., 2010).

Sihinti :

3. Transfer of

As mentioned earlier foods produced with starter cultures are im-
portant vehicles of enormous amounts of living bacterial cells into the
human body. As literature data indicate these microorganisms may
carry antibiotic resistance genes (Kastner et al., 2006; Resch et al.,
2008; Cordeiro, Du, Mulvey, Krause, & Holley, 2010; Federici et al.,
2014). Natural resi ¢ as well as resi ¢ induced by
mutations did not raise concern due to the low risk of horizontal
transfer and a minimal threat to ¢ health. A l
suggest that microorganisms included in the food culrures can easily
adapt to new environments and be able to acqui
genes. Toomey, Bolton, and Fanning (2009) showed that the starter
strain Lactococcus lactis is capable of obtaining erythromycin (erm(B))
and tetracycline (tet(M)) resistance genes from another strain belonging
to the same species. It should be also noted that the antibiotic resistance
of starter culture bacteria does not pose a d.lrect risk to consumers be-
cause these microorgani are not pathog F , non-patho-
genic mncroorganlsms in, such as LAB. can act as reservoirs of de-
terminants of antibiotic resistance. These strains have a high potential
for tranmnmng resistance genes, which raises concerns regarding the

ic resi e of food-related. Mobile genetic elements play a key
role in the horizontal transfer of resistance genes between bac(erial

cells. P e of highly or d mobile ek such as p
and transposons in bactenal genomes mdlcates potennal transfer of
genetic material, including genes (Fig. 1,

Fig. 2). Simple mobile genetic elements such as insertion sequences (IS),
pable of ition, have been also identified in as-
sociation with antibiotic resistance genes (Fraqueza, 2015).

Most of the mobile genetic el can be ferred by host
strains to the other bacterial cells. Gene transfer can occur both be-
tween microorganisms belonging to one species and lmerspeclﬂcally
Transfer species Ives the risk of ding ic re-
sistance genes to human pathogens such as Smphylocouus aureus,
Bacillus subtilis, Escherichia coli and Listeria monocytogenes. The

P
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Fig. 1. Horizontal gene transfer mechanisms ( Verraes et al., 2013; von
Wintersdorff et al., 2016).
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Relaxosome Transferosome
Fig. 2. Antibiotic resistance transfer by conjugation ( Marston, Dixon, Knisely,

_—
Palmore, & Fauci, 2016; Wang, Zheng, Ma, & Song, 2018).

conjugative transposon Tn916 conminlng tetracycline resistance gene

tet(M) occurred in Lactobacillus p isolated from | whey
starter cultures employed in the fi e of the Italian tradldonal
cheese Mozzarella di Bufala Camp was hori Ily ble to
the opportunistic path Enter faecali (De\nglln\ Caravelli,
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contact with food. In the United States Generally Recognized as Safe
(GRAS) designation has been introduced by Food and Drug
Administration (FDA) in the process of assessing the safety of starter
cultures used in the food production (Mattia & Merker, 2008). In the
year 2007, European Food Safety Authority (EFSA) launched the Qua-
lified Presumption of Safety (QPS) initiative. Although QPS status is
usually idered as the European correspondent of a GRAS determi-
nation for microbial food cultures, some differences should be high-
lighted between Lhese two approaches. These differences arise from the
different regulatory fi ks in Europe and the USA.

4.1. US regulatory framework: GRAS system

According to US regulations, microbial starter cultures added to a
food may be considered as safe food additives. A GRAS determination
refers to sub generally recognized as safe under the conditions of
its intended use. In the case of cultures used prior to year 1958, GRAS
status can be established through experience based on a substantial
history of use in food by a significant number of consumers. Also, a
consensus among experts about GRAS status must be achieved. To
simplify the achi of a GRAS deter in 1997 the pro-
cedure where any person or company may notify the FDA that a specific
usage of a microorganism is GRAS was proposed. The FDA resolves to
accept the basis for the notifier's GRAS determination or concludes that
it does not provide an enough basis for a GRAS determination (FDA,
2010). Due to their long safe history in food production, cultures of
lactic acid bacteria (LAB) are the most representative microorganisms
included in the GRAS list (FDA, 2015). A starter culture should be
considered as GRAS not only on the basis of its food application. There
are also some technological features important, such as the form in
which the microorganisms are added to the food or the microbial cells
concentration achieved in the food.

4.2. The European regulatory framework: The qualified presumption of
safety (QPS) system

Qualified presumption of safety (QPS) is an approach developed by
the European Food Safety Authority (EFSA) to evaluate the safety of
biological agents intentionally added to food. Its objective is to har-

Coppola, Barile, & Per0121 2009). \T":wa? et al. (2011) sh
of the erythromycin resistance gene erm(B) from Lactobacillus plantarum
and Lactobacillus brevis to Enterococcus faecalis.

ize the risk of microbial cultures for feed and food
production across the EFSA Scientific Panels and Units. QPS is a pre-
assessment at a species level, which has to be complemented by a safety
of a specific culture. The role of EFSA's Panel on Biological

Foods produced with starter cultures large q ities of
microorganisms, live cells come into the large intestine where contact
with commensal microorganisms. The human digestive tract offers a
highly supportive environment for the transfer of conjugativc plasmids

i

and transposons that carry genes g obial e
(Nawaz et al., 2011). The presence of resistance genes in strains isolated
from food products and in human gut-derived commensal bacteria
provides the first evidence that commercial strains used for food pro-
duction can contribute to the transmission of resistance genes
(l)un’;,nlus Zinno, & I’Lmln 2013). What is significant, the inter-
P tr issi of p id-carried i genes between

ial strains and c I gut bacteria has been confirmed in
vitro and in vivo - in food and in model organisms (Florez et al., 2016;
Thumu & Halami, 2019; Toomey et al., 2009). According to the lit-

Hazards is to assess the QPS status of a strain and declare that the
microorganism displays no safety concerns. Microorganisms on the QPS
list need no more safety QPS never blishes the safety of
strains. It's the responsibility of a specific Scientific Panel. The assess-
ment for QPS suitability relies on the following criteria: (a) Taxonomic
unit; (b) Current state of knowledge; (c) Possible pathogenicity and (d)
Description of end use (EFSA, 2007). The most of microorganisms re-
commended for the QPS list are Gram-positive non-sporulating bac-
teria. This group includes many Is of the gastroil 1 tract
with a previous history of safe use. For this group, the EFSA's Scientific
Committee applies requiring that all strains not carry any transferable
antimicrobial resistance (Leuschner et al, 2010). Microorganisms
which safety properties are not fully understood are subjected to safety

:

erature, genes encoding resistance to tetracyclines and erytt yein
are most frequently transmitted (Toomey et al., 2009).

4. Guidelines relating to the safe application of starter cultures

Producers who use starter cultures in the food production process
have to guarantee that the added microorganisms do not pose a direct
or indirect threat to consumer health. Therefore, it was necessary to
create legal regulations regarding the admission of bacterial strains to

They have to include a taxonomic classification and a
strain characterization, including whol e analysis to
identify potential virulence and andbio(ic mistance genes and their
horizontal transfer abilities. However, in the case of recently discovered
microorganisms the availability of genome sequences might not be
enough to identify virulence or antibiotic resistance genes. Often
comparison with available data is required, so functional studies on
these microorgani are ded (Fig. 3).

The QPS system is an important milestone in the process of evalu-
ating the safety of starter cultures in the food industry. However, strains
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Strain Identification
and Characterization
Antibiotic resistance determination >MIC
MIC < breakpoint MIC > breakpoint
Antibiotic resistance
ACCEPTABLE origin
Acquired resistance Intrinsic resistance
Deter of the acquired v
ACCEPTABLE
1 resistance’s basis I
Mobile genetic
M"‘lﬂou elements
GENERALLY
ACCEPTABLE NON ACCEPTABLE
Fig. 3. Scheme of strains eval for their bi i (European C: i 2003; EFSA, 2012).
Table 1
Role of the entities involved in the food cul safety in the Union (Laulund et al., 2017).

Name of the entity The role of entity in the safety evaluation of food cultures

EU Commission creates the General Food Law and risk management of safety systems together with the Member States

‘The European Food Safety Authority (EFSA) for the risk

The EFSA Panel on Additives and Products or Substances Used provides scientific advice on the safety and/or efficacy of microorganism-based additives and products or
in Animal Feed substances used in animal feed

‘The EFSA panel on Biological Hazards (BIOHAZ)
‘The International Dairy Federation (IDF)
milk and

provides scientific advice on biological hazands in relation to food safety and microbiological criteria
mplmlsdlcglobddairynmrnndmumsdmmebuudmdﬂ(cxpcmls used to support high quality
itious, safe, and

The European Food and Feed Cultures Association (EFFCA)
cultures

le dairy p
cooperates, both within the EU and globally, with a wide range of stakeholders in the area of microbial food

which status of safe microorganisms based on their long history of safe
use are regarded as traditional food ingredients and are admitted for
use in the EU without additional tests. The concept of antibiotic re-
sistance determinants is relatively new. Therefore, there is no in-
formation about resistance genes and mobile genetic elements in strains
that have been used in food production for many years. These strains
can be potential reservoirs of resistance genes and contribute to their
spread. Strains with QPS status can also acqui i genes

5.1. Lactobacillus

Antibiotic resistance in Lactobacillus strains has been extensively

d. Many sp belonging to this genus are used in the
production of starter cul , including Lactobacillus delbrueckii ssp.
bulgaricus, Lactobacillus plantarum, Lacmbacilhls brevis, Lactobacillus
curvatus. According to the literature, all species of the genus
Lactobacillus, including those used in the production of starter cultures

A

through horizontal gene transfer and become their carriers (EFSA,

are intrinsically resistant to several classes of antibiotics. Resistance to

2007; Laulund, Wind, Derkx, & Zuliani, 2017). In the safety
of food cultures, including starter cultures, several entities participate,
whose role in the P is precisely defined (Table 1).

5. Antibiotic resistance of starter culture microorganisms

The first doc d study of antibioti i ¢ in starter culture
bacteria was conducted in 1980 (Sozzi & Smiley, 1980). However, this
study was not a large-scale research project. Researches into the anti-
biotic resistance of commercial starter culture strains have attracted
considerable interest in recent years but there is still little data on this
topic. The studies investigating the antibiotic resistance of starter cul-
ture bacteria are reviewed in Table 2.

glycopeptides, as vancomycin, is the result of the terminal p-alanine
residue’s replacement by op-lactate or opserine in the mur-
amylpentapeptide. Lactobacilli are also naturally resistant to quino-
lones, such us ciprofloxacin, norfloxacin and nalidixic acid and to an-
tibiotics being leic acid inhibil such as trimethoprim, but
mechanism responsible for this is not fully understood yet The intrinsic
is not idered to be iated with
m the gyrA and parC genes as occurred in other Gram-positive bacteria,
thus this could have resulted from intrinsic characteristics such as cell
wall structure, its permeability, or an efflux mechanism (l-nqucza.

2015; Hummel, Hertel, & Hol ,“' 2007). Resi e to ly
sides, such as neomycin, k ycin and ptomycin is being attnb-
uted to the ab of cytoch diated electron port, which
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Table 2
Antibiotic resistance and occurrence of genes in mic i luded in starter cultures - literature review.
Isolation source Genus/species Phenotype of Source
genes
Cheese starter culture  Lactobacillus helveticus FD, K, F, OFX, §, TE, TOB nd - Kastner et al. (2006)
Leuconostoc mesenteroides ap, s, C cat Enzymatic inactivation Humme! et al. (2007)
Lactococcus lactis ssp. lactis V,RD, S, B,EW dfrA Enzymatic inactivation Liu et al. (2009)
Yogurt starter culture L defbrueckii subsp. bulgaricus AMP, CN, K, TE, MY, N, P, ROX, S tet(M), Ribosomal protection Zhou ct al. (2012)
protein
aph (39111, Enzymatic inactivation
ant (6)
eam(B) Enzymatic inactivation
N nd - Sozzi and Smiley (1980)
Lactococeus sp. K, NA, F, S, TOB nd - Kustner et al. (2006)
Streptococcus thermophilizs E erm(B) Enzymatic inactivation Nawaz et al. (2011)
N nd - Sozzi and Smiley (1980)
Meat starter culture Staphylococcus carmosus CTX, DA, E, NA, P, TE, V nd Kastner et al. (2006)
Lactobaciltus curvatus FD, K, OFX, OX, S, TE, V, NA nd - Kastoner ct al, (2006)
FD, K, OFX, OX, S, TE, TOB, VA  n.d. -
OXT tet(M) Ribosomal protection Klare et al. (2007)
protein
Lactobaciltus plantarum E erm(B) Enzymatic inactivation Devirgiliis et al. (2010)
Lactobacillus pentosus CC, K, MY, OFX, OX, P, S, TE,NN, n.d. - Kastner et al. (2006)
VA
S. xylosus CTX, NA, P, TE tet(K) Efflux protein Kastner ct al. (2006)
NA, P, TE tet(K) Efflux protein
MY, AMP, TE, FD, P blaZ, Enzymatic inactivation Resch et al. (2008)
tet(K) Efflux protein
Pediococcus pentosaceus CTX, DA, F, OFX, OX, RD, TE, tet(K) Efflux protein Resch et al. (2008)
TOB, VA
§, CN, AMP, TE, C, E, DA ter(M) Ribosomal protection Federici et al. (2014)
protein
tet(W) Ribosomal protection
protein
tet(K) Efftux protcin
ter(L) Efflux protein
ter(S) Ribosomal protection
protein
erm(A) Enzymatic inactivation
eam(B)
CTX, DA, F, OX, RD, TE, TOB, V. tet(K) Efflux protein Kastner et al. (2006)
Abbreviations: AMP - ampicillin, CIP - ciprofl in, C - chl phenicol, CN - icin, K- k ycin, N - neomycin, S - streptomycin, RL - sulph le, W
- trimethoprim, V - vancomycin, FD - fusidic acid, F - nitrofi in, OFX - ofl in, TE - tetracycline, TOB - tobramycin, RD - rifampicin, B bacitracin, lv -
erythromycin, P - penicillin, ROX - yein, NA - acid, CTX - DA - cli , OX - oxacillin, MY - lincomycin; OXT ~ oxy yeline;

n.d. - no data.

mediats drug uptake (Ammor, Flérez, & Mayo, 2007). Aminoglycoside

in lactobacilli is ded most often by following genes:
aadA, aadE, aphA3, aph (3')-111 and ant(6). Lactobacilli are also intrinsic
resistant to other antibiotics such as bacitracin, cefoxitin, me-
tronidazole and nitrofurantoin (Bernardeau, Vernoux, Henri-Dubernet,
& Guégen, 2008). However, resistant genolype: also arise by mutation.
The h how the resi and changes are p ly
not well understood (Berkner, Konradi, & Schéonfeld, 2014). The pre-
sence of intrinsic antibiotic resistance is not a major safety concern,
because these genes have a low risk of conjugative transmission to other
bacteria.

Apart from the intrinsic resistance Lactobacillus has also the poten-
tial to acqume ruistance to all classes of antibiotics. The most common
is acq e to antibiotics that inhibit protein synthesis, in-

ludi: hl henicol lides (erythromycin) and lincosamides
(clmdamydn) (Federici et al.,, 2014). Chl henis i is
most often due to the presence of the cat gene (Hummel, Hertel,
Holzapfel, & Franz, 2007). Resistance to erythromycin is often asso-
ciated with the presence of the erm(A), erm(B) and erm(C) genes. Re-
i to linc ides can be ded by the Inu(A) gene (Ammor
et al., 2007). Acquired tetracycline resistance in Lactobacillus strains is
usually encoded by the tet(M), tet(S) and tet{W) genes (Korhonen et al.,
2008). These microorganisms also often acquire resistance to anti-
biotics inhibiting cell wall sy such as p- (pemclllm and
ampicillin), B---- hibitors and ¢ ins (c in

cefuroxime. ceftdaxone and cefoxitin). Many Lactobacillus species also
i to tetracycline (Korhonen et al., 2008;
Thumu & Halnml 2019). Many studies described the presence of an-
t in L bacillus and h of resistance
acquisition. Resistance could be the result of point genes mutations
under antibiotic pressure and vertical spreading but it can be also
caused by horizontally acquired determi 1 d on mobile geneti
elements (Ammor et al., 2007; Hummel et al., 2007). What's worrying,
the problem of acquiring resistance determinants by Lactobacillus spe-
cies also applies to strains used in starter cultures. According to
Cordeiro et al. (2010) Lactobacillus curvatus and Lactobacillus plantarum
strains from meat starter cultures were resistant mostly to tetracyclines
(tetracycline, chlortetracycline and oxytetracycline) but resistance to
lincomycin, sulfamethazine, carbatlox, monensm and amplcllhn was
also observed. The genes g the ri 1 ive p  tet
(M), tet(0), tet(S) and tet(Q), responsuble for tetracycllne resistance
were genes the most commonly detected by these authors. Klare et al.
(2007) analyzed antibioti i among L illus strains, in-
cluding 26 strains used in starter cul These auth t d that 2
out of 26 strains, both belonging to the L. curvatus species, were re-
sistant to oxytetracycline. They also found that this resistance was en-
coded by the tet(M) gene. Kastner et al. (2006) analyzed antibiotic re-
sistance among starter cultures and probiotic microorganisms, included
two Lactobacillus helveticus strains from cheese starter culture and Lac-
tobacillus pentosus from meat starter. These strains were resistant mostly
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to tetracycline, nalidixic acid and ofloxacin. The authors did not detect
in these strains any of the resistance genes they analyzed. Morover, a
widespread resistance to penicillins, especially penicillin G, was ob-
served in lactobacilli used as starter cultures (Federici et al., 2014).
Some studies report ch phenicol resi e encoded by acetyl-
transferase cat gene. That gene was not exp d in ch
resistant Lactobacillus strains from meat starter-cultures (llummel etal,
2007). Furthermore, Thumu and Halami (2012) reported that ery-
thromycin-resistant Lactobacillus species isolated from meat starter
cultures harbored only the mn(B) gene, and that the MLS (Macrolide,
Li ide, and Streptogramin) phenotype displayed by these strains
was a result of a mutation in the leader peptide of erm genes. In this
sense, the acquired to MLS antibiotics is freq ly asso-
ciated with the presence of methylase genes, mainly erm(B) gene, but
also erm(C), erm(G) and erm(T) genes. Rozman, Mohar Lorbeg, Acetto,
& Bogovi¢ Matijasi¢ (2020) provided in silico analysis and identified
genes responsible for antibiotic resistance in Lactobacillus strains being
a component of starter cultures. Genes encoding macrolide and linco-
samide resistance - ImrC, IsaA, mreA and ImrB were the most frequent,
but they identified also glycopeptide resistance genes — vanRl and
vanRF.

5.2. Lactococcus

In comparison with Lactobacillus strains, the antibiotic resistance of
genus Lactococcus has been scantily researched. According to the lit-
erature, all of Lactococcus species are intrinsically resistance to me-
tronidazole, trimethoprim and cefoxitin. Lactococcus species are also
able to acquire resistance to Gram-positive spectrum antibiotics, such as
macrolides (erythromycin and lincomycin), glycopeptides (vancomycin
and teicoplanin), B-lactams and to some broad-sp um antibiotics, for

LWT - Food Science and Technology 127 (2020) 109424

5.3. Staphylococcus

Bacteria from genera Staphylococcus, like all Gram-positive bacteria,
are intrinsically resi to temocillin, polymyxin B/co-
listin, acid and ceftazidime. Li indicates that staphy-
lococei are able to acquire resistance to broad spectrum of anubloncs
(Leclercq et al., 2013). There are two species of coagul
staphylococci used in meat starter cultures — Staphylococcus xylmls and
Staphylococcus carnosus. There are only a few studies on their antibiotic
resistance. In study by Resch et al. (2008) including staphylococcal
strains from meat starter cultures antibiotic resistance was more fre-
quent in S. xylosus than in S. carnosus strains. Analyzed strains the most
often demonstrate phenotypic resistance to tetracyclines, ampicillin,
fusidic acid, lincomycin, penicillin and oxacillin. The more frequent
incidence of antibiotic resistance in S. xylosus strains is explained by the
close relatedness of this species to the opportunistic pathogen S. sa-
prophyticus, while S. carnosus is ber of the phyl ic S. simul
group, in which only nonpathogenic staphylococci are included. It has
been speculabed lhal S. carnosus is less likely related to the incidence of

i es in starter cul b of the close phy-
logenetic relationship with nonpathogenic species (Cordeiro et al.,
2010). This hypothesis is supported by these authors ﬁndlng that S.
xylosus strains were L resi more frequently than the S.
carnosus strains, especially to resistances against penicillin, oxacillin
and tetracycline. In turn, aminoglycoside resistance is rarely observed
(Landeta, Curiel, (',Armq.usd Munoz, & de las Rivas, 2013). According
to li ibi e in staphylococci from meat starter
cultures is enooded by genes the most frequently observed in other
staphylococcal strains, mainly by tet(M) and tet(K) for tetracycline re-
sistance, erm(B) and erm(C) for erythromycin resistance and blaZ and
mecA for B-lactam antibiotics. It is also important that methicillin-re-

i is rarely observed in those strains (Kastner et al., 2006).

Tidivi

ple rif: and chl pt 1. A slightly lowered suscept-
ibility is also observed towards quinolones, such as ciprofloxacin, di-
cloxacillin and norfloxacin (Devirgiliis et al., 2013). A significant in-
crease in erythromycin and tetracycline resistance is observed among
Lactococcus species the most often. Among the various identified re-
sistance genes erm(B) is the most frequently found gene among lacto-
cocci and is known to be expressed constitutively or inducibly
(Erginkaya, Turhan, & Tath, 2018). Tetracycline resistance in Lacto-

P

coccus is encoded mainly by the tet(M) gene (Devirgiliis, Barile,
Caravelli, Coppola, & Perozzi, 2010).
Knowledge about the antibi e of L strains

derived from starter cultures is limited. This knowledge gap can be
attributed to the fact that L. lactis subsp. lactis, Lactococcus lactis ssp.
diacetylactis and L. lactis subsp. cremoris are the only Lactococcus species
to be used in the food processing industry. Based on the published data,
the antibiotic resistance of Lactococcus strains does not pose a wide-
spread problem. Hummel et al. (2007) obtained results that showed
that strains of Lactococcus lactis ssp. lactis and Lactococcus lactis ssp.
diacetylactis from yoghurt and cheese starter cultures were most often

i to aminoglycosi ptomycin and g in) and ci-
profl in, and the gene that was mosl oflen found in these

strains was the e gene chl henicol - cat. The results of
these studies indicate a discrepancy between the phcnotype and the
genotype of resistance, since the strains sh d e,

the corresponding resistance genes were not found. This conu-adiclion
may be due to the fact that various geneti hanisms are ibl
for phenotypic resistance to a pamcular annmncmblal some of which
remain unk In turn, y to chloramphenicol, despite the
presence of an appropriate resistance gene, can be explained by dis-
ruption of gene the p e of p or mutations
within it that prevent transcription or translation (Resch et al,, 2008).
Klare et al. (2007) found no resistance to any of the antibiotics among
the analyzed Lactococcus strains derived from starter cultures.

5.4. Streptococcus

Microorganisms from genus Streptococcus are intrinsically resistant
only to fusidic acid and aminoglycosides (Cattoir, 2016), However, very
little is known about the antibiotic resi of ial Strepto-
coccus strains. The only Streptococcus species that is used in starter
cultures is S. thermophiles included in yoghurt starter culture. Despite
the ubiquitous occurrence of S. thermophilus strains in yoghurt starter
cultures, the prevalence of antibiotic-resistant strains has not been
widely researched to date. Individual reports indi that S. th
philus strains can be resistant to trimethoprim, macrolides (especially
erythromycin) and tetracyclines. The genetic factors implicated in the
resistance to the above antibiotics have also been insufficiently in-
vestigated in S. thermophilus. Resistance to tetracyclines is encoded by
ter(S) and tet(M) genes, whereas resistance to erythromycin - by the erm
(B) gene. High p of S. thermophilus strains from yoghurt
starter cultures were resistant to gentamicin and penicillin (Gad, Abdel-
Hamid, & Farag, 2014).

5.5. Pediococcus

According to current knowledge, species of the genl.u Padlococals
are intrinsically resistant to glycopeptides, gl q
and trimethoprim/sulfameth le. These microorg are also
able to ncquim resistance to penicil]in G, imipenem, clindamycin, ri-
fampin, cl henicol, daptomycin, 1 tetracyclines (tet-
racycline, oxytetracycline and chlonctmcyclme), macrolides (ery-
thromycin and lincomycin) and bacitracin (Ammor et al., 2007). Little
data about antibiotic resistant of starter pediococci is available. It may
be due to the fact that only two species: P. pentosaceus and P. acidilactici
are part of commercial meat starter cultures. According to present state
of knowledge starter pediococci are resistant to tetracyclines, macro-
lides and lincosamides the most frequently (Kastner et al., 2006). P.
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can also exhibite cr i to antibiotics belonging to
thc lincosamide and macrolide classes. It may be due to the modxﬁca—
tion of the target site by the erm genes (Cordeiro et al., 2010). Tetra-
cycline resi in pedi iis ded by tet(B), tet(H), tet(J), and
tet(W) genes (Kobashl Hasebe, Nishio, & Uchiyama, 2007).

6. Starter culture stress response under food processing factors

During food facturing and as well as in the gastro-
intestinal tract starter cul d to various
stress factors, such as heat, cold, hlgh acidity, prsence of bile salts,
osmotic and oxidative stress. Their capacity to survive to these chal-
lenges is essential for their efficacy. Growth performance and robust-
ness of starter cultures are properties essential for the final product.
They should survive all the steps of production process. In addition, the
most of these strains survive gastrointestinal conditions - low pH and
presence of bile salts. These are also stress factors that can cause
changes in microbial cells. Stress response rely on the coordinated ex-
pression of genes altenng different cellular processes, e.g. cell division,
DNA boli comp t etc. to imp the
stress tol e. In stress resp mechani some aspects of cell

mic TOOI'g; i are
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insight into the heat shock (HSR) regulation in Lactobacillus
strains. They found that all the strains in their genomes share 25 various
HSR related genes. Among them there were alternatives factors o™ and
0**. They also showed the inclusion in the 0? and ®* regulons of genes
with relevant functions such as substrate utilization, tolerance to high
acidity and hydrogen peroxide, DNA repair, regulation, cation trans-
port, carbon metabolism, translation and membrane function. In the
context of this review the most important is inclusion in these regulons
of antimicrobial resistance genes, such as ImrB encoding lincomycin
resistance efflux protein vanZ - glycopeptide resistance gene, ytmP

encoding aminoglycoside phosph fe family pi The mul-
tiple antibiotic resi (mar) op: is also d with the o™
gul ponsible for antibi e genes Xp i
This ph still requires i ified h and k led;

Both physiological and gene expression studies can play a key mle in
obtaining new information on the impact of stress factors associated
with food production and storage on bacterial cells and their resistance
to antibiotics.

7. Conclusions

n. b indi

physiology are changed (Papadimitriou et al., 2016). The main ch

is induction of changes in the gene expression by intracellular signaling
networks. Stress responses imply several genetic switches controlling
metabolic changes. The stress resp is accomplished by changes in
the patterns of gene expression for those genes whose products are
required to protect bacterial cells. Microorganisms respond to stress in a
specific way which depend on many factors, mainly the species, and on
the type of stress (Rossi, Zotta, lacumin, & Reale, 2016).

Still little is known about the stress response in starter culture mi-
croorganisms, but the topic is well received in relation to, among
others, all lactic acid bacteria. Since these are microorganisms that are
used in starter cultures, it can be concluded that the same reactions can
occur during the exposure of starter cultures to stress factors associated
with the production and storage of food. There are studies indicating
that as a result of the stress factor acting on the cell, there may be
changes in the level of antibiotic resi of e Few
studies have examined the effects of exposure to stress factors on the
antibiotic susceptibility of lactobacilli. Acid-stressed and bile-stressed
lactobacilli have shown modified susceptibility. Increased or reduced
susceptibilities have been observed, varying with type of stress, species
or strain, and type of antibiotic (Amund, 2016). Natt and Garcha (2011)
analyzed the antibiotic susceptibility of Lactobacillus acidophilus strain
exposed to acid stress in the pH range from 3.5 to 7.5. The strain se-
lected for analysis was sensitive to all antibiotics used except ery-
thromycin, i.e. ampicillin, streptomycin, vancomycin, penicillin,
chloramphenicol and tetracycline. The authors showed that after ex-
posure to the stress factor, the test strain showed acquired resi e to
all other antibiotics, except for tetracycline and chloramphenicol. In
case of chloramphenicol and tetracycline, results indicate that the mi-
croorganism b less ds these antibiotics since the
zones of growth inhib decreased, h , the strain could still be
considered as sensitive. Casado Munoz et al. (2016) observed changes
in minimal inhlbltory concemrallons (MICs) in lactic acld bacterla

(L oides and Lactobacillus p
on physlochemlcal stresses. The increase in MIC was observed the most
frequently for ampicillin, chk henicol, ciprofl and tetra-

cycline. Dorrian, Briggs, Ridley, Lay held and Kerr (2011) also showed
that stress response in Lactococcus lactis is associated with increasing
resistance to ribosomally active antibiotics.

It is reported that observed ch in the antibioti i level
in response to a stress factor may result from the induction of a stress
p which implies ch in the exp of antibiotic re-

sistance genes. It occurs when the antibiotic resistance genes are lo-
cated on the same operon as the genes induced at the time of the stress
factor and are induced simultaneously. Rossi et al. (2016) looked

that the acquisition of antibiotic resistance in
starter cultures is not a critical problem, but it poses a serious concern
that cannot be disregarded. Starter culture strains are highly capable of
acquiring new genes and transferring resistance genes to other strains.
Interspecies transfer of antibiotic resistance is also possible. It is also
possible to widen the profile of antibiotic resistance due to the stress
factor associated with the conditions of food production and storage.
Therefore, bacteria that harbor antibiotic resistance genes on mobile
genetic elements should not be distributed or used in food production.
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This study analyzed antibioti and the occurrence of resistance genes in strains from starter and
protective cultures, The largest number of obtained strains belonged to the genus Lactobacillis (n = 26; 44.9%),
followed by Lactococeus (n = 17; 29.3%), Pediococcus (n = 8; 13.8%), Strepococcus (n = 4; 6.9%), Smplrylococrm
(n = 2; 3.4%) and Leuconostoc (n = 1; 1.7%). Among all strains, the highest Mini Inhibitory C

(MICs) were noted for tetracycline (max. >256 pg/ml), kanamycin (max. 48 pg/ml) and cMommphemrol (max.
32 pg/ml). The most common resistance genes were aph(3°)-llla (n = 35; 60.3%) and cat (n = 32; 55.2%). Strains
derived from starter and protective cultures have the ability 1o horizontally transfer resistance genes in viiro and
in sitn. 1t should be noted that antibiotic resistance of bacteria from starter and protective enliures does not
present an i diate risk 1o ¢ Hs 1, these microorg: conld become an environmental
reservoir of antibioti i e. The ol d results indicate that antibiotic resistance in starter and protective

cultures is not a critical issue, however it creates a concern that cannot be ignored.

1. Introduction

Starter cul i.e. pure cul of selected microbial strains,
mainly lactic acid bacteria (LAB), are introduced into food at the pro-
duction stage to obtain a product with desired characteristics. Without
them, it would not be possible to obtain a proper product, as these mi-
croorganisms are involved in major biochemical transformations (Bint-
sis, 2018). Protective cultures, i.e. viable microorganisms added
intentionally to food in order to control its microbiological status, are
distinguished among industrial cultures as well. They can inhibit the
growth of many pathogenic microorg: due to the production of
metabolites with antibacterial and antifungal properties (Ng, Zarin, Lee,
& Tan, 2020). Although the use of starter cultures has been practiced in
the production of food for years, the use of protective cultures has
become popular in recent years. The reason were efforts to obtain a
so-called “clean label” and the abandonment of the use of preservatives.
At this point, the introduction of bacterial strains that are s‘fe for con-
sumers yet act gonistically ds other microorg was
proposed (Quinto et al., 2019).

According to the World Health Organization (WHO), the increasing

preval of microbial antibioti i is iated with serious
risks and is becoming one of the most serious public health problems.
The WHO has warned of the lack of new antibiotics to combat growing
drug resi; Most of the available drugs are modifications to existing
antibiotics which, in this case, are only short-term solutions (Talebi
Bezmin Abadi, Rizvanov, Haertlé, & Blatt, 2019).

Since the industrially used microorganisms enter food in a quantity
of the order of 107-10® CFU/g, it is necessary to make sure that they are
not a source of antibiotic resistance genes. In the United States, a system
for the of mi isms added i tionally to food (GRAS
~ Generally Recognized As Safe) has been in place for many years. In
2007 the European Food Safety Authority (EFSA) outlined a scheme of
the concept of qualified presumption of safety (QPS). Many strains,
mainly LAB, due to their long history of safe use, have been recognized
as traditional food ingredients. They were legally approved for use in
food production within the European Union with no need to carry out
studies confirming their safety. Strains which were granted “safe” status
in the past and are approved for industrial use in food production do not
need to be regularly checked for the occurrence of acquired antibiotic
resistance. Since the analysis of the genetic resistance determinants
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occurrence has been applied for a relatively short time, there is no in-
formation on the occurrence of resistance genes and mobile genetic el-
ements in the strains used in the production of food for many years
(Laulund, Wind, Derkx, & Zuliani, 2017). However, according to liter-
ature data, antibiotic resistance may also occur in the strains inten-
tionally added to food in the form of industrial cultures. Intrinsic
resistance and resistance resulting from spontaneous mutations do not
raise concern as it exhibits a low risk of horizontal fer. Hy it

LW 153 (2022) 112490

prior to further analysis to minimize the risk of plasmid loss during
passage.

2.2. Genomic and plasmid DNA isolati

For genomic and plasmid DNA extraction, bacterial strains were
streaked on MRS agar (Merck, Germany) and incubated at 37 “C for 24 h.

is more and more frequently reported that the strains generally recog-
nized as safe may acquire resistance genes and transfer them horizon-
tally to other strains (Rozman, Mohar Lorbeg, Accetto, & Bogovi¢
Matijasic, 2020).

Antibiotic resistance in strains from starter and protective cultures
has been documented most accurately for the genus Lactobacillus. Ac-

ding to the lit I bacilli are intrinsically resistant to gly-
copeptides and quinolones. They also exhibit the potential for acquiring

i e to chl phenicol (encoded by the cat gene), tetracycline
(encoded mainly by the tetM, tetS and tetW genes) and macrolides
(encoded by the ermA, ermB and ermC genes) (Fraqueza, 2015; Geor-
gieva et al, 2015). The genus Lactococcus has intrinsic resistance to
metronidazole, trimethoprim and cefoxitin (Devirgiliis, Zinno, & Per-

G ic DNA extraction were provided using the Genomic Mini DNA
lation kit and plasmid DNA was isolated using Plasmid Mini kit (A&A
Biotechnology, Poland), according to the f: 's instructi
The obtained g ic DNA samples was led in 200 pl Tris-HCI
buffer (10 mM, pH 8.5) and stored at —20 °C until further analysis.
Plasmid DNA samples were suspended in 60 pl Tris-HCl buffer (10 mM,

pH 8.5) and also stored at —20 °C.

2.3. Strains identification

The identification of the strains was performed in order to distin-
guish the strains included in each culture. Strains were identified using
MALDI-TOF MS (Matrix-Assisted Laser Desorption/Ionization Time-of-
Flight Mass Spectrometry). Before the analysis strains were cultured
for 48 h at 30 “C on Tryptic Soy Agar - TSA (Merck, Germany). Then
single colonies were transferred to the target plate, covered with 1 pl of
CHCA (a-cyano-4-hydroxy-cinnamic acid) solution and air-dried

ozzi, 2013). According to the li 1 i may acquire resis-
tance to macrolides, tetracyclines, rifs in and chl phenicol. The
e genes most frequently found in L are ermB and tetM
(!wmlnn 1ml\an ‘\ hth ZOIS) Pedi is lly resi: to
in, trimethoprim and sulf: le and

nught also exlublt acquired resistance to tetracyclines, encoded by the
genes terK, retO, rerS and tertW, and to macrolides, encoded by the ermB
gene (Shani, Oberhaensli, & Arias-Roth, 2020; Singla, Mandal, Sharma,
Anand, & Tomar, 2018).

letely. M were taken using a VITEK MS (bioMérieux,
Durham. NC) with acceleration voltage 200 kV, mass range 2-20 kDa,
laser frequency 50 Hz, and extraction delay time 200 ns. All mass fin-
gerprints were analyzed by the VITEK MS V2.0 research use only data-
base (RUO; SARAMIS version 4.13) (bioMérieux, Durham, NC). Strains
were tested in triplicate usmg the direct transfer protocol according to

Given that starter and protective cultures strains are not path i
organisms, the main hazard linked to the occurrence of antibiotic

2 the facturers’ rec Escherichia coli ATCC® 8739 was
used to validate the method.
As the MALDI-TOF MS analysis does not disti h between Lacto-

resistance in them is the risk of horizontal transfer of resistance genes.
The possibility of resistance genes transfer from these strains was
confirmed under both in vitro and in situ conditions. According to the
literature, the most frequently occurring transfer is that of tetracycline
and macrolide resistance genes (Thumu & Halami, 2018). Some authors
point to the possibility of transferring resistance genes from starter
cultures microorganisms to pathogens in food, especially during
fermentation (Florez et al., 2016; Toomey, Monanghan, Fanning, &
Bolton, 2009). The issues concerning resistance gene transfer by mi-
croorganisms from starter and protective cultures are already quite well
known. There are few reports on the conjugative transfer of antibiotic
resistance determinants from the bacteria used in industrial cultures to

other micr i This implies the need to undertake research in
this area.

The aim of this study was to determine the antibiotic resistance
pattern of the strains included in the cially available starter and

protective cultures and an analysis of the occurrence of antibiotic
resistance genes. The ability of these strains to horizontally transfer
resistance genes was also investigated.

2. Materials and methods
2.1. Bacterial strains

The strains for analysis were obtained from | starter (n =
30) and protective (n — 10) cultures. They were sourced from several
producers offering cultures for use in the food industry. For this purpose,
freeze-dried cultures were cultured on de Man, Rogosa and Sharpe
(MRS) broth (Merck, Germany), incubated for 24-48 h at 30 °C and then
plated on MRS agar plates (Merck, Germany). The plates were then

bated under bic conditions at 30 “C for 48 h. After incuba-
tion, individual colonies were selected and isolated on MRS agar plates.
When pure strains were obtained, they were passaged onto the base
medium and stored at —80 “C in Microbank system (Biocorp, Poland)

bacillus pentosus, L. plantarum and L. paraplantarum species and Lacto-
coccus lactis subspecies, for this purpose, differentiation by PCR using
primers and reaction conditions contained in Table 51 was used. PCR
reactions were conducted in a thermal cycler Mastercycler nexus GX2
(Eppendorf, Germany). Primers were synthesized by the ¢ ial
enterprise - Genomed (Gdansk, Poland).

The differentiation of L. pentosus L. plantarum and L.
species was carried out in accordance with Torriani, Felis, and Dellaglio
(2001). The reaction was set up using 1x PCR buffer without Mg*"
(ThermoFisher Scientific, Waltham, Massachusetts, USA), 1.5 mM
MgCly, the primers paraF, pentF, and pREV (0.25 mM each), and primer
planF (0.12 mM), 12 mM deoxynucleotide triphosphates, 0.025 U/pl of
Taq DNA Polymerase (ThermoFisher Scientific, Waltham, Massachu-
setts, USA), 5 ng/ml of DNA template and ddH;O to a final volume of 25
pl. The cycling conditions were as foll an initial d tion at
94 “C for 3 min, 30 cycles of denaturation at 94 “C for 30 s, annealing at
56 °C for 10 s and elongation at 72 °C for 30 s, and final extension at
72 °C for 5 min. Reference strains of L. pentosus (ATCC® 8041) and
L. plantarum (ATCC¥ 14917'%) were used as positive controls.

The differentiation of L. lactis ssp. lactis and L. lactis ssp. cremoris was
carried out according to Pu, Dobos, Limsowtin, and Powell (2002). The
reaction was set up using 1x DreamTaq PCR buffer (ThermoFisher Sci-
entific, Waltham, Massachusetts, USA), 0.2 mM dNTPs, 50 pmol of
LaCreR, LacF and CreF primers, 1 U DreamTaq DNA polymerase
(ThermoFisher Scientific, Waltham, Massachusetts, USA) and 2 pl of
DNA template. The cycling conditions were as follows: an initial dena-
turation at 94 °C for 5 min, 35 cycles of denaturation at 94 “C for 30 s,
annealing at 45 °C for 30 s and elongation at 72 °C for 2 min, and final
extension at 72 °C for 5 min. Reference strains of L. lactis ssp. lactis
(ATCC® 87139) and L. lactis ssp. cremoris (ATCC¥ 9596) were used as
positive controls.

The PCR products were visualized by electrophoresis on 1.5%
agarose gels in 1 x TBE (Tris-borate-EDTA) buffer stained by 0.5 pg/ml
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of Midori green (ABO, Poland) at 100 V for 6 min and then at 80V for 90
min and visualized using the system for the documentation and analysis
of fluorescently stained gels G-BOX F3 (Syngene, UK).

After identification, duplicated strains were discarded and one strain

of a given species from each cul fz was sel 1 for
further analysis.
2.4. Molecular typing by enterobacterial rep intergenic -

polymerase chain reaction (ERIC-PCR)

All strains were genotyped using ERIC-PCR assay according to Pus-
parini, Waturangi, Usia, and Nikastri (2018). The PCR reactions were
performed in a volume 25 yl containing 12.5 pl DreamTaq Green PCR
Master Mix (2x) (ThermoFisher Scientific, Waltham, Massachusetts,
USA), 1.25 pl of 10 pmol ERIC1 (5'- ATG TAA GCT CCT GGG GAT
TCA-3") and ERIC2 (5'- AAG TAA GTG ACT GGG GTG AGC G-3') primers

ynthesized by the ial enterprise - Genomed (Gdansk, Poland),
1.5 pl of DNA template and 8.5 pl of ddH20. PCR reactions were con-
ducted in a th 1 cycler M. ycler nexus GX2 (Eppendorf, Ger-
many) using the following cycling conditions: initial denaturation at
95 °C for 7 min, followed by 30 cycles of denaturation at 94 °C for 1 min,
annealing at 52 “C for 1 min and extension at 65 “C for 8 min and a final
elongation at 65 “C for 15 min before cooling at 4 °C. The PCR products
were visualized by electroph is on 1.5% agar gels in 1 x TBE
(Tris-borate-EDTA) buffer stained by 0.5 pg/ml of Midori green (ABO,
Pol:md) at 150 V for 150 min and visualized using the system for the

ion and lysis of fl ly 1 gels G-BOX F3
(Syngene, UK).

The ERIC-PCR profiles were examined by cluster analysis with Bio-
Numerics ver. 7.6.3. software (Applied Maths/bioMérieux, Sint-
Martens-Latem, Belgium). The similarity distances between ERIC-PCR
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Miynarczyk, Szymanek, & Luczak, 2006). In addition, a specific primer
pair was used to amplify gene involved the presence of Tn916/Tn1545
conjugative transposons (Macovei & Zurek, 2006). Gene presence assays
were performed using the Simple and Multiplex PCR methods using
specific primers and conditions (Table S1). As positive controls,
E. faecalis ATCO® 29212 (tetM), E. faecalis ATCC® 51299 (ermB, aac
(6')-Ie-aph(2”)-Ia), S. epidermidis ATCC® 35984 (aph(3')-Illa, ermA,
blaZ, ant(6')-Ia), S. epidermidis ATCC® 12228 (blaZ, terK) and strains of
Department’s collection carrying well characterized antibiotic resis-
tance genes was used in the amplification reactions.

The PCR products were visualized by electrophoresis on 1.5%
agarose gels in 1 x TBE (Tris-borate-EDTA) buffer stained by 0.5 pg/ml
of Midori green (ABO, Poland) at 100 V for 6 min and then at 80 V for 90
min and visualized using the system for the d ion and analysi
of fluorescently stained gels G-BOX F3 (Syngene, UK).

2.7. Antibiotic resi: genes sfe

2.7.1. Recipient and donor strains

In order to select the donor strains, it was checked whether the
previously identified resistance genes were ch lly- or pl 1
located in individual strains. For this purpose, strains in whlch at least
one of the resistance genes had been determined were selected and PCR

reactions were repeated for these genes, using the previously isolated

plasmid DNA asa plate i d of g ic DNA. The p of the
band at the appropriate height indi d the plasmid locali of the
gene, while the absence of the band ind 1 the ch | gene

localization. All strains which had simultaneously at least one plasmid-
encoded resistance gene and showed high MIC value for given antibiotic
were selected as donors. Ultimately, 5 donor strains that had plasmid
encoded tctmcyclme resistance genes and a high tetracycline MIC were
1 for anal

profiles were calculated using the Dice coefficient, and the dend
gram was based on the unweighted pair group method with arithmetic
mean (UPGMA).

2.5. Phenotypic antibiotic resi: ¢ - minimal inhib
(MICs) determination

Yy conc

The minimum inhibitory concentrations (MICs) of 9 antibiotics:
ampicillin (AMP), ycin (VA), g in (CN), kanamyein (KA),
streptomycin (S), erythromycin (E), clindamycin (DA), tetracycline (TE)
and chloramphenicol (C) were determined. Two methods of determi-
nation were used. The MIC values were determined using gradient strips
(Liofilchem, Italy) on Mueller-Hinton agar (Merck, Germany) as well as
using VITEKE 2 C t system for determining the ptibility of
microorganisms (Biomerieux, Durham, NC) with AST-P643 cards. The
MIC value was read following after 18 h of incubation at 30 “C. Due to
the lack of current guidelines for the determination of antibiotic resis-
tance among the strains of lactic acid bacteria, the result was not
interpreted in terms of susceptible/resistant. Only the MIC values
determined for individual antibiotics were reported.

26 Molecular detection of antibiotic-resi

genes

All the strains were tested for the presence of four tetracycline

i genes ding rib 1 pr p - tetM (Roberts,
1994), tetO, tetS and tetW (Florez et al., 2014) and two genes encoding
tetracycline efflux pumps - tetK (Gevers, Danielsen, Huys, & Swings,
2003) and tetl. (Roberts, 1994). Moreover, each of the strains was
analyzed for the presence of genes encoding resistance to aminoglyco-
sides - aac(6')-le-aph(2’’)-la, aph(3*’)-llla (Padmasini, Padmaraj, &
Ramesh, 2014), aph(2"’)-Ic, aac(6')-li and ant(6')-la (Kobayashi et al.,
2001), chloramphenicol - cat (Goksel et al., 2016), p-lactams - blaZ
(Kaase et al., 2008), blaygy, blapxs, blasyy and blacrxy (Kim et al.,
2009), glycopeptides — vanA and vanB (Dutka-Malen, Evers, & Courva
lin, 1995) and macrolides - ermA, ermB, ermC and msrA/B (Miynarczyk,

y

E. faecalis JH2- 2 (LMG 19456), free from plasmids, resistant to
rifampicin (MIC >256 pg/ml) and fusidic acid (MIC >256 pg/ml) was
the standard recipient in the experiment.

2.7.2. In vitro filter mating

Transferability of antibi e genes was 1 by filter
mating. For this purpose, overnight cultures of donor and recipient
strains have been prepared on Brain Heart Infusion (BHI) broth medium
(Merck, Germany). Then 1 ml of the each culture was added to 5 ml of
fresh BHI medium and incubated for 4 h at 37 °C until the mid-
exponential phase of growth was obtained. Then the 1 ml of donor
culture was added to the 1 ml recipient culture and the mixture was

filtered ti h a sterile cellul b filter with a pore diameter
of 0.45 pm. After donor and recipient cells were filtered, the filters were
rinsed with 2 ml sterilized p physiol 1 saline sol (PPS)

(Merck, Germany). The ﬂlters were placed on BHI-agar medium and
were incubated overnight at 37 “C. After incubation, colonies grown on
the filter surface were resuspended in 2 ml PPS. Series of 10-fold di-
lutions were made from the obtained suspension and plated on 3 types of
media: T-BHI (with the addition of 100 pg/ml of fusidic acid, 50 pg/ml
of rifampicin and 10 pg/ml of tetracycline), TD-BHI (with the addition of
10 pg/ml of tetracycline) and B—BHI (with the addlnon of 100 pg/ml
fusidic acid and 50 pg/ml rifampicin). Tr g lonies were to
grow on T-BHI medium, donor colonies on TD-BHI medium, and
recipient colonies on B-BHI di Incub was carried out at
37 °C for 24-48 h. The transfer frequency was expressed as the ratio of
the ber of to the ber of recipi

2.7.3. In situ mating in the food matrix

In order to assess the possibility of in situ conjugal transfer from LAB
strains in food matrix, a model of milk acidification was prepared. Donor
and recipient cultures were prepared as described above, however the 4-
h incubation was conducted not in BHI broth but in milk. Skim-milk
powder (4% w/v) was added to 10 ml of pasteurized milk. This mix
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was heated at 63 °C for 30 min in a preheated water bath, and then
cooled to 42 “C. Then 1 ml of donor and recipient culture were added to
milk and incubated at 42 “C until the pH 4.3 was obtained. The resulting
coagulated milk mixture was then incubated at 4 “C for 48 h. After in-
cubation, serial 10-fold dilutions of fermented milk samples were plated
onto selective media as described above. Plates were incubated for
24-48 h at 37 °C and the transfer frequency was expressed identically as
described above.

2.7.4. Confirming the presence of r e genes in transconjug

Obtained transconjug were 1 for their tetracycline resis-
tance. The MIC value of tetracycline was determined by applying a
gradient strip (Liofilchem, Italy) on an inoculated Mueller-Hinton agar
plate (Merck, Germany). The MIC value was read following after 18 h of
incubation at 30 °C. Then, genomic DNA was isolated from the trans-

j using the G ic Mini kit (A&A Biotechnology, Poland)
and repeated PCR reactions were performed to confirm gene transfer.

27.5. G pping of transconjug:

The fingerprints of transconjugants found to have acquired resis-
tance genes were obtained by ERIC-PCR reaction as described above.
Then, fingerprints were compared to the fingerprints of recipient strains
for confirmation purposes.

2.8. Statistical analysis

Statistical analyses were performed using STATISTICA 13.3 Stat-
Softit software (StatSoft, Inc., Tulsa, OK, USA) using the Spearman
correlation test or the M ‘hitney U test. For the analyses, the sig-
nificance level « = 0.05 was assumed.

3. Results
3.1. Strain identification and genotyping

After removing duplicate strains, i.e. strains of a given species from
cultures of the same producer (there was any mis-identity), a total
number of 58 strains from 40 commercially available starter and pro-
tective cultures were obtained. The largest number of strains (n = 44;
75.9%) came from starter cultures and 14 isolates (24.1%) were ob-
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Table 1
Strains chosen to the analysis - results of identification.

Number (%) of strains

Species/genus (No. of strains)

Starter cultures Protective cultures

Lactobacillus

1. paracased (5) 5 (100.0)%

L. paraplantarum (4) 4 (100.0%) =

L. defbrueckii (2) 2 (100.0%%) -

1. plantarum (1) 1 (100.0%)

L. kefiri (1) 1 (100.0%) -

L. sakei (2) - 2 (100.0%)
L. thamnosus (2) - 2 (100.0%)
1. corvatus (1) 1 (100.0%)

L. hetveticus (1) 1 (100.0%) -
Lactobacillus sp. (7) 6 (85.7%) 1 (14.3%)
Total (26) 21 (80.7%) 5 (19.3%)
Lactococcus

L. lactis ssp. lactis (15) 14 (93.3%) 1(6.7%)

1. lactis ssp. cremoris (2) 2 (100.0%6)

Total (17) 16 (94.1%) 1(5.95)
Staphylococcus

S, xylosus (1) 1 (100.09%)
S. carmosus (1) 1 (100.08%) -

Total (2) 1 (50.0%) 1 (50.0%)
Pediococcus

P. pentosacens (1) 1 (25.0%) 3 (75.09)
P. acidilactici (1) - 4 (100%)
Tolal (8) 1(12.5%) 7 (87.5%)
Streptococcus

S. thermophilus (1) 4 (100.0%) -
Leuconostoc

L. mesenteroides ssp. cremoris (1) 1 (100.0%%) -

Total (58) A1 (75.9%) 11 (21.1%)

genus or source of the strain.

Although the majority of the strains (46.5%) presented a high MIC
value to two antibiotics, 10.3% had high a MIC for three antibiotics
(Table 2). No statistically significant differences were found in the
number of antibiotics to which strains presented high MIC value
depending on the genus.

3.3. Presence of antibiotic resistance genes

tained from protective cultures. The strains belonged to 16 various Regardless of the e phenotype presented, 15 different
pecies from six Lactobacillus, L , Staphyle us, Ped- i determi were blished in all strains. The presence of
[l , Strep and L The largest ber of obtained the vanA and vanB genes was determined only in Lactococcus, Strepto-

strains belonged to the genus Lactobacillus (n = 26; 44.9%), followed by
Lactococcus (n = 17; 29.3%), Pediococcus (n = 8; 13.8%), Streptococcus
(n = 4; 6.9%), Staphylococcus (n = 2; 3.4%) and Leuconostoc (n = 1;
1.7%) (Table 1). The confidence level of identification for each isolate
was in the range of 91-99%.

Genotyping by ERIC-PCR showed low genetic diversity among the
strains from the protective and starter cultures (Fig. 1). The ERIC1 and
ERIC2 primers generated in the analyzed strains 2-10 ampli with a

coccus and Staphylococcus strains due to intrinsic vancomycin resistance
in Lactobacillus, Leuconostoc and Pediococcus strains.

Regardless of the genus, the most common gene encoding amino-
glycoside resistance was aph(3')-Illa, followed by aac(6')-le-aph(2')-1a,
aac(6')-la and aph(2')-Ic. None of the strains showed the presence of the
ant(6')-la gene.

The frequency of the various tetracycline resistance genes was
1 lent on the genus. Among the Lactobacillus strains, tetracycline

molecular weight ranging from 250 to 11,000 bp, and based on UPGMA
analysis, 53 different ERIC-PCR profiles were recognized in all 58
strains. The most dominant profiles (n = 5) consisted of two strains,
while each of the other profiles was detected in only one isolate.

3.2. Phenotypic antibiotic resistance

Among all the tested strains, the highest MIC values were noted for
tetracycline (maximum MIC value - >256 pg/ml), kanamycin
(maximum MIC value - 48 pg/ml) and chlor henicol ( i MIC
value - 32 ug/ml). The lowest MIC values were noted for erythromyecin
and streptomycin (all MICs were lowest than 1 pg/ml). The largest
spectrum of MIC values was observed for tetracycline (0.19 - >256 pg/
ml) (Table 2, Table 52). There were no statistically significant differ-
ences in the observed MIC values for each antibiotic and the bacterial

resistance was most often d with the p e of the tetM gene,
followed by tetW and tetO. Furthermore, among Lactococcus, Pediococcus
and Staphylococcus strains, the tetM and tetW genes were carried by the
same percentage of strains, and the tetO gene was dominant among
Streptococcus strains.
More than half of the strains (55.2%) carried the cat gene encoding
cl phenicol acetyl ferase. Among the tested genes encoding
resistance to f-lactam antibiotics, two strains were carriers of the blagyxa
and blaZ genes. Of the four macrolide resistance genes determined, only
one Latobacillus strain was found to carry the msrA/B gene. The
remaining genes were not marked in any of the strains. No vancomycin
resistance genes (vanA and vanB) were found in any of the strains. The
conjugative transposon of the Tn916,/Tn1545 family was present in only
four isolates (Table 3, Table 52).

An analysis of significant diffe

hl

in the fi of

4
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Fig. 1. ERIC-PCR-based dendrogram showing genetic relatedness among strains from starter and protective cultures.
Table 2
Phenotypic antibiotic resistance patterns.
Gens No. of strains MIC value (ug/mL)
AMP (& «© TE 3 DA K s VA
L. curvatus 1 0125 05 16 64 0.125 0.38 6 0.125 -
L. delbrueckii 2 1.5-2 075 6-12 24 0.19-0.25 0.023-0.38 12-16 0.19-0.25 -
L. helveticus 1 075 0.25 012 32 0125 0.032 6 0.125 -
L. kefiri 1 0125 0.19 0.25 0.19 0.125 075 0.19 0125 -
L. paracasei 5 0.19-1.5 0.38-8 4-32 1-32 0.023-0.25 0.023-0.5 4-48 0.023-0.25 -
L. paraplantarum 4 0.25-1.5 0.38-0.75 6-32 12 >256 0.125-0.25 0.25-0.75 6-16 0.125-0.25 -
L. plantarum 1 3 1 6 32 0.19 0.047 16 0.19 -
L. rhamnosus 2 0.125-0.38 0.75-2 4-8 1-32 0.047-0.32 0.125-0.19 3-8 0.047-0.32 -
L. sakei 2 0.5-2 0.25-1 12-24 1,5 48 0.094-0.125 0.023-0.032 8-16 0.094-0.125 -
Lactobacillus sp. 7 0.125-3 0.5-1 6-24 12-48 0.094-0.25 0.016-0.75 416 0.094-0.25 -
L. lactis ssp. lactis 15 0.094-3 0.19-1.5 4-24 0.75-48 0.023-0.19 0.023-1.5 6-32 0.094-0.19 0.094-32
L. lactis ssp. cremoris 2 0.25 0.38-4 12-16 32 0.19-0.25 0.25-0.75 812 0.19-0.25 0.19
P. pentosaceus 4 0.19-3 05-8 4-12 1.5-24 0.094-0.125 0.023-0.094 16-48 0.094-0.125 -
P. acidilactici 4 0.094-2 0.25-1 6-32 16-64 0.094-0.25 0.016-0.75 1232 0.094-0.25 -
S. thermophilus 4 0.25-3 0.5-1 2-24 16-32 0.094-0.38 0.016-0.75 1-24 0.094-0.38 0.125-0.25
8. xylosus 1 4 075 6 12 0.19 0.38 24 0.19 0.25
5. carnosus 1 1 0.38 8 24 0.125 0.016 6 0.125 32
L. mesenteroides 1 0.38 05 24 16 0.125 0.5 8 0.125 -
Abbreviations: AMP - ampicillin, CN - g icin, C - chl henicol, TE - tetracycline, E - erythromycin, DA - cl in, K-k ycin, S ptomycin, VA~

vancomyein, .- - MIC was not determined due to the [ntrinsi:t resistance,

genes, depending on the type, found differences for the following genes:
aph(3')-1lla, aac(6')-le-aph(2')-la, aac(6')-1a, tetM, tetO, tetW and int.
However, when comparing the frequency of resistance genes with the
source of the strain, no differences were found.

3.4. Tetracycline resistance genes transfer

Plasmid location was found for five tetracycline-resistance genes.
They were carried by five different strains which were therefore selected
as donors in the study of the ability of the strains to transfer resistance
genes. The characteristics of donor strains are presented in Table 4,

This ability was analyzed using two methods: in vitro filter mating
and in situ in food matrix. Three mating pairs examined tetk gene
transfer and two - retM gene. Of these, gene transfer was observed in
each pair.

In in vito filter the fer freq y from donors to
E. faecalis JH2-2 ranged from 2.78 x 10 7 up to 1.71 x 10 ° trans-
conjugants per recipient. Tetracycline MIC values for the trans-
conjugants ranged from 24 to 64 pg/ml. The same five mating pairs were
i lated into the fer d milk to investigate the transfer possibility
in situ in the food matrix. Gene transfer was also observed in each pair,
but the transfer frequency was lower than in vitro filter mating and
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Table 3
Occurrence of antibiotic resistance genes.
Resistance Number (%) of strains with antibiotic resistance genes Total n =
e Lactobacills n L n Pedi n P n apliyl n L n Starter Protective £
=26 =17 =8 =4 =2 =1 cultures (n = onltures (n =
11) 11)

Aminoglycosides

aph(3') IMa 16 (61.5%) 10 (58.8%) 5 (62.5%) 1 (25.0%) 2 (100.0%) 1 (100.0%) 25 (56.8%) 10 (71.4%) 35
(60.3%)

aac(6') fe-aph 16 (61.5%) 8 (47.1%) 3(37.5%) 1 (25.0%) 1 (100.0%) 1 (100.0%) 24 (41.4%) 7 (50.0%) 31

@) ia (53.1%)

aac(6') la 7 (26.9%) 3 (17.6%) 1(12.5%) 1 (100.0%) 10 (22.7%) 2 (11.3%) 12
(20.7%)

aph(2')-Ie 3 (11.5%) - - - - - 2 (4.5%) 1(7.1%) 3 (5.2%)

ant(6') la

Tetracyclines

tetM 12 (46.2%) 5(29.4%) 2(25.0%) 1(25.0%) 2 (100.0%) 1 (100.0%) 17 (38.6%) 6 (42.9%) 23
(39.6%)

tetl. 2(7.7%) 1 (2.3%) 1(7.1%) 2 (3.1%)

etk 1 (3.8%) 1 (5.9%) 1 (12.5%) - - - 2 (4.6%) 1 (7.1%) 3 (5.2%)

tetO 4 (15.4%) 2(11.7%) 1(12.5%) 3 (75.0%) 1 (50.09) - 10 (22.7%) 1(7.1%) 1n
(18.9%)

tetS 1(3.8%) - - - - 1 (2.3%) - 1(1.7%)

tetW 6(23.1%) 5(29.4%) 3(37.5%) - 2 (100.0%) - 10 (22.7%) 6 (42.9%) 16
(27.6%)

Macrolides

ermA - - - - - - - - -

ermB

emC = .

msrA/B 1(3.8%) 1 (2.3%) 1(1.7%)

Glycopeptides

vanA n.d. - nd. - - nd. - - -

vanB nad. nd. - n.d. - - -

Plactams

blasuy — 5 . ~ 2 x

blacrcw n = 2 = =

blacnea 1(3.8%) 1(5.9%) = & - - 2 (4.6%) = 2 (3.4%)

WaZ. 1(3.8%) 1 (5.9%) - - 2 (1.6%) 2(34%)

Chlora

cat 15 (57.7%) 9 (52.9%) 5 (62.5%) 3(75.0%) - - 23 (52.3%) 9 (64.3%) 32
(55.2%)

jugative n
int (Tn91: 1 (3.8%) 3 (17.6%) - - - - 3 (6.8%) 1(7.1%) 4 (6.9%)
Tnl545)

Abbreviations: - — trait has not been present, .n.d.” — no data; has not been analyzed due to the intrinsic resistance.

Table 4

Characteristic of donor strains.

ranged from 1.36 x 10 up to 1.07 x 1077. Tetracycline MIC values for
the transconjugants ranged from 12 to 48 pg/ml. The MIC values for
tetracycline were lower or equal to MICs determined for the donors.

Strwin  Identification  Source Autibiotic resistanice There were two exceptions: Pediococcus pentosaceus LAB-17 and Lacto-
Tetracycline  Genotype bacillus rhamnosus LAB-28, where MIC values for the transconjugants
btained in the in vitro filter mating were higher than in the donors
LAB14  Lactococcus Starter 48 pg/ml tetK, aph(3) lla, (Table 5).
lactis ssp. lactis  culture anc(6) le aph ERIC-PCR i led similar recipient and
LAB16  Lactococcus Suarter 32 pg/ml mnws') profijes.It migh therelore be exclided ﬂm Ll wasacquirel
lactis ssp. loctis  culture la, aac(6) fe by a mutation in the donor genome, which confirms the clonal nature of
aph(Z) Ta, aac the transconjugants (Fig. 2).
(6')1a
LAB-17  Pediococars Prolective 24 pg/ml tetK, aph(3') lla, 4, Discussion
pentosacens enlture anc(6') le aph
LAB22  Lactobacillus Starter 32 pg/ml ::ihw” Tla, While there are many studies on antibiotic resistance among lactic
plantarum culture aac(6') e aph acid bacteria and other food-related microorganisms, there is still little
) 1a information on the prevalence of antibiotic resistance in starter and
LAB28  Lactobarillus Protective 32 pg/ml tetM, “""‘f’ ) protective cultures and, in particular, a lack of current data is apparent.
rhamnosus onliure Ma, aac(6) le 2
aph(2) la, aph This created a need to analyze the current state.
()1 From a safety point of view, strains from starter or protective cultures
16680  Enterococcus Clinical 128 pg/ml ermB, tetM, int, cannot harbor transferable resistance genes, in order to be used as food
EK farcalis (positive aac(6') le aph additives and to exert an effect on the human host. The results obtained
control) (2") Ia, (6 ) la

in this study indicate that antibiotic-resistant strains may be present in
microbial cultures used industrially. The phenotypic method did not
indicate any strains with high MIC value to four out of nine analyzed
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Table 5
Results of conjugal transfer experiment.
Mating strains Donor (D) Recipient (R) Transconjugants (TC) Transfer Rate TC/R Tetracycline MIC of transconjugants [pg/mL]
In vitro filter mating
Lactococeus luctis ssp. lactis LAB-14 540 x 10" 9.40 x 10 1.00 x 107 1.06 x 10 ° 16
Lactococcs lactis ssp. lactis LAB-16 310 x 10" 1.30 x 10" 2.00 x 10* 151 x 107 24
Pediococcus pentosaceus LAB 17 6.20 = 10" 3.60 x 10* 1.00 = 10* 278 x 1077 48
Lactobacillus plastarum LAB- 22 9.80 x 107 B.60 % 10 3.00 x 107 349 x10 * 24
Lactobacilhes rhamnosus LAB-28 2,60 x 10" 9.80 x 10 2,00 x 107 201 x 107" 18
E. faecalis 16680 EX (positive control) 7.00 x 10% 310 = 10" 5.30 x 10 1.71 x 107 o4
In situ mating in food matrix
Lactococeus lnctis ssp. lactis LAB-14 3.20 x 107 6.30 x 10" 2,00 x 10" 317 x 107 16
Lactococcus lnctis ssp. lactis LAB-16 1.00 x 107 9.30 % 10 1.00 = 10 1.07 x 107 24
Pediococcus pentosacens LAB 17 3.40 x 107 8.90 » 107 1.00 x 10' 112x10 7 24
Lactobacillus plantarum LAB-22 3.50 x 10" 7.30 x 10" 1.00 x 10" 1.36 x 10 * 12
Loctobacillies rhamnosus 1AB-28 220 x 107 6.20 x 10 2.00 x 10" 322x107 24
E. faecalis 16680 EK (positive control) 5.50 x 107 8.10 x 10" 2,00 x 10 2,46 x 1077 24
|
[] o~ p,:mn’v‘u ™ ) [ 82 4 » " % 2 » » ‘,.,l- :.!—'a 3
[TC - LAB-14 i 2ty e’ 16 ugmd
TC - LAB-M m wiore) 1oex10* 16 ugwml
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Fig. 2. Unweighted pair group method with the arithmetic mean (UPGMA) dendrogram derived from ERIC-PCR profiles showing restriction pattern similarity among

E. faecalis JH2-2 and transconjugants.
Abbreviations: TC — tranconjugunl, R — recipient.

antibiotics. H , the strains analyzed by Coton et al. (2018) showed
larger spectrum of anﬂbiodc resistance. The highsx MIC valus were
noted for three antibiotics: tetracycline, k in and chk

icol. The lowest MIC values were noted for erythromycin and strepto-
mycin. In addition, more than 10% of the strains showed high MIC value
to antibiotics of three or more classes simultaneously. This result for
strains used on an industrial scale is worrying. The occurrence of anti-
biotic resistance in Lactobacillus strains has been the most extensively
documented, probably due to the fact that many species belonging to
this genus are used in the production of starter cultures (Zarzecka,
Zadernowska, & Chajg(‘k’l V\rmzcho“ ska, 2020). The cun'ent results are
in with p ly published studies sh g that the genus
Ln:mbacilbls generu!]y has low MIC values to nmplallln, erythromycin
and clindamycin but might e to such antibiotics as
tetracycline or chloramphenicol (Devirgiliis et al., 2013). On the other
hand, study by Duskova et al. (2020) showed that among the Lactoba-
cillus strains from starter cultures, the highest MIC values were for
aminoglycosides. However, the results of phenotypic antibiotic resis-
tance patterns of other genera are not in agreement with other studies,
which sh 1 the high ge of strains with high MIC for
erythromycin, while few suams showed high MIC for tetracycline
(Federici et al, 2014; Zycka-Krzesinska, Boguslawska,
Aleksandrzak-Piekarczyk, Jopek, & Bardowski, 2015). This may be due
to differences between individual strains of the same genus or species, or
to fluctuations in the expression of the genes responsible for revealing
the phenotypic trait. This would also explain the lack of diffe: in

despite the fr occurrence of these genes, not each strain presented
a high MiC value for these antibiotics. This suggests the need for in-
depth research in this area in order to verify factors influencing the
expression of these genes. Of all the resistance genes identified, the
greatest diversity was observed for the tetracycline resistance genes as
the strains tested had six different genes. The tetM and tetW genes were
the most common. Similar results were obtained by other auth
(Anisimova & Yarullina, 2018; Cordeiro, Du, Mulvey, Krause, & Holley,
2010; Kastner et al., 2006; Resch, Nagel, & Hertel, 2008; Singla et al.,
2018). Interestingly, Lopez, Callegari, Patrone, and Rebecchi (2020)
reported that the ripening of fermented meat resulted in a reduction in
the number of antibiotic-resi: gative staphylococci
included in the starter culture - S. xylosus and S. carnosus. These results
open up the field for further research in this area to determine if, and
how, antibiotic resistance changes during the manufacturing process.
An alarming phenomenon is if the presence of these genes is not
considered intrinsic, because these strains are used induxtnnlly and are
& d at high dosages. Therefore, such should
be monitored most closely. Anisimova and Y"nullma (2020) indicate
that the resistance to erythromycin, tetracycline and chloramphenicol
should be the most closely monitored because the genes of resistance to
these antibiotics are the most often located on mobile genetic elements.
Campedelli et al. (2019) indicate that a large percentage of lactic acid
bacteria strains show resistance to tetracycline, chloramphenicol, clin-
damycin and erythromycin. Moreover, the vast majority of the genes
ible for r to these antibiotics were located on mobile

the occurrence of high MIC values and the bacterial genus or source of
the strain.
All strains were checked for the presence of 24 different genetic
i A total ber of 15 were found, which is also
quite a high result. The highest percentage of strains showed the pres
ence of genes encoding

deter

A 8
e to glycosides. gly,

genetic el which is
of resistance genes.

Conjugation is considered to be the basic mechanism of horizontal

tmnsfer of AR genes under 1 i The lysis of the

genes transferability sh d that the analyzed strains have

the ability to horizontally transfer the tetracycline resistance genes -

d with the risk of horizontal transfer
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tetM and tetK. This was confirmed both by the increase in MIC values for
tetracycline and the p. of the ferred genes in the genetic
material from transconjugants. The transfer took place both in vitro and
in situ. It is worth noting, h , that the fer freq
food model was about one log unit lower than the filter mating mmsfer
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Table S1 Primers used in the study

Species/Gene Primer Primer sequence 5°-3’ Amplicon Annealing Reference
size (bp) temperature
Identification
L. paraplantarum paraF GTCACAGGCATTACGAAAAC 107 56°C Torriani et al., 2001
L. pentosus pentF CAGTGGCGCGGTTGATATC 218
L. plantarum planF CCGTTTATGCGGAACACCTA 318
pREV TCGGGATTACCAAACATCAC
L. lactis ssp. lactis LacF GTACTTGTACCGACTGGAT 217 45°C Pu et al., 2002
L. lactis ssp. cremoris CreF GTGCTTGCACCGATTTGAA 217
LaCreR GGGATCATCTTTGAGTGAT
Tetracyclines resistance genes
tetM tetM-F GTGGACAAAGGTACAACGAG 406 62°C Roberts, 1994
tetM-R CGGTAAAGTTCGTCACACAC
tetL tetL-F TGGTGGAATGATAGCCCATT 229
tetL-R CAGGAATGACAGCACGCTAA
tetK tetK-F TTATGGTGGTTGTAGCTAGAAA 348 55°C Gevers et al., 2003
tetK-R AAAGGGTTAGAAACTCTTGAAA
tetO tetO-F AATGTCAGAACTGGAACAGGAAGAA 84 60°C Florez et al., 2014
tetO-R CGTGATAAACGGGAAATAACGTT
tetS tetS-F CGAGGTCATTCTCATTGGTGAA 60
tetS-R CAGACACTGCGTCCATTTGTAAA
tetW tetW-F ACGGCAGCGCAAAGAGAA 69
tetW-R CGGGTCAGTATCCGCAAGTT
Macrolides resistance genes
ermA ermA-F TCTAAAAAGCATGTAAAAGAA 645 58°C Mtynarczyk et al., 2006
ermA-R TGATTATAATTATTTGATAGCTTC
ermB ermB-F GAAAAGGTACTCAACCAAATA 639
ermB-R CATTTGTTAAATTCATGGCAATGA
ermC ermC-F TCAAAACATAATATAGATAAA 642
ermC-R TAACTGCTAAATTTGTTATAATCG
msrA/B msrA/B-F GCAAATGGTGTAGGTAAGACAACT 399
msrA/B-R TAAAACAAATGTAGTGTACTA

p-lactams resistance genes
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blatem blarem-F AGTGCTGCCATAACCATGAGTG 431 61°C Kim et al., 2009
blatem-R CTGACTCCCCGTCGTGTAGATA

blaoxa blaoxa-F ATTATCTACAGCAGCGCCAGTG 296
blaoxa-R TGCATCCACGTCTTTGGTG

blasnv blasuv-F GATGAACGCTTTCCCATGATG 214
blasiv-R CGCTGTTATCGCTCATGGTAA

blactx-m blacrx-m-F GACAAAGAGAGTGCAACGGATG 501
blacrx-M-R TCAGTGCGATCCAGACGAAA

blaZ blaZ-F CAAAGATGATATAGTTGCTTATTCTC 400 50°C Kaase et al., 2008
blaZ-R TGCTTGACCACTTTTATCAGC

Aminoglycosides resistance genes

aac(6’)-le-aph(2”’)-1a Gentl-F CAGGAATTTATCGAAAATGGTAGAAAAG 369 58°C Padmasini et al., 2014
Gentl-R CACAATCGACTAAAGAGTACCAAT

aph(3”’)-Illa Aminol-F GGCTAAAATGAGAATATCACCGG 523
Aminol-R CTTTAAAAAATCATACAGCTCGCG

aph(2”’)-Ic Gent2-F ATACAATCCGTCGAGTCGCT 837 55°C Kobayashi et al., 2001
Gent2-R GTTGGCCTTATCCTCTTCCA

aac(6’)-1i Gent3-F TGGCCGGAAGAATATGGAGA 410
Gent3-R GCATTTGGTAAGACACCTACG

ant(6°)-1a Strepto-F CGGGAGAATGGGAGACTTTG 563
Strepto-R CTGTGGCTCCACAATCTGAT

Glycopeptides resistance genes

vanA A-F GGGAAAACGACAATTGC 723 54°C Dutka-Malen et al., 1995
A-R GTACAATGCGGCCGTTA

vanB B-F ATGGGAAGCCGATAGTC 635
B-R GATTTCGTTCCTCGACC

Chloramphenicol resistance genes

cat cat-F CATATCAAATGAACTTTAATA 718 52°C Goksel et al., 2016
cat-R CGTTTTGTGAAGTAGTACACT

Conjugative transposon Tn916/Tn1545

int int-F GCGTGATTGTATCTCACT 1046 50°C Macovei & Zurek, 2006
int-R GACGCTCCTGTTGCTTCT
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Table S2 Characteristic of all strains used in the study

. . . Application Antibiotic MICs .
Strain Identification ofpclL lture AMP CN _ C TE E DA K S VA Resistance genes
Strains from starter cultures
LAB-45 Lactobacillus helveticus Cheese 0.75 025 012 32 0.125 0.032 6 0.125 - tetO, aph(3')-1lla, aac(6')-le-aph(2'")-1a, cat
LAB-4 Lactobacillus paracasei 1.5 8 24 32 0.19 0.5 12 0.19 - aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-1a, cat
LAB-20 Lactobacillus paracasei 0.5 6 6 1.5 0.064  0.032 48 0.064 - cat
LAB-31 Lactobacillus paracasei 0.19 2 4 1 0.023 0.032 32 0.023 - tetM, tetW, aph(3')-1lla, aac(6')-le-aph(2")-1a
LAB-41 Lactobacillus paracasei 1 0.38 32 32 0.125  0.023 4 0.125 - tetW, aph(3')-1lla, aac(6')-Ie-aph(2")-1a, aac(6’)-1a, cat
LAB-72 Lactobacillus paracasei 0.38 0.75 12 32 0.25 0.5 8 0.25 - tetM, tetW, cat
LAB-22 Lactobacillus plantarum 3 1 6 32 0.19 0.047 16 0.19 - tetK, aph(3')-llla, aac(6')-le-aph(2")-1a
LAB-6 Lactobacillus sp. 0.125 0.75 12 16 0.25 0.75 12 0.25 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-1a, cat
LAB-71 Lactobacillus sp. 038 075 6 32 0.19 0.094 4 0.19 - aph(2’)-Ic
LAB-13 Lactococcus lactis ssp. cremoris 0.25 0.38 16 32 0.19 0.25 8 0.19 0.19 tetM, tetW, aph(3')-1lla, aac(6')-le-aph(2'")-1a, blaoxa, cat
LAB-15 Lactococcus lactis ssp. lactis 3 1 8 1.5 0.125  0.047 32 0.125 0.25 -
LAB-27 Lactococcus lactis ssp. lactis 0.094 2 24 32 0.125  0.38 16 0.125 32 aph(3')-1lla, aac(6')-le-aph(2")-1a, cat
LAB-44 Lactococcus lactis ssp. lactis 1.5 1 6 12 0.19 0.032 24 0.19 0.19 -
LAB-55 Lactococcus lactis ssp. lactis 0.25 0.38 12 48 0.094  0.25 8 0.094  0.25 tetW, aph(3')-1lla, cat
LAB-66 Lactococcus lactis ssp. lactis 0.5 0.75 12 48 0.125 0.5 6 0.125 0.094  cat
LAB-68 Lactococcus lactis ssp. lactis 3 1.5 16 24 0.125 0.023 24 0.125 0.19 -
LAB-9 Leuconostoc mesenteroides 0.38 0.5 24 16 0.125 0.5 8 0.125 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-1a
LAB-51 Streptococcus thermophilus 1.5 0.75 12 32 0.38 0.75 16 0.38 0.25 tetO, cat
LAB-60 Streptococcus thermophilus 1.5 075 2 16 0.094 0.016 8 0.094  0.125  tetO
LAB-8 Lactobacillus kefiri Kefir 0.125 0.19 025 0.19 0.125 0.75 0.19 0.125 - tetM, aph(3')-1lla, aac(6')-Ie-aph(2")-1a
LAB-1 Lactobacillus paraplantarum 0.5 0.75 8 12 0.19 0.5 6 0.19 - tetM, tetW, aph(3')-1lla, aac(6')-le-aph(2'")-1a, aac(6’)-1a,
LAB-3 Lactobacillus paraplantarum 0.25 0.5 8 32 0.25 0.75 6 0.25 - tetM, aph(3')-Illa, aac(6')-le-aph(2")-1a, aac(6’)-1a, cat
LAB-21 Lactobacillus paraplantarum 1.5 075 6 16 0.125  0.25 16 0.125 - tetl
LAB-38 Lactobacillus sp. 2 1 6 32 0.094  0.016 16 0.094 - tetO, tetW, aph(3')-1lla, aac(6')-le-aph(2")-1a
LAB-26b Lactococcus lactis ssp. cremoris 025 4 12 32 0.25 0.75 12 0.25 0.19 tetM, tetW, aph(3')-1lla, aac(6')-le-aph(2")-1a, blaZ, cat
LAB-16 Lactococcus lactis ssp. lactis 0.19 1 8 32 0.125  0.25 8 0.125 0.094  tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-la
LAB-26a Lactococcus lactis ssp. lactis 0.19 2 4 0.75 0.023  0.023 32 0.023 32 aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-1a
LAB-37 Lactococcus lactis ssp. lactis 3 075 6 24 0.125  0.023 16 0.125 0.19 tetM, aph(3')-1lla, aac(6')-le-aph(2")-la
LAB-39 Lactococcus lactis ssp. lactis 0.25 025 8 12 0.19 0.125 6 0.19 0.25 tetM, tetO, aph(3')-Illa, aac(6')-Ie-aph(2")-1a, aac(6’)-la
LAB-59 Lactococcus lactis ssp. lactis 3 1.5 8 24 0.094 0.023 32 0.094 0.125 -
LAB-43 Lactobacillus curvatus Meat 0.125 0.5 16 64 0.125  0.38 6 0.125 - tetM, tetO, aph(3')-Illa, aac(6')-le-aph(2")-1a, cat
LAB-11 Lactobacillus paraplantarum 0.25 0.38 32 >256  0.25 0.25 8 0.25 - tetM, aph(3')-Illa, aac(6')-le-aph(2")-1a, aph(2’)-Ic, cat
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LAB-12 Pediococcus pentosaceus 1.5 0.5 8 24 0.094  0.023 16 0.094 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, cat

LAB-33 Staphylococcus carnosus 1 0.38 8 24 0.125 0.016 6 0.125 32 tetM, tetO, tetW, aph(3')-1lla, aac(6')-Ie-aph(2")-1a
LAB-42 Lactobacillus delbrueckii Yoghurt 1.5 0.75 6 24 0.25 0.023 16 0.25 - msrA/B

LAB-58 Lactobacillus delbrueckii 2 0.75 12 24 0.19 0.38 12 0.19 - tetO, cat

LAB-50 Lactobacillus sp. 1 0.5 6 12 0.25 0.023 16 0.25 - tetS, aac(6’)-1a

LAB-63 Lactobacillus sp. 3 0.5 8 48 0.19 0.047 16 0.19 - blaz

LAB-64 Lactobacillus sp. 025 05 24 32 0.094 025 8 0.094 - cat

LAB-7 Lactococcus lactis ssp. lactis 1 1 16 16 0.19 1.5 12 0.19 0.125  cat

LAB-14 Lactococcus lactis ssp. lactis 0.19 0.19 12 48 0.125 1.5 12 0.125 0.19 tetK, aph(3')-1lla, aac(6')-1e-aph(2")-1a, cat

LAB-46a Lactococcus lactis ssp. lactis 0.5 0.75 12 16 0.19 0.38 12 0.19 0.094  tetO, tetW, cat

LAB-36 Streptococcus thermophilus 3 1 12 24 0.19 0.75 24 0.19 0.125  tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, cat

LAB-69 Streptococcus thermophilus 0.25 0.5 24 32 0.19 0.75 1 0.19 0.19 tetO, cat

Strains from protective cultures

LAB-28 Lactobacillus rhamnosus Dairy 0.125 0.75 8 32 0.32 0.19 8 0.32 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, aph(2’)-Ic, cat
LAB-46b Lactobacillus rhamnosus 038 2 4 1 0.047 0.125 3 0.047 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a

LAB-52 Lactococcus lactis ssp. lactis 0.19 075 12 16 0.19 0.5 8 0.19 0.25 tetW, aph(3')-1lla, cat

LAB-10 Lactobacillus sakei Meat 0.5 025 24 1.5 0.125 0.023 8 0.125 - tetM, aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6°)-1a, cat
LAB-18 Lactobacillus sakei 2 1 12 48 0.094  0.032 16 0.094 - tetM, tetL, aph(3')-1lla, aac(6')-le-aph(2")-1a, cat
LAB-47 Lactobacillus sp. 2 038 8 16 0.125  0.023 16 0.125 - tetW, cat

LAB-17 Pediococcus pentosaceus 3 1 12 24 0.125  0.023 24 0.125 - tetK, aph(3')-1lla, aac(6')-le-aph(2")-1a, cat

LAB-19 Pediococcus pentosaceus 0.19 8 4 1.5 0.094  0.094 48 0.094 - tetW

LAB-23 Pediococcus pentosaceus 3 0.5 4 16 0.125 0.023 16 0.125 - aph(3')-1lla

LAB-40 Pediococcus acidilactici 0.75 025 32 48 0.25 0.032 12 0.25 - tetM, tetO, tetW, aph(3')-1lla, aac(6')-le-aph(2")-1a, aac(6’)-1a,
LAB-48 Pediococcus acidilactici 2 0.75 6 24 0.094  0.016 16 0.094 - cat

LAB-49 Pediococcus acidilactici 1 1 16 64 0.19 0.032 32 0.19 - -

LAB-53 Pediococcus acidilactici 0.094 0.38 12 16 0.25 0.75 12 0.25 - tetW, aph(3')-1lla, cat

LAB-30 Staphylococcus xylosus 4 075 6 12 0.19 0.38 24 0.19 0.25 tetM, tetW, aph(3')-1lla, aac(6')-le-aph(2")-1a

Abbreviations: AMP — ampicillin, CN — gentamicin, C — chloramphenicol, TE — tetracycline, E — erythromycin, DA — clindamycin, K — kanamycin, S — streptomycin, VA - vancomycin
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ARTICLE INFO ABSTRACT

Keywords: This study analyzed the effect of food-related stresses on the ion of antibioti of starter and
Food-related stress protective strains and resistance gene transfer frequency. After exp to high-pr ing, acidic and
Aatibiotic resistance osmotic stress, the ion of genes i istance to aminoglycosides (am(6’)k~q:h{2’ )la and aph(3')-

Gene expression
Lactic acid bacteria
Starter cultures
Protective cultures

Illa) and/or tetracyclines (tetM) increased. After cold stress, a decrease in the expression level of all tested genes
was observed. The results obtained in the gene expxesslon analysis correlated with the results of the phenotype
pattems. After acidic and osmotic stresses, a in the fre of each gene transfer was
observed. To the best of the authors’ knowledge, this is the first study focuscd on changes in antibiotic resistance
associated with a stress response among starter and protective strains. The results suggest that the physico-
chemical factors prevailing dunng food pmdu:uon and storage may affect the phenotype of antibiotic resistance

and the level of ion of

genes among microorganisms. As a result, they can contribute

to the spread of antibiotic resistance. This points (o the need to verify strains used in the food industry for their

antibiotic resistance to prevent them from b a ir for

1. Introduction

Antibiotic resistance is currently one of the most important public
health issues. It has been shown that this problem may concern not only
pathogenic microorg; but also strains used on a large scale in the
food industry in the form of starter and protective cultures. In addition,
it has been shown that strains used in the food industry demonstrate the
capability of horizontal gene transfer and thus contribute to the spread
of resistance in the environment (Casado Munoz et al., 2016; Zarzecka
et al., 2020, 2022a).

An important aspect, which has not yet been addressed in scientific
research, is the influence of the food production and storage conditions
on the antibiotic resistance of strains used in starter or protective cul-
tures. These microorganisms face various environmental stresses during
food production. They may be associated with changes in the envmon—

-s

ic resistance genes.

of organic acids, or may result from food processing/preservation pro-
cesses. The most frequently mentioned are: low temperature during
refrigeration storage and the addition of NaCl. Currently, high-pressure
processing (HPP) is also mentioned. HPP is a promising new method of
non-thermal food preservation (Mbye et al., 2020; Ma et al, 2019).

In response to various stressful conditions, these microorganisms
have developed comprehensive strategies to prevent damage caused by
an unfavorable environment (Ma et al., 2020; Wu et al., 2013; H. Yang
etal., 2021). The studies conducted so far on the impact of food-related

tr on i indicate that the adaptation of microor-
ganisms to unftwomble conditions is usually associated with the in-
| of alarge ber of genes, sy is of stress resp p
and the development of cross-resistance to other types of stress. The
regulation of these responses is complex and closely related to metabolic
pathways. Other studies have confirmed that lactic acid bacteria show

ment during fermentation, e.g. a decrease in pH due to theac

many physiological and adaptive responses under unfavorable
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environmental conditions (Hussain et al., 2013). Typically, this adap-
tauon mka plnce asa buctennl cellular response to a stress factor by
T i The activation of these mechanisms
may mull in the selection of variants with increased tolerance or
resistance to other stress factors, including reduced semmvny to several
antibiotics, including antibiotics i in clinical (Al-Na
bulsi et al., 2015; Giacometti et al., 2021; McMahon et al., 2007; Komora
et al, 2017). It has also been reported that exposure to various stress
conditions may result in the mobilization of certain genetic elements
and thus to an increased frequency of gene transfer (Giacometti et al,
2021; \ml\on etal., 2007). All of these studies have only been performed
for path mic i 111ele are no studies on the link between
stxus P and among non-pathogenic micro-
organisms such as lactic acid bacteria. It is already known that the mi-
croorganisms included in starter and protective cultures can also canry a

ber of mobile genetic ek with antibiotic resistance genes. The
role of stress in triggering the mobilization of such elements has been
demonstrated, i.a., for the Lactobacillus crispatus strain (Stroman et al,
2003).

The aim of this study was to determine the effect of food-related
stresses on the expression of antibiotic resistance genes in strains
derived from commercial starter and protective cultures. The survival
rate and ch in the frequency of resi e gene transfer under the
influence of these factors were also assessed.

&

& &

TR

2. Material and methods
2.1. Strains

The study was carried out using eight strains derived from com-
mercial starters and protective strains selected from the collection
described previously (Zarzecka et al., 2022a). One of the strains came
from dairy protective culture, and seven from starter cultures used for
meat and dairy. Seven of the strains belong to the pr Lactobacillus

Food Microbiology 107 (2022) 104090
2.2. Stress treatment

Each of the eight tested strains was subjected to the following stress
factors: low pH, increased NaCl concentration, cold stress and high-
pressure treatment. The values of the stress factors used in the study
were selected on the basis of the available literature, which indicated
values of the intrinsic and technological factors most commeon in food as
well as on the basis of preliminary studies.

2.2.1. Acidic, osmotic and cold stress

The preliminary studies about acidic, osmotic and cold stresses were
determined based on the methods described previously (Zarzecka et al
2022b). The infl of ic stress was analyzed using the cul
in 5 mL of de Man, Rogosa and Sharpe (MRS) broth (Merck, Germany)
with the addition of NaCl in the range of 1-10%. To check tolerance to
acidic stress the culture was conducted in 5 mL of MRS broth with the pH
value in the range of 2.00-5.00. Incubation was provided for 48 h in
30 °C in anaerobic conditions. Effect of cold stress was tested in 5 mL of
MRS broth incubated for 48 h in 4 “C and 7 “C. Then, tenfold dilutions
were made for control and tested samples and the number of colony
forming units (CFU)/mL on MRS agar (Merck, Germany) was deter-
mined. According to the lit data, the ge pH of fer d
food is 4.0, the concentration of NaCl in food produced with the use of
industrial strains hes 4.0%, the of refrigerated food
storage is about 7.0 °C (Cabello-Olmo et al., 2020; Obande and Young,
2020; Oh and Jung, 2015; Sharma et al., 2020). Based on literature and
preliminary studies such values were selected for analysis.

Stress treatment was carried out in sterile Falcon tubes with 20 mL
MRS broth (Merck, Germany) to which the exponentially growing cell
cultures (ODsgg ~ 0.6) in amount of 250 pl was added. Then, to check
the effect of acid stress, lactic acid was added to 8 tubes to obtain a pH
value of 4.0 and incubated at 30 “C for 48 h anaerobically. To check the
effect of osmotic stress, NaCl was added to the next 8 tubes to obtain a

ation of 4.0% and incubated anaerobically at 30 °C for 48 h.

genus and one to the Lactococcus genus. The genus names of bacteria
have been updated in line with the new nomenclature (Zheng et al.,
2020). The characteristics of the strains selected for analysis are sum-
marized in Table 1. The criterion for selecting the strains used in this
study was to have at least one plasmid-encoded antibiotic resistance
gene particularly for tetracycline and lycosides with a simul
neous low Minimum Inhibitory Concentration (MIC) value for these
antibiotics. Each of the strains had low MICs for gentamicin, strepto-
mycin and kanamycin, and the two strains: LAB-8 and LAB-46b,
simultaneously had low MICs for tetracycline.

The sterility of adding lactic acid and NaCl was ensured by filtering the
additives on syringe filters and adding them to a sterile medium under a
laminar chamber. The pH of the substrate after the addition of lactic acid
was checked with a litmus paper. In order to check the effect of refrig-
eration, 8 tubes with inoculated medium were transferred to a refrig-
erator and stored at 7 °C for 48 h. In addition, a control samples were
prepared - inoculated MRS broth without additives, incubated under
optimal conditions. The assay was performed in triplicate on different
days (Fig. 1).

Table 1
Ch ic of strains analyzed in the study.
Strain Identification Origin Antibiotic MICs [pg/mL] Antibiotic resistance genes
AMP N c TE E DA K S VA
LAB- Lactobacillus helveticus Cheese staster 0.75 025 0.12 32 0125 0032 6 0.125 - tetO, aph(3')-1lla, aac(6' )-le-aph(2")-
45 culture Ia, cat
LAB- Latilactobacillus curvatus Meat starter 0.125 05 16 64 0125 0.38 6 0125 - tetM, tctO, aph(3')-11la, aac(6')-le-aph
43 culture (2" )a, cat
LAB- Lacticasebacdlus Cheese starter 1 038 32 32 0125 0.023 4 0125 - tetW, aph(3')-llla, aac(6' )-le-aph(2’)-
41 paracasei culture la, aae(6')-1a, cat
LAB-3 Lactiplantibacillus Kefir starter 0.25 05 8 32 025 0.75 6 0.25 - tetM, aph(3 )-1lla, aac(6')-le-aph(2")-
paraplantarum culture la, aac(6')-la, cat
LAB-1 Lactiplantibacillus Kefir starter 0.5 075 8 12 0.19 0.5 6 0.19 - tetM, tetW, aph(3')-1lla, aac(6')-Ie-aph
paraplantarum culture (2*)-1a, aac(6')-la, blagy
LAB-8 Lentilactobacillus kefiri Kefir starter 0125 019 025 019 0125 075 019 0125 - tetM, aph(3 )-ila, aac(6' )-le-aph(2”)-
culture la
LAB- Lacticaseibacillus Dairy protective 0.38 2 4 1 0047 0125 3 0.047 - tetM, aph(3 )-1lla, aac(6')-le-aph(2")-
46b rhamnosus culture Ia
LAB- Lactococcus lactis ssp. Kefir starter 0.25 025 8 12 019 0125 6 0.19 0.25  taM, tetO, aph(3 )} lla, aac(6')-le-aph
39 lactis culture (2" )-1a, aac(6')-la
Abbreviations: AMP — nmpmllm.m- C—chl h 1, TE - tetracycline, E — ery ycin, DA - klind: K-k ycin, S p cin, VA—
cin, o —
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8 strains x 3 replicates

20 mL of MRS broth

Acidic stress Osmotic stress

L Lactic acid to obtain L NaCl to concentration L No additive 10 L

4% => 48 h/30°C

pH = 4.0 2 48 W/30°C

Cold stress Control samples

Optimal growth
conditions = no

medium = 48 h/7°C additive to medium,
48 h30°C

Fig. 1. Flow chart describing the stress treatment procedure for acidic, osmotic and cold stresses.

2.2.2. High pressure processing

For the selection of pressure value, preliminary tests were carried out
in which pressures of 100, 200, 300, 400, 500 and 600 MPa were
checked. Each of these pressures was applied for 5 min. After pressuri-
zation, a series of ten-fold dilutions were made and the number of colony
forming units (CFU)/mL was determined on MRS agar for tested and
control samples. The analyzes were carried out simultaneously for each
of the pressure values, and they were performed in triplicate on different
day. Two pressure values were selected for the analysis, which signifi-
cantly lowered the ber of cells in relation to the previous value: 200
and 400 MPa.

The pressurization was carried out for 5 min in glycol-water solution
(1: 1, v/v) with the use of the high-pressure single-chamber U4040 (IWC
PAN, Warsaw, Poland, Unipress Equip Division). Temp was
kept at 20 + 3 deepxesmensemmwasaooMPa/mm,undthe
pressure relief time was less than 5 s. The procedure was subjected to
overnight cultures of isolates on MRS broth (Merck, Germany).

After the stress tr was leted, the samples were imme-
diately subjected to the next stages of the study.

2.3. Analysis of the survival of strains under the influence of food-related
stresses

2.3.1. Control sample preparation

Monocultures were inoculated into fresh MRS broth (Merck, Ger-
many) and incubated overnight at 37 “C to reach the mid-log phase
(OD~0.8). A 1 mL sample of each monoculture was subsequently
centrifuged at 10,000xg/10 min to recover bacterial cells. Cell pellets
were r ded in 1 mL of p ium phosphate buffer (50 mM, pH =
7) to get control cells and live cells. The populnuon of dead cells was
generated by resuspended pellets in 100% isopropanol for 30 min. Dead
cells were recovered by centrifugation at 10,000xg/10 min and washed
once in potassium phosphate buffer. Equal vol of live (i d),
and dead cells were mixed with Survey of Live/Dead® BacLight™
Bacterial Viability Kit (ThermoFischer Scientific, Waltham, Massachu-
setts, USA) according to manufacturer’s instructions and were used for
set up.

2.3.2. Stress assay preparation

A 1 mL sample of each Iture obtained after stress treatment
was subsequently centrifuged at 10,000xg for 10 min to recover bac-
terial cells. Cell pellets were resuspended m 1 mL of potassium phos-
phate buffer and ined with to fi
instructions.

urer's

2.3.3. Flow cytometer measurements

Analysis were performed on BD FACSLyric™ flow cytometer (Becton
Dickinson, San Jose, CA, USA) according to Habtewold et al. (2016). For
set up SYBR was excited by a 488 nm (50 mW) laser and Pl was excited
by a 561 nm (50 mW) laser. The voltages were set on both fluorescent
parameters so that the SYBR and Pl positive cells were both on scale and
above threshold. All parameters were displayed as height measurements
on a logarithmic scale. Thresholds were established using unstained cells
so that a minimal number of events were present at the threshold limits.
The comp ion was calculated using single stained fixed cells. Tubes
containing stained cells were vortexed for 20 s before acquisition on a
low flow rate (approximately 12 pL/min), and at least 20,000 events
were collected.

First, the forward and side scatter of cells was evaluated in a bivar-
iate dot plot. The population was gated by the relative value of the
forward and side scatter to eliminate debris. The gated population was
further divided according to SYBR emission (on the abscissa axis) and
the PI emission (on lhe ordinate axis) in a bivariate do( plot. An addi-
tional bivariate plot displaying bead fl ence against time allowed
the stability of the acquisition rate to be monitored so that any pertur-
bations that had the potential to affect the count calculations could be
identified and excluded. The ing calculations were performed ac-

cording to manufacturer’s instructions.

2.3.4. Plate count method

The survival of the strains was also checked by the plate method. For
this purpose, a series of ten-fold dilutions were made for each strain
before and after exposure to the stress factor and the number of colony
forming units (CFU)/mL was determined on MRS agar. The number of
colonies was counted after 48 h of anaerobic incubation at 30 “C.

phenotype

After the stress treatment, the MIC values were determined for four
antibiotics - gentamicin (CN), } ycin (KA), streptomycin (S) and
tetracycline (TE). The MIC values were determined as described previ-
ously (Zarzecka et al., 20221) using gradient strips (Liofilchem, Italy) on
Mueller-Hinton agar (Merck, Germany). The MIC value was read
following after 18 h of anaerobic incubation at 30 "C. Then, optimal
growth conditions were restored (the strains were cultured into media
with optimal composition and incubated under optimal conditions) and
the MIC values were rechecked to see if the changes would persist.

24. D

of antbiotc
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2.5. RNA extraction and reverse transcription into cDNA

Total RNA was extracted from bacterial cultures using Total RNA
Mini Plus kit (A&A Biotechnology, Poland). RNA extraction was con-
ducted in triplicate for each sample. Obtained RNA samples were puri-
ficated and concentrated using Clean-Up RNA Concentrator (A&A
Biotechnology, Poland). All of the samples were checked for their
integrity by loading 10 pl on a 1.2% agarose gel in 0.5% Tris-borate-
EDTA (TBE) buffer and running at 90V for 1 h and verified by visuali-
zuuon of the two bands (16S and 23S RNA) using dle system for the

and analysis of fl ly stained gels G-BOX F3
(Syngene, Cambridge, UK). RNA concentration was measured using
Spectiophotometer/Fluorometer DeNovix DS-11 FX (DeNovix Inc.,
Wilmington, USA), based on sample absorbances at wavelengths of 260
nm and 280 nm. All the RNA samples were immediately used for the
synthesis of first cDNA strand using Transcriba Kit (A&%A Biotechnology,
Poland) containing recombinant MMLV reverse transcriptase with low
RNAse H activity. Optimal DNA polymerase activity was at temperature
of 37-42 °C, template RNA was pr d with a 1 bi RNAse
inhibitor and random sequence hexamers were used as primers.

2.6. Gene expression analysis

Gene expression analysis was performed with three independent
qPCR reactions were for each replicate. Real-Time PCR reactions were
conducted using the RotorGene Q system (Qiagen, Germany).

To determine the expresion level of the aminoglycoside resistance
genes the gap gene ding glyceraldehyde-3-phosphate was selected
as the housekeeping gene. The qPCR rmcnons wele performed in a

| of 15 pl ining 7.5 pl of PowerUp SYBR Green MasterMix
(ThermoFischer Scientific, Waltham, Massachusetts, USA), 1.05 pl of
forward and reverse primer (10 pmol/ul) and 1-10 ng of template cDNA,
filled up with ddH,0 to a final volume. Cycling conditions were as fol-
lows: 50 “C for 2 min, 95 °C for 2 min and 40 cyclesof 155at95°C, 155
at60 °C and 60 s at 72 “C. The melting curve was constructed by heating
in a slow ramp between 60 and 95 “C in increments of 0.5 °C for 5 5.

To determine the expression level of the tetracycline resistance genes
the gene encoding the 165 IDNA was selected as the h keeping gene.
The qPCR reactions were performed in a volume of 10 pl containing 5 pl
of PowerUp SYBR Green MasterMix (ThermoFischer Scientific, Wal-
tham, Massachusetts, USA), 900 nM of each primer and 100 ng of
template ¢DNA, filled up with ddH,0 to a final volume. Cycling condi-
tions were as follows: 50 °C for 2 min, 95 “C for 10 min and 40 cycles of
15 sat 95 “C and 60 s at 60 “C. Then the melting curve was constructed
as described above.

Primer sequences for the gap gene and the aminoglycosides resis-
tance genes aac(6')le-aph(2')la and aph(3')-llla were obtained from
Jaimee and Halami (2017) and primers for the 16S IDNA and tetracy-

cline resistance gene tetM were obtained from Florez et al (2014)
(T'\ble ’il) All the oligonucleotide primers were synthesized by the
prise - G 1 (Gdﬂmit. Pulnnd)

Differences in gene exp were d using relative
qunnnﬁcnnon, in which relevant gene expression is normalized to a
keeping gene. Comp CT (2 **T) method was used for the
analysis of results (Livak and Schmittgen, 2001). A threshold was
determined by the software used for qPCR reactions. Obtained ratios
equal to or greater than 2.00 represented a significant increase in gene
expression, while ratios equal to or less than 0.50 represented a signif-
icant decrease in gene expression.

2.7. Anadlysis of horizontal gene transfer possibility

In order to check whether and how the frequency of resi gene

Food Microbiology 107 (2022) 104090

Plasmid-free Enterococcus faecalis JH2-2 (LMG, 19456) strain,
resistant to rifampicin (MIC >256 pg/mL) and fusidic acid (MIC >256
ug/mL) was the standard recipient in the experiments.

Transferability of antibiotic resistance genes by filter mating as well
as confirming the gene transfer and genotyping of transconjugants were
examined as described previously (Zaizecka et al., 20224). Incubation
was carried out anaerobically for 48 h at 30 °C. Three types of selective
media were used based on Brain Heart Infusion (BHI) broth (Merck,
Germany): T-BHI for transconjugants (with the addition of 100 pg/mL of
fusidic acid, 50 pg/mL of rifampicin and 10 pg/mL of tetracycline/1
pg/mL of gentamicin/1 pg/mL of k yein/1 pg/mL of streptomycin),
TD-BHI for donors (with the addition of 10 pg/mL of tetracycline/1
pg/mL of gentamicin/1 pg/mL of k in/1 pg/mL of streptomycin)
and B-BHI for recipients (with the addition of 100 pg/mL fusidic acid
and 50 pg/mL rifampicin).

2.8. Statistical analysis

Statistical analyses were performed using the Spearman correlation
test or/and the one-way ANOVA with Prism 9.3.1. (Prism, GraphPad
Software, San Diego). Statistical comparison of means was performed
using Student’s t-test. For all of the analyses, the significance level a =
0.05 was assumed.

3. Results
3.1. Survival analysis

An analysis of the survival of the strains in response to stress factors
was carried out using the flow cytometry and plate count methods. The
obtained results indicate that the tested strains had the highest survival
rate in the presence of a 4% NaCl concentration (above 90%). The lowest
survival rate was observed in response to a pressure of 400 MPa (less
than 509). It should also be noted that the results obtained with the
plate count method differ from the results obtained in the cytometric
analysis. Plate count analysis showed a higher percentage of strain
reduction in each of the stress factors (Table 2).

3.2. Changes in the antibiotic resistance phenotype

Based on an analysis of the results, it was observed that the treatment
with any of the factors did not cause a statistically significant change in
the resistance to streptomycin in any of the strains. Regarding resistance
to gentamicin and kanamyecin, a significant increase in MIC values was
observed after exposure to low pH and i d NaCl
e. from 0.5 pg/mL to 8 pg/mL), while exposure to low temperature and
high pressure caused a significant reduction in MIC values (from 0.5 pg/
mL to 0.125 pg/mL). Tetracycline resistance did not change after the
exposure to stress factor among the strains with an initial high MIC
value. In strains that initially showed a low MIC value for tetracycline,
the MIC value increased significantly after exposure to low pH, high
NaCl concentration and the high pressure (i.e. from 1 pg/mL to 8 pg/
mL). After exposure to low temperature, the MIC value decreased
significantly (i.e. from 1 pg/mL to 0.25 pg/mL) (Table 3).

1t should also be noted that these changes continued even after the
restoration of optimal conditions.

ration (i.

3.3. Changes in antibiotic resistance genes expression

’l'he effect of food-related stresses on the expression level of genes

i e to g icin: aac(6')-le-aph(2")-la, kanamycin:

aph(.’i) -Illa and tetmcydme tetM was analyzed. Relevant quantification
h llult the results of gene expramon conelnted wnh the mu,lts

transfer changed under the influence of stress factors, a donor pool was
prepared, which included the tested strains before the stress tre

1

d in the p pi The of
genes i | signiﬁcun(ly in response to Iow pH and

and the strains recovered after exposure to the stress factors.

increased NaCl concentration (relative gene expression level >2.00).
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Table 2
Results of survival analysis.
Strain pH = 4.0 4% NaCl Temp. 7°C 200 MPa 400 MPa
L D U L{%] D CFU L@ D CFU L@ D CFU L@ D CFU
(9] reduction - (%) reduction - (%] reduction - [%6) reduction - (%) reduction -
plate count plate count plate count plate count plate count
method method method method method
] %) (%] %] (%]
LAB-1 87.12 1288 1540 98.46 154 1043 9773 227 10.45 9749 251 11.94 3021 6979 7243
LAB-3 85.77 1423 1935 98.16 184 946 9542 458 1253 9746 254 1203 2471 7529 80.64
LAB-8 §9.37 1063 1534 98.03 197 1023 9590 410 1310 9650 350  13.85 4214 57.86 6834
LAB43 8521 1479 1880 95.67 433 1243 9738 262 1032 9566 434  13.89 1253 87.47  90.00
LAB-41  84.84 1516 2049 98.53 147 985 8758 12.42 2056 9561 439 1400 4387 5613 6432
LAB-45 88.06 1194 1848 98.66 134 1023 9677 323 1128 9056 9.44 1773 5099 49.01 5824
LAB46b  81.25 1875 2543 98.05 195 1042 9596 404 1267 9779 221  9.21 1340 8660 9345
LAB-39 8475 1525 2073 9255 745 1532 9654 346 1337 8852 11.48 2372 2106 7894 87.42
Abbreviations: L - live cells, D ~ dead cells, CFU - colony forming unit.
Table 3
Changes in MICs values after exposure to food-related stresses.
Strain LAB-45 LAB43 LAB-41 LAB-3 LAB-1 LAB-8 LAB-46b LAB-39
MIC for streptomycin [jig/mL] c 0.125* 0.125° 0.125° 0.25* 019" 0.125° 0.047* 019*
pH 4.0 0.19% 0.125° 0.125° 0.38* 0.25° 0.125° 0.032* 019"
4% NaCl 0.125% 0.19° 0.19* 0.25* 0.125* 0.19° 0.032* 0.125*
7c 0.125* 0.19* 0.125° 0.19* 019* 0.19* 0.047* 0.125*
200 MPa 0.19% 0.125° 0.19* 0.25* 019* 0.125° 0.064* 025"
400 MPa 0.125% 0.125% 0.125% 0.38* 0.125* 0.125% 0.047* 019
MIC for gentamicin [jig/mL] c 0.25* 0.5* 0.38* 0.5* 0.75* 0.19* z 0.25*
pH 4.0 15° 2" 1.5° 15° 2* 1.5° 6 1®
4% NaCl 8 6 4 8 6° 4 [ 6
7°C 0.094* 0.25° 0.19* 0.125* 0.38* 0.094° ? 0.094*
200 MPa 0.125* 0.125* 019" 0.19* 038* 0.064* 18 0.125°
400 MPa 0.128* 0.25° 0.125% 0.19* 0.38° 0.004° ? 0.094*
MIC for kanamycin [pg/mL] c 6 6* - 6 6* 0.19* 3 6
pH 4.0 32" 12° 32° 12° 12° 12° 48® 12°
4% NaCl 24" 8¢ 16° 12° 24° 8¢ 24° 12*
7°C 3 4 . 4 4 0.125° 3 1.5¢
200 MPa 15" 1 2 2 g¥ 0,094° 15 b
400 MPa 6 4 2 F g 3¢ 0.094* 15¢ 2
MIC for tetracycline [yg/mL) c 32 64 32° 32* 12 0.19° b 12*
pH 4.0 32 64* 32* 32* 12 6" 6° 12*
4% NaCl 32* 64* 32* 32* 12* 6" 8 12*
7°C 8" 24* 12° 12° 3* 0.094* 0.25¢ 12*
200 MPa 32 64* 32° 32° 12 8® [ 12*
400 MPa 32 64 32° 32* 12 6" 8 12}
Abbreviations: C - control sample - before stress treatment; ** - mean values in rows with different letters differ significantly at P < 0.05.
After cold and high-pressure t a d in expression was p to low temperature and high pressure, gene transfer did not

observed but, in the majority of cases, these changes were not significant
(relative gene expression level >0.5). The exceptions were the LAB-39
strain after exposure to cold stress and HPP, LAB-43 in response to a
pressure of 200 MPa, and LAB-3 and LAB-46b in response to a pressure
of 400 MPa. In these cases, the reduction in gene expression was sig-
nificant (relative gene expression level <0.5) (Fig. 2, Table 52).

For LAB-46b and LAB-8 strains the expression of tetM gene encoding
tetracycline resistance increased in response to each of the stress factors
except low temperature. After exposure to cold stress, gene expression
slightly decreased (Fig. 2, Table 52).

3.4. Changes in horizontal gene transfer frequency

occur at all. After exposure to low pH and increased concentration of
NaCl, gene transfer of gentamicin resistance was observed, which was
not observed in the control sample, or after e to low
and high pressure.

Regarding tetracycline resistance gene transfer, an increased fre-
quency of gene transfer was observed after exposure to low pH and
increased NaCl concentration. Gene transfer frequency in the control
sample ranged from 3.96 x 10 ° to 7.75 x 10 °. After osmotic stress
treatment, the gene transfer frequency ranged from 7.23 x 10 °t0 9.78
% 105 and after acidic stress treatment it ranged from 7.04 x 10 ° to
8.89 x 10 °. After exposure to high pressures, the transfer frequency
was comparable to that in the control sample. Moreover, no gene
transfer was observed after exp to low temp (Table 4).

MIC values for the transconjugants ranged from 1 to 8 pg/mlL for

P )

As aresult of the analysis of the frequency of resi: e gene fe
before and after exposure to stress factors, it was found that the fre-
quency of k in e gene d significantly

after exposure to low pH and increased NaCl concentration compared to
the control sample. Gene transfer frequency in the |

ranged from 2.32 x 10 ° t0 7.23 x 10 °. After osmotic stress treatment,
gene frequency ranged from5.87 x 10 ®to 1.58 x 10 ®and after acidic
stress treatment, it ranged from 5.45 x 10°° to 9.32 x 10 °. After

from 1 to 12 pg/mL for kanamyein and from 1.5 to 32 pg/
mL for tetracycline. These MIC values were lower or equal to MICs
determined for the donors.

Similar recipient and transc profiles were revealed which
might suggest that the was not acquired by a ion in the
donor genome, which confirms the clonal nature of the transconjugants
(Figs. S1-83).
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the integrity of the bacterial membrane (Gandhi and Shah, 2015). A
comparison of the survival results obtained in the plate and flow
cytometry methods shows that in a plate count analysis a higher per-
centage of strain reduction under the influence of stress was obtained. In
the food industry, the standard plate method is still widely used for rapid
microbiological analyses. However, the number of colony-forming units
depends on many different parameters such as culture conditions, the
physiological state of the bacteria, and sub-lethal damage. While both
methods are only used to estimate the actual number of bacteria, fewer
factors influence the results obtained in flow cytometry (Bonomo et al.,
2013).

There are currently no studies available on the effect of food-related
stresses on antibiotic resistance among LAB. For this reason, it is difficult
to compare the results obtained in this study to other studies. There are
also only a few studies analyzing this issue among other Gram-positive
bacteria (and only pathogens, such as Listeria monocytogenes or Staphy-
lococcus aureus). More research concerns general stress response, indi-
cating increased expression of stress-related proteins (Al-Nabulsi et al.,
2015; Komora et al., 2017; Ma et al., 2019).

Acidic stress caused by lactic acid is a type of stress self-imposed by
the LAB due to their metabolic properties. Lactic acid, the major
metabolite of LAB, as well as other organic acids produced by LAB, e.g.
formic acid and acetic acid accumulate during sugar fermentation and
cause acidic stress (Guan and Liu, 2019; Ferreira and Mendes-Faia,
2020). It has been reported that among lactic acid bacteria organic
acids dissociates in the cytoplasm, although LAB are equipped with
mechanisms that allow them to survive in fermented foods that have a
final pH of around 4.0 (Koponen et al., 201 2). Microorganisms can adapt
to acidic stress by synthesizing outer proteins, like proton
translocating ATPase, which helps stabilize the internal pH of the cell.
The permeability and fluidity of the cell membrane might also be
changed (Pérez Montoro et al., 2018; Chen et al., 2017; Heunis et al.,
2014). These changes simultaneously might have a direct impact on the
inflow and outflow of antibiotics through the cell membrane and thus on
the antibiotic sensitivity of the microorganism (Giacometti et al., 2021).
In this study it was shown that at a lower pH, the expression of genes
encoding resistance to gentamicin, kanamycin and tetracycline
increased. Several publications have investigated the possible relation-
ship between antibiotic resistance and tolerance to the acidity of the
envi Al-Nabulsi et al. (2015) reported that strains isolated from

Fig. 2. Changes in the relative expression level of the ibioti i e
genes in response to food-related stresses Abbreviation: C - control sample
(before stress treatment).

4. Discussion

Food production and ge are iated with changes in envi-
ronmental conditions, which may be a stress factor for food-related
microorganisms, such as lactic acid bacteria (LAB) included in starter
and protective cultures. The most common stress factors that microor-
ganisms deal with in the food chain include cold, acidity, NaCl and high
pressure. Their ability to survive under adverse conditions depends on
the individual characteristics of bacteria. In stressful conditions, LAB
activates mechanisms that allow them to adapt to new conditions, which
may affect their viability and technological properties. The ability to
adapt to various stressful conditions can also originate from cross-
protection systems. LAB are very valuable for the food industry, so it
is important to thoroughly understand their stress response mechanisms
(Bucka-Kolendo and Sokolowska, 2017; Song et al., 2014).

The tested strains had high survival ability against the stress factors
used in this study. The obtained results have been confirmed by other
researchers (Gandhi and Shah 2016; Hernandez et al., 2019). The
viability of the bacteria in a stressful environment is crucial for the
functioning of the bacteria in dairy produects, especially those containing
high levels of salt, high acidity or low humidity. The reduced number of
viable bacteria with increased stress exposure is likely due to damage to

fermented dairy and meat products exhibited higher susceptibility to
such antibiotics as streptomycin, g in, in and doxycy-
cline compared to unstressed strains, however, they were more resistant
to tetracycline, amoxicillin, ampicillin, vancomycin and ciprofloxacin.
Thus, the cross-protection effect linking acid stress with antibiotic
resistance does not apply to all antibiotics (Wu et al,, 2021). Similar
results were obtained by Ma et al. (2019) and Komora et al. (2017) who
found a correlation between the level of tolerance to the acidity of the
environment and the level of susceptibility to antibiotics among
Gram-positive microorganisms.

The addition of NaCl is one of the oldest methods of food preserva-
tion. Salt is also added to provide the food with the desired taste char-
acteristics. In the production of certain types of fermented foods, an
addition of salt promotes the fermentation process, as LAB have a higher
salt tolerance compared to other bacteria such as pathogenic and food
spoilage microorganisms (Fessard and Remize, 2019; Yao et al., 2020).
This action makes salt a common preservative in a variety of foods,
including fermented foods such as salami and cheese (Ho et al., 2016).
During the processing of certain cheeses, salt can be present in con-
centrations as high as 4.0%, which can suddenly increase osmolality and
reduce cell viability (Oh and Jung, 2015). The addition of NaCl disrupts
the osmotic balance between the extracellular environment and the
cytoplasm, exerting osmotic pressure on bacterial cells (Buigess et al |
2016). To tolerate such changes, during growth in high osmolality, LAB
adjust their intracellular lality to in the turgor pressure and
activate mechanisms preventing cell death. Moreover, it has been
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Table 4
Resistance genes transfer before and after exposure to food-related stresses.
Transfer Rate TC/R Transferred resistance ~ MIC value of TCs [ug/  Genotype of donor MIC value of D [pg/mL]
genes ml)
S CN K TE § CN K TE s CN K TE
LaB- ¢ - - 607 x - aph(3)-llla - - - tetO, aph(3 )-lla, aac(6 )-le- 0125 025 6 32
45 10° aph(2°)-la, cat
pH - 613 x 9.32 » £ aph(3 )-llla, aac(6')- . 4§ 12; =
4.0 10° 10°° le-aph(2° )-la
4% - 676x 19x - aph(3 )-Ifla, aac(6')- - 6 6 -
Nacl 10° 108 Ie-aph(2° >-la
7°C S = = = B O
200 - - - - - - = - =
MPa
400 o 2 = = 2 =~ o
MPa
LAB- € = & 232x  653x  aph(3)-llla, tetM - = 6 32 tetM, tetO, aph(3 )-Illa, aac 0125 05 6 64
43 10° 108 (6')-le-aph(2")-la, cat
pH - 910x 643x 826  aph(3)-llla, acc(6')- - 15 8 24
4.0 107 10° 10° le-aph(2” )-la, tet\
4% - 890 x 9.73 x 9.32 x aph(3)-llla, aac(6')- - 4 8 24
Nadl 107 10° 108 le-aph(2” )-la, tetM
7°Cc - - - - - - - - =
200 - - - 671 x  tetM - - - 24
MPa 108
400 S = 679 %  tetM S - 24
MPa 10
LAB-  C - = 453 %« - aph(3 )-1lla - - 3 -~ tetW, aph(3)-llla, aac(6')-Te- 0125 038 4 32
41 10° aph(2°)-la, aac(6')-la, cat
pH - 643x 802x - aph(3)-Illa, aac(6')- - 15 12 -
4.0 10°° 10°° Ie-aph(2’ )-la
4% - 5.03x 1.58 x - aph(3)-lila, aac(6')- - 4 12 =
Nadl 10°¢ 108 le-aph(2* )-la
7°C - - - - - - - - -
200 - = - - - - = - =
MPa
400 - - - - - - - - -
MPa
LaB3 € = 398« 6.62x  aph(3)-llla, tetM _ 4 24 tetM, aph(3)-llla, aac(6' )Hle- 025 05 6 32
10° 10°% aph(2*)-la, aac(6' )-la, cat
pH - 5.86 x 8.02 x 7.04 x aph(3)-llla, aac(6')- - 1 6 32
4.0 107 10 10°® Te-aph(2”)-la, tetM
4% - 575x 987 x  723x  aph(3)-llla, aac(6')- - 8 6 24
Nadl 107 10° 10°° le-aph(2° )-la, tetM
7RG i = = : = = s &
200 S i 649«  tetM - & a2
MPa 108
400 - = - 6.55x  tetM - - - 82
MPa 10°%
LaB1 € L 430 x  775%  aph(3)-llla, teth = 3 6 tetM, tetW, aph(3')-llla, aac 019 075 6 12
10°° 10° (6 )-le-aph(2")-la, aac(6')-la,
pH - 449x 545x  B50x  aph(3)-llla, aac(6')- - 15 4 12 blaox
4.0 10° 10° 108 le-aph(2” )-la, tetM
4% - 5.08x 587 x 876x  aph(3)-llla, acc(6')- = 8 4 6
Nacl 10°° 10°° 10°° Ie-aph(2* )-la, tetM
7°C = = = pe - —_ = =
200 - - - 7.50 x  tetM - - -~ 4
MPa 10
400 oy 8 = 7.87 x  tetM s SN
MPa 108
LaB8 € - 436« 3.96%  tetM - = 1 15 tetM, aph(3)-llla, aac(6 )-le- 0125 019 019 019
10°° 10°% aph(2*)-la
pH - 532x 963x B10x  aph(¥)-llla, aac(6')- = q 6 4
4.0 10° 10°¢ 108 le-aph(2” )-la, tet\
4% - 576x 145x  978x  aph(3)-lla, aac(6')- -, A 4 4
Nadl 10° 108 108 Ie-aph(2” )-1a, tetM
7°C = = = E == = &
200 - - - 375 tetM - - - 4
MPa 107
400 ), & = 359 % tetM = - 6
MPa 10°
LAB-  C - - 619 x 517 x  aph(3)-lla, tetM - - 2 15  tetM, aph(3)-llla, age(6 ) 0047 2 3 1
46b 10 108 aph(2°)-la
pH - 793x 997x 889x  aph(3)-llla, aac(6')- - 4 12 4
4.0 10° 10° 108 le-aph(2* )-la, tetM
4% -~ 803x 136x 897x  aph(3)-llia, aac(6')- - 4 12 6
Nadl 10° 10% 108 le-aph(2° )-la, tetM
(continued on next page)
7
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Table 4 (continued )
Transfer Rate TC/R Transferred resistance  MIC value of TCs (yg/  Genotype of donor MIC value of D (ug/mL)
genes mlL]
s CN K TE S CN K TE s cN K TE

7°C - - - - - - - - -

200 - = - 497 x  tetM = = - 4

MPa 10°

400 - - - 512x  tetM = = =

MPa 108

LAB- € - = 723 x  503x  aph(3)-llla, tetO - 4 6 tetM, tetO, aph(3 )llla, aac 019 025 6 12
39 10°° 10°% (6')-le-aph(2")-la, aac(6')-la

pH - 438x B879x 849x  aph(@)-llla, aac(6’)- - 15 8 8

4.0 10° 10° 10°% le-aph(2°)-la, tetO

4% - 497 x  102x 897 x  aph(3)-lla, aac(6')- - 4 8 6

Nadl 10° 0% 10°® Ie-aph(2”)-Ia, tetO

7¢ - = - - - - = - =

200 - = - 500 x  tetO - = - 8

MPa 10°°

400 oo = 598«  tetO 25 2 - 6

MPa 10°

Abbreviations: C - control, § — P cin, CN - K- TE - tetracycline, D - donors, TC - R- “." — not checked.

reported that Lb. acidophilus and Lb. casei produce protective molecul,

h

1ges in p (Gayan et al, 2017). In response to high pressure,

such as DnaK and HtrS operon proteins, which protect the cells from
salt-induced injuries (Mbye et al., 2020). In t.he present study, an in-
crease in the exp of genes to kanamycin,
gentamicin and tetracycline was observed nfter exposure to increased
NaCl concentration. Several studies have reported an association be-
tween osmotic stress and antibiotic reusmnce nllhough they were
fi d only on path hanges in anti-
biotic resistance mmnly affected nmpxulhn tetmcychne vancomycin
and chloramphenicol (Komora et al., 2017; Ma et al,, 2019).

Bacteria encounter cold stress during refrigerated food storage, for
either ripening (e.g. cheeses) or safety (e.g. yogurt) (Liao et al., 2020).
The physiological stress caused by lowering the temperature is man-
ifested by reducing the fluidity of the membrane and changing DNA and
RNA supercoiling. At low temperatures, cellular components and en-
zymes become rigid and highly concentrated (Louesdon et al, 2015;
Mbye et al., 2020). Food fer ion is often 1 at a relative low
temperature (0-10 °C), where cold-resistant LAB strains surviving cold
stress conditions are present. Over the past few decades, many studies
have been carried out on the mech of cold in patho-
genic bacteria such as L. monocytogenes and S. aureus, as they can survive
in cold storage and pose a food safety hazard while only a few studies
have focused on LAB. Cold-resistant LAB are known to adapt to cold
environments, keeping cells viable and producing more lactic acid
which improves the taste of the product and its properties (Chen et al,
2017; Liu et al., 2020). In the current study, decreased gene expression
and MIC values were observed for gentamicin, kanamycin and tetracy-
cline. There are currently no studies available analyzing the effect of
cold stress on the antibiotic resistance of bacteria.

High-pressure processing is considered one of the most promising
new methods of non- -thermal preservation of food Due to hlgh pressure,

mic

LAB can produce more unsaturated fatty acids, increase the fluidity of
the cell membrane and produce more polysaccharides (Bucka Kolendo
et al., 2020; D. Yang et al, 2021). According to the literature,
high-pressure processing might be able to effectively inactivate
L. plantarum in different matrixes such as beer, milk, phosphate buffer
and citrate buffer, achieving 5-log reductions at values of 400-500 MPa
applied for 30 s to several minutes (Carreno et al., 2011; Putnik et al.,
2020). Ina study by Castio et al. (2015), exposure to high pressure hasa
slgmﬁcant effect on dle vmblhty of microorganisms, probably due to the
or injuries inside the cell. In the current study,
changa in the tetracycline resistance gene expression were observed.
There are currently few studies on the effects of HPP on changes in
antibiotic resistance. The authors’ pilot studies showed that
high i d the of the tetM gene in
foodbome ememcoccx but in a study by Tabanelli et al (2013) HPP
treatment did not modify the antibiotic resistance of lactic acid bacteria.
In the present study, it was observed that after exposure to low pH
and high NaCl concentration, the transfer rate of genes encoding resis-
tance to gentamicin, kanamycin and tetracycline increased. The ob-
tained results are reflected in the literature data, according to which
environmental stresses during food production and storage can affect
the rate of gene transfer and the number of plasmid copies in bacterial
cells. The horizontal transfer of antibiotic resistance plasmids can be
promoted by food preservation stresses such as high or low temperature,
high NaCl concentration and low pH, although the mechanisms are as
yet unknown (Mahon et al., 2007; McMahon et al., 2007; Klu et al.,
2012; Obolski and Hadany, 2012; Polit et al, 2018) Stress can also
contribute to develop g the spread of resis-
tance genes. A variety of stressors, mdudmg antibiotics, induce
competence in Gram-positive bacteria, promoting the acquisition of

Yl

it is possible to eli hogens and sp while
mm.ntammg the sensory and functional pmpema of lhe product (Li
et al., 2020). Therefore, they are more often used to preserve food ob-

resi genes. Antibiotics that target DNA replication have been
shown to increase the copy number of genes at or near the replication
origin, including genes for competence, thereby increasing trans-

tained using starter or protective cultures. High-p epr ig can
stop or inhibit LAB growth by inactivating specific enzymes when
biochemical reactions are altered (Modugno et al., 2018). LAB respond
to HPP stress with various i ity, although d pressure value
does not break covalent bonds in mostoflhem. The LAB response to HPP
is more difficult to identify b the HPP resp Y are very
similar to the response o other stress factors, potentially due to the

of cross-p y (Liu et al, 2018). Current research
mtotheLAB p to stress i d by high pi focuses on
changes in the structure, metabolism, growth and viability of cells. High
pressure can affect the bacterial proteome and induce conformational

A

fe and the potential for resistance gene acquisition (Slager et al.,
2014).

This study may lead to a deeper g of the resp of
lactic acid bacteria to food-related stresses in relation to antibiotic
resi This is thy, as it may be suggested that environ-
mental conditions during food production and/or storage may
contribute changes in the expression and ding i ity of the
resistance genes. Based on the ob(nmed rmlts it can be suggested that
there is a need forfunherraeardlmthuamatomesschmgsmcejls
during factors influenci pending on the resis-
tance mechanisms. Ouxre:tly there is no extensive dlscmsmn in the

Kl

ic
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literature on this topic, so it is important to understand in depth the
hanisms that may infl the results obtained, which is important
in the context of food processing and antibiotic resistance.

5. Conclusions

Food Microbiology 107 (2022) 104090
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786-795. https://doi.org/10.1111 fjam. 12271,

Bucka-Kolendo, J., Sokolowska, B., 2017. Lactic acid bacteria stress response to

Food Microbiol. 46, 154-160.

P pr in the beverage and juice industry. Acta Biochim. Pol. 64 (3),
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phenotype. Moreover, stress factors influenced the frequency of gene
transfer. These results confirm the necessity to analyze the strains used
in the form of starter and protective cultures for the presence of anti-
biotic resistance. There is a large knowledge gap ding ch in
antibiotic resi in to

1 alterations that are
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Table S1 Primers used in qPCR reactions

Gene Sequence of primers 5°-3’ Amplicon size (bp) Annealing temperature References
gap F: GCAGGAGCAGAGATAACCACA 152 60°C Jaimee and Halami
R: TGTCTACGCAGAACCAGATGC (2017)
aac(6’)Ie-aph(2”’)la F: GCCAGAACATGAATTACACG 170
R: GCCACACTATCATAACCACTAC
aph(3’)-Illa F: CGTCCTTTGCTCGGAAGAGTATG 92
R: CGATGGAGTGAAAGAGCCTGATG
16S rDNA F: CGGCAACGAGCGCAACCC 130 Flérez et al. (2014)
R: CCATTGTAGCACGTGTGTAGCC
tetM F: CAGAATTAGGAAGCGTGGACAA 67

R: CCTCTCTGACGTTCTAAAAGCGTAT
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Table S2 Results of qPCR analysis — raw data

Strain Crvalues*+SD 2-AACT Crvalues*+SD 2-AACT
gap aph(3’)-Illa  aac(6’)Ie-aph(2’’)]la aph(3’)-Illa  aac(6’)Ie-aph(2’’)Ia 16S rDNA  tetM tetM
Osmotic stress treatment
LAB-45 C 26.313+0.12 27.040+0.08  29.770+0.09 1.000? 1.000? n.a
4% NaCl 26.323+0.10 25.033£0.05  28.070+0.05 4.046° 3.272b
LAB-41 C 25.500+£0.06 26.227+0.12  29.530+0.11 1.0002 1.000?
4% NaCl 25.590+0.15 24.023+0.11  27.130+0.20 4.902b 5.618°
LAB-43 C 24.647+£0.05 25.017+0.13  26.003%0.17 1.000? 1.000?
4% NaCl 23.787+0.08 22.037+0.04  22.480+0.09 4.347° 6.335%
LAB-39 C 25.470+0.12 25.693+0.06  28.753+0.07 1.000? 1.000?
4% NaCl 25.580+0.11 24.050+0.09  26.663+0.11 3.371° 4.595b
LAB-3 C 25.533+0.08 26.113+0.12  27.087+0.12 1.000? 1.000?
4% NaCl 25.137+0.07 23.547+0.14  24.657+0.10 4.500° 4.093b
LAB-46b C 25.397+0.11 26.110+£0.08 27.8574+0.09 1.000? 1.000? 11.797+0.12 16.997+0.10 1.000*
4% NaCl 26.000+£0.11 25.033+0.08  26.257+0.08 3.204° 4.605° 10.783+0.10 13.483+0.11 5.657°
LAB-8 C 25.250+0.07 25.563+0.04  19.983+0.12 1.000? 1.000? 28.590+0.07 30.360+0.12 1.000?
4% NaCl 24.967+0.12 23.060+0.12  17.240+0.14 4.659° 5.502b 30.347+0.09 30.89+0.13  2.340°
LAB-1 C 25.370+0.20 25.650+0.21  30.963+0.05 1.000? 1.000? n.a.
4% NaCl 24.727+0.18 23.120+0.04  28.370+0.06 3.698P 3.864°
Acidic stress treatment
LAB-45 C 26.313+0.12 27.040+0.10  29.770+0.04 1.000? 1.000? n.a
pH 4.0 27.130+0.09 26.143+0.12  29.230+0.06 3.279° 2.561°
LAB-41 C 25.500+£0.12 26.227+0.05  29.530+0.11 1.000? 1.000?
pH 4.0 25.407+£0.05 24.720£0.07  27.533%£0.04 2.664° 3.741°
LAB-43 C 24.647+£0.14 25.017+£0.08  26.003+0.11 1.000? 1.000?
pH 4.0 25.030+£0.10 24.093+0.06  24.910+0.10 2.4745 2.783b
LAB-39 C 25.470+£0.07 25.693+0.12  28.753+0.17 1.000? 1.000?
pH 4.0 24.867+0.06 23.680+0.10  26.677+0.18 2.657° 2.777°
LAB-3 C 25.533+0.03 26.113+0.03  27.087+0.04 1.000? 1.000?
pH 4.0 24.690+£0.06 24.147+0.06  25.017+0.06 2.178b 2.340°
LAB-46b C 25.397+0.10 26.110+0.11 27.857+0.07 1.000? 1.000? 11.797+0.10 16.997+0.05 1.000?
pH 4.0 25.757¢0.11 25.137+0.13  26.130+0.10 2.520° 4.248b 12.123+£0.11 16.030+0.06 2.451°
LAB-8 C 25.250+0.20 25.563+0.15 19.983+0.17 1.000? 1.000? 28.590+0.13 30.360+0.10 1.000*
pH 4.0 25.010+0.04 23.073+0.18 18.037+0.16 4.757° 3.264° 29.300+0.14 28.823+0.18 4.746°
LAB-1 C 25.370+0.05 25.650+0.03  30.963+0.06 1.0002 1.0002 n.a.
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pH 4.0 25.443+0.07 23.603+0.06  29.413+0.05 4.347° 3.081°
Cold stress treatment
LAB-45 C 26.313£0.06 27.040+0.14  29.770+0.13 1.000? 1.000* n.a
7°C 24.713+0.07 26.297+0.06  29.017+0.05 0.552% 0.556*
LAB-41 C 25.500+£0.13 26.227+0.07  29.530+0.19 1.000? 1.000?
7°C 24.587+0.16 25.583+0.06  29.507+0.23 0.829% 0.540?
LAB-43 C 24.647+£0.08 25.017+0.12  26.003+0.10 1.000? 1.000*
7°C 25.223+0.03 25.890+0.13  26.847+0.05 0.814* 0.831%
LAB-39 C 25.470+0.21 25.693+0.19  28.753%0.07 1.000? 1.000?
7°C 24.570+0.02 26.100+0.07  28.933+0.07 0.404° 0.473°
LAB-3 C 25.533+0.16 26.113+0.09  27.087+0.10 1.000* 1.000*
7°C 24.647£0.06 25.717+0.13  27.080+0.16 0.712% 0.543¢%
LAB-46b C 25.39740.07 26.110+0.05  27.857+0.05 1.000? 1.000? 11.797+0.19 16.997+0.07 1.000*
7°C 25.237+0.08 25.967+0.07  28.233+0.06 0.989* 0.689* 11.757+0.08 17.170+0.09 0.863*
LAB-8 C 25.250+0.15 25.563+0.10  19.983+0.08 1.000* 1.000* 28.590+0.09 30.360+0.10 1.000*
7°C 24.827+0.08 25.297+0.06  20.207+0.04 0.897% 0.639° 29.323£0.06 31.950+0.13 0.552*
LAB-1 C 25.370+0.05 25.650+0.06  30.963+0.10 1.000* 1.000* n.a.
7°C 23.920+0.13 24.793+0.14  30.050+0.17 0.663* 0.689*
High pressure stress treatment
LAB-45 C 26.313+0.12 27.040+0.09  29.770+0.05 1.000* 1.000* n.a
200 MPa 26.213+0.10 27.450+0.02  30.550+0.10 0.7022 0.5432
400 MPa 26.243+£0.19 27.047+£0.06  30.357+0.07 0.948° 0.634*
LAB-41 C 25.500+£0.12 26.227+0.12  29.530+0.12 1.000* 1.000?
200 MPa 25.513+0.19 26.780+0.11  30.160+0.19 0.688* 0.652°
400 MPa 24.487+0.09 26.110+0.08  29.907+0.05 0.537% 0.382°
LAB-43 C 24.647£0.10 25.017+0.04  26.003+0.18 1.000? 1.000?
200 MPa 22.780+0.09 25.017+0.10  24.933+0.13 0.274° 0.576*
400 MPa 24.313+0.05 24.847+0.12  26.023+0.13 0.8932 0.7832
LAB-39 C 25.470+£0.12 25.693+0.13  28.753+0.15 1.000? 1.000?
200 MPa 24.873+0.11 25.873+0.06  30.060+0.05 0.584* 0.267°
400 MPa 25.760+0.10 26.910+0.14  30.540+0.19 0.526* 0.354°
LAB-3 C 25.533+0.12 26.113+0.19  27.087+0.09 1.000? 1.000?
200 MPa 24.263+0.08 25.673+0.17  27.407+0.09 0.563% 0.332°
400 MPa 25.037+£0.14 25.913+0.15  26.970+0.10 0.814* 0.768*
LAB-46b C 25.397+0.19 26,110+0.19  27.857+0.17 1.000? 1.000? 11.797+£0.05 16.997+0.13 1.000*
200 MPa 24.933+£0.06 26.373+0.10  29.713+0.04 0.6042 0.200° 10.437+0.09 13.213+0.12 5.364°
400 MPa 25.543+0.08 26.967+0.05  28.817+0.06 0.611* 0.569* 10.343+0.10 13.077+0.10 5.528°
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LAB-8 C
200 MPa
400 MPa
LAB-1 C
200 MPa
400 MPa

25.250+0.08
24.373+0.10
24.400+0.14
25.370+0.19
25.070+0.19
25.277£0.10

25.563+0.07
25.570+0.06
25.333+0.07
25.650+0.05
25.840+0.09
25.767+0.10

19.983+0.06
19.883+0.04
19.817+0.19
30.963+0.10
30.897+0.10
30.890+0.04

1.000*
0.542%
0.651%
1.000*
0.712%
0.865°

1.000*
0.584%
0.623%
1.000*
0.851%
0.986"

28.590+0.11 30.360+0.19 1.000*
30.020+0.06 29.957+0.19 3.564°
29.945+0.04 29.537+0.10 4.526°
n.a.

* _ The reported Cr value is the mean of values obtained from all independent reactions; “n.a.” - non analyzed; ,,C,, — control sample - before stress treatment; *° - mean
values in rows with different letters differ significantly at P<0.05
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i) i 20 30 40 50 (=] Fii] &0 =] 100
. Gentamicin MIC
Strain Transfer frequency [ng/mi]
TC-LAB-45 {NaCT) 6. Tox10* &
TC-LAB-45 (pH) 6.13x10* -1
TC-LAB-38 (pH) 4.38x10° L5
TC-LAB-3% (NaCly 489710 4
TC-LAB-1 (NaCT) 5.03x104 &
TC-LAE-1 (pH) 44810 L5
TC-LAB-43 (pH) o 10x107 1.3
il TC-LAB-43 {NaCT) B.o0m10’ 4
TC-LAB-41 {pH) 6.43x10+ 1.5
TC-LAB-41 (NaCT)  5.03x10% 1
—|: TC-LAB-46b (NaCl)  B.03x10° 1
TC-LAB-46b (pH) 7.83x10% 4
TC-LAB-8 (NaCl) 5. 76m10% 1
TC-LAB-S (pH) 5.32x10* 1

L ey e 1

TC-LAB-3 {(NaCT) 5.75x107 B

E. faecalis THI-1

Figure S1 Unweighted pair group method with the arithmetic mean (UPGMA) dendrogram derived from genotyping of E. faecalis JH2—2 and transconjugants obtained in
gentamycin resistance genes transfer.

Abbreviations: TC — tranconjugant.
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70 80

Figure S2 Unweighted pair group method with the arithmetic mean (UPGMA) dendrogram derived from genotyping of E. faecalis JH2—2 and transconjugants obtained in

kanamycin resistance genes transfer.
Abbreviations: TC — tranconjugant.

_

Strain
TC - LAB-43 {K)
TC-LAB-43 (pH)
TC-LAB-43 (NaCTy
TC-LAB-3 (pH)
TC-LAB-3 (K}
TC-LAB-3 (NaCly
TC-LAB-S (K}
TC-LAB-S (pH)
TC-LAB-S (NaCly
TC-LAB-39 (NaCly
TC-LAB-39 (pH)
TC-LAB-30 {K)
TC-LAB-45 (K}
TC-LAB-45 (NaCTy
TC-LAB-45 (pH)
TC-LAB-41 {K)
TC-LAB-41 {NaCl)
TC-LAB-41 (pH)
TC-LAB-1 (pE})
TC-LAB (K)
TC-LAB-1 (NaCl)
TC-LAb-46b (K)
TC-LAB-46b {NaCl)
TC-LAB-46b (pH)
E. fuecaiis JH2-2

Transfer frequency
2.32x10%
6.43x10¢
0. 73x10
B.02x10*
3.98x10
D.BTx10
4.36m10¢
0.63x10
1.45x10°
1.02x10
B.7ox10*
7.23x10¢
6.07x10¢

1.83x10-°
£.32x10
4.53x10*
1.58x10°5
2.02x10¢
5.45x10
4.30m10
5.87x10¢
6.1ox10¢
1.36x10-°
9.97x10%

Eanamycin MIC
[ng/ml]
&

L R - ]

e
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Tetracycline MIC
’ Strain Transfer frequency  [ng'ml]
TC-LAB-§ (200 MPa) 3.75x10" 4
TC-LAB-§ (400 MPa) 3.58x10° s
TC-LAB-S (NaCl) 0 7Ex10S F
TC-LAB-§ (K} 3 .06m10° 1.5
TC-LAB-S (pH) 8. 10m10" 4
TC-LAB-46b (pH)  5.80x10° 4
TC-LAB-46b (400 MPa) 5 12510 4
TC-LAB-46b (200 MPa) 4 o7x10- 4
TC-LAB-46b (FaCl)  2.07x10° 5
TC-LAB-46b (K) 5.17x10% 1.5
TC-LAB-1 {¥aCT) B.76x10° &
TC-LAB-1 {pH} 8 50m10" 12
TC-LAB-1 (400 AMPa) 7.87x10° 4
TC-LAB-1 (200 MPa) 7 50x10° 4
TC-LAB-39 {200 A[Pa) 5.00x10" 6
TC-LAB-39 {400 A[Pn) 5.08x10° &
TC-LAB-1{K) 7.75%105 &
TC-LAB-39 (K} 5.03x10" 6
— TCLABM NaCh  5o7x10" 6
TC-LAB-39 (pH) 8.4om10" g
— TC-LAB-3(pH) T.04x10% 32
_|: TC-LAB-3 (400 MPa) §.55x10° 31
| TC-LAB-3 (200 MPa) §.40x10° 32
TC-LAB-3 (NaCl) 7.23x10% 24
|| TC-LAB-3 (K) 6.62x10 24
TC-LAB-43 (pH) 8.26x10" 4
TC-LAB-43 (NaCl)  €.32x10° 4
TC-LAB-43 (400 MPa)y 6705107 24
TC-LAB-43 {200 MPa) 6.71x10° 24
TC-LAB-43 (K) 6.53x10% 32

E. fiiecalis JH2-1

Figure S3 Unweighted pair group method with the arithmetic mean (UPGMA) dendrogram derived from genotyping of E. faecalis JH2-2 and transconjugants obtained in
tetracycline resistance genes transfer.

Abbreviations: TC — tranconjugant.
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ABSTRACT

This study analyzed the effect of high-p pr ing on the ch in resi h pe and exp
of antibiotic resistance genes among strains from commercial starter cultures. After exposure to high pressure the
expression of genes encoding resistance to aminoglycosides (aac(6')le-aph(2*)la and aph(3')-1lla) decreased and
the expression of genes 1i i to tetracyclines (tetM and tetW), ampicillin (blaZ) and chloram-
phenicol (cat) i 1 i h differed depending on the p variant chosen. The results
btained in the gene expressi lysis correlated with the results of the phenotype patterns. To the best of the
authors’ knowledge, this is one of the first studies focused on changes in antibiotic resistance associated with a
stress response among strains from commercial starter cultures. The results suggest that the food preservation
techniques might affect the ph pe of antibioti i among microorgani that ulti ly survive the
process. This points to the need to verify strains used in the food industry for their antibiotic resistance as well as

preservation pamameters to prevent the further increase in antibiotic resistance in food borne strains.

1. Introduction

Currently, the use of starter cultures is an important part of the food
industry, as it allows a wide variety of fermented products to be ob-
tained. The main group of microorganisms used to compose starter
cultures are lactic acid bacteria (LAB). Due to the wide use of LAB in the
food industry, it is important that these strains do not pose a risk to
consumers (Laranjo et al., 2017; Zarzecka et al., 2020). It has been
shown that strains used in the food industry might become carriers of
antibiotic resistance genes and thus contribute to the spread of resis-
tance in the environment (Casado Munoz et al., 2016; Zarzecka et al.,
2020, 2022a).

Microorganisms come into contact with many different stress factors
during food production. Among the stress factors affecting microor-
ganisms during food manufacturing is high-pressure processing (HPP), a
promising non-thermal method of food preservation that reduces mi-
croorganisms but does not affect vitamins, amino acids or flavor com-
pounds. This method has been known for many years, but due to high
costs, it has only been used on a large scale for several years (Mbye etal.,
2020; Ma et al., 2020). HPP is also used to preserve fermented foods,
mainly dairy products (yoghurt, kefir, cheese) and fermented meats.

Using thermal preservation techniques after fer ion would not
keep the number of the lactic acid bacteria at desired levels, therefore
the use of non-thermal preservation methods seems optimal. Research
on the effect of high-pressure treatment on the microflora of yogurt
showed that high-pressure treatment at 500 MPa does not significantly
decreased the number of lactic acid bacteria. In addition, fermented
foods have been found to maintain acidity throughout the shelf life after
HPP treatment. It is worth mentioning that the survival of microor-
ganisms in fermented foods subjected to high pressure treatment de-
pends on the initial bacterial load (Nema et al., 2022). The evaluation of
HPP resp mechanisms is a valuable tool to assess the shelf life of
food products preserved using this method. However, the LAB response
to HPP is difficult to identify in comparison to the response to other
stress factors. It is suggested that the HPP response mechanisms come
from the cross-protection system (Bucka-Kolendo and Sokolowska,
2017; Yang et al., 2021).

An important (but rarely discussed) issue is the influence of physi-
cochemical factors related to food production on the metabolic pro-
cesses of microorganisms intentionally added to food, including in the
form of starter cultures. Exposure to unfavorable conditions during the
production process forces the LAB to adapt to these conditions. The
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ability to deal with a wide range of I factors changes the
stress response mechanisms (Ma et al., 2020; Wuetal., 2013; Yangetal,
2021). Studies conducted to date indicate that the molecular mecha-
nisms of the stress response can be species- or strain-specific and are
usually associated with the induction of a large number of genes and
synthesis of stress response proteins (Hussain et al., 2013). The activa-
tion of a stress response may result in the selection of strains with
changed stress tolerance. Some authors indicate reduced sensitivity to
several antibiotics, including antibiotics which are important in clinical
practice (Al-Nabulsi et al., 2015; Giacometti et al, 2021; McMahon
et al., 2007; Komora et al., 2017). lies f 1 on stress-induced
changes in antibiotic resistance have only been performed for patho-
genic microorganisms, while currently there are no available studies
refering to non-pathogenic microorg: such as lactic acid bacteria.

The aim of this study was to determine the effect of high-pressure
processing on resistance phenotype and the expression of dnaK, groEL
and clpL genes as well as antibiotic resistance genes in strains derived
from ial starter cul

2. Materials and methods

2.1. Strains

The study was carried out using ten strains derived from commercial
starter cultures. Strains were selected from the collection described
previously (Zarzecka et al,, 2022a). Seven of the strains belong to the
former Lactobacillus genus (Lactiplantibacillus paraplantarum n = 2, Lac-
tocaseibacillus paracasei n = 2, Latilactobacillus curvatus n = 1, Lactoba-
cillus helveticus, Lactobacillus sp. N = 1 each) and three to the Lactococcus
genus (Lactococcus lactis ssp. lactis n = 2 and Lactococcus lactis ssp. cre-
moris n = 1). The strains’ char istics are din Table 1. The
criterion for selecting the strains used in this study was to have at least
one antibiotic resistance gene with a simultaneous low Minimal Inhib-
itory Concentration (MIC) for this antibiotic. The genus names of bac-
teria have been updated in line with the new nomenclature (Zheng et al.,
2020).

2.2. High pressure treatment

Pressure values and pressurization time were chosen on the basis on

Food Microbiology 110 (2023) 104169

the preliminary study (unpublished data) to g the induction of
the genes under the stress condition, and to avoid the inactivation of the
bacterial cells. The survival rate of the strains was checked by the plate
count method as described previously (Zarzecka et al., 2022¢).

High pressure treatment was applied to cultures of selected strains
from the stationary growth phase (10 mL). The strains were cultured in
de Man, Rogosa and Sharpe (MRS) broth (Merck, Germany). The
following pressure and time conditions were selected for the analysis:
300 MPa/3 min, 300 MPa/5 min, 400 MPa/1 min and 400 MPa/3 min.
The pressurization times did not include the come-up and come-down
times. The pressurization was carried out in glycol-water solution (1:1,
v/v) using the high-pressure single-chamber U4040 (Unipress, Warsaw,
Poland) as described previously (Zarzecka et al., 2022b). Temperature
was kept at 20 + 3 °C, the pressure rise rate was 300 MPa/min, and the
pressure relief time was 2-4 s. For each tested strain, the assays were

perf d in three independent pr: Study design is presented on
Strains from starter cultures
(m=10)
300 MPa/3 min.
High pressure treatment 300 MPa/5 min.
(based on preliinary study) 400 MPa/1 min.
400 MPa/3 min.
Minimum Inhibitory
Y Changes in gene expression
Comomtrations (MIC) analysis (Real-Time PCR)

Fig. 1. Study design flowchart.

Table 1
Char; ic of strains analyzed in the study.
Strain Identification Origin Antibiotic MICs [pg/mL) Antibiotic resistance genes
AMP CN c TE E DA K s VA
LAB-1 Lactobacillus Kefir starter 05 075 8 12 019 05 6 019 - tetM, tetW, aph(3')-llla, aac(6' )-le-aph
paraplantarum culture (2" )-la, aac(6')-la, blagy,
LAB-11  Lactobacillus Cheese starter 025 038 32 %256 025 025 8 025 - tctM, aph(3 )-Tila, aae(6')-le-aph(2")-
paraplantarum culture la, aph(2)-lc, cat
LAB-14  Lactococcus lactis ssp. Yoghurt starter 0.19 019 12 438 0125 15 12 0125 019 tetK, aph(3 )-Illa, aac(6')-le-aph(2”)-
lactis culture la, cat
LAB-16  Lactococcus lactis ssp. Cheese starter 019 1 8 32 0125 025 8 0125 0.094  tetM, aph(3 )-llla, acc(6 )-le-aph(2”)-
lactis culture la, aac(6')-la
LAB- Lactococcus lactis ssp. Cheese starter 0.25 4 12 32 0.25 075 12 025 0.19 tetM, tetW, aph(3')-Illa, oac(6')-le-aph
26b cremoris culture (2" )-la, blaZ, cat
LAB-31 Lactocaseibacillus Cheese starter 019 2 4 1 0023 0032 32 0023 . tetM, tetW, aph(3')-llla, aac(6')-le-aph
paracasei culture 2)la
LAB-41 Lactobacillus paracasa Cheese starter 1 0.38 32 32 0.125 0023 4 0125 - tetW, aph(3')-llla, aac(6')-le-aph(2°)-
culture la, aac(6')-la, cat
LAB-43  Lactobacillus curvatus Meat starter 0125 05 16 64 0125 038 6 0125 - tetM, tetO, aph(3')-1la, aac(6')-le-aph
culture (2" )-Ia, cat
LAB-45  Lactobacillus helveticus Cheese starter 075 025 0125 32 0125 0032 6 0125 - tetO, aph(3')-1lla, aac(6')-le-aph(2')-
culture la, cat
LAB-63  Lactobacillus sp. Yoghurt starter 3 0.5 8 48 0.19 0.047 16 019 - baZ
culture
Abbreviations: AMP - ampicillin, CN - g C - chk ph l, TE - tetracycline, E — ery yein, DA - klind: K- yein, S P in, VA -

vancomycin, .-, -~ non-analyzed.
Based on the previous study (Zarzecka et al,, 2022a).
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Fig. 1. Table 2
After the stress was leted, the les were subjected ibioti genes analyzed in each strain.
to the next stages of the study. Unpwsunzed snmpla were used as a R Analysed antiblotic resistance genes
control. aph (3)lla  nac (6)le-aph (2')la  tetM  tetW HaZ  cat
W BRI . LAB-1 x x X X
2.3. Determination of antibiotic resistance phenotype i . S S
LAB-14  «x x
After the stress treatmenl, the MIC values were determined for LAB-16 & 2 = :
following antibiotics — henicol (C), g cin (CN), kana- LAB26b  x x
mycm (K). telmcychne (TE) and amp:cxllm (AMP). The MIC values were LAB-31 x x x x x
d by applying gradient strips (Liofilchem, Italy) on Mueller- n:':; : : :
Hinton agar (Merck, Germany) inoculated with suspensions in 0.85% LABA4S % 7
Nadl solution at a density of 0.5° in the McFarland scale prepared from LAB-63 x

bacterial cultures. The MIC values were read after 18 h of anaerobic
incubation at 30 °C (CLSI, 2019). The analysis was performed in three
independent replications.

2.4. RNA extraction and reverse transcription into cDNA

Total RNA was extracted from control and pressurized cultures using
the Total RNA Mini Plus kit (A&A Biotechnology, Gdansk, Poland) in
duplicate for each sample. Then purification and concentration of RNA
samples was carried out using Clean-Up RNA Concentrator kit (A&A
Biotechnology, Gdansk, Poland). The purity and concentration of the
RNA were measured using Spectrophotometer/Fluorometer DeNovix
DS-11 FX (DeNovix Inc., Wilmington, USA) at wavelengths of 260 nm
and 280 nm. The RNA integrity and quality were evaluated by electro-
phoresis on a 1.2% agarose gel in 0.5% TBE buffer, running at 90 V for 1
h and visualized using the system for the d ation and analysis of
fluorescently stained gels G-BOX F3 (Syngene, Cambridge, UK). The
RNA samples were stored at —80 °C.

All the RNA samples were matrices for the synthesis of first cDNA
strand using Transcriba Kit (A&A Biotechnology, Gdansk, Poland) with
recombinant MMLV reverse transcriptase. DNA polymerase activity was
at temperature of 42 °C, and random hexamers were used as primers.
Obtained cDNA was used as a template to Real-Time PCR reactions.

2.5. Gene expression analysis

Gene expression nnnlym was performed using Real-Time PCR
method with three i d for each repli Reactions
were conducted using lhe RotorGene Q system (Qiagen, Germany).

The study analyzed the expression of three genes related to the stress
response: clpL, groEL and dnaK, and the following antibiotic

Based on the previous study (Zarzecka et al, 2022a).

decrease in gene expression. Primer sequences were obtained from Lenz
et al. (2010) (23 S rRNA, groEL and dnaK), Florez et al. (2014) (16 S
IDNA, tetM and tetW), George and Halami (2017) (gap, aac(6')le-aph(2")
la and aph(3')Illa), Ferreira et al. (2013) (clpL), Dehbashi et al. (2021)
(blaZ) and Casanovas-Massana et al. (2014) (cat) (Table 3). All the
primers were synthesized by the G d (Gdansk, Poland). Gene
expression analysis was performed with three independent reactions.
The relevant gene expression of each gene and each HPP condition was
considered significant (p < 0.05) on the basis a Student’s t-test per-
formed using the control (unpressurized) sample as reference.

Real-time PCR reactions for 16 S rDNA, tetM and tetW genes were
performed in a final vol of 10 yL 5 ul of PowerUp SYBR
Green MasterMix (ThermoFischer Scientific, Waltham, Massachusetts,
USA), 0.45 pL of each primer (10 pmol/1 pL) and 100 ng of template
¢DNA, filled up with ddH20 to a final volume. Cycling conditions were
following: 50 °C for 2 min, 95 “Cfor 10 min and 40 cycles of 15sat95°C
and 60 s at 60 “C. The qPCR reactions for remaining genes were per-
formed in a volume of 15 pl containing 7.5 pl of PowerUp SYBR Green
MasterMix (ThermoFischer Scientific, Waltham, Massachusetts, USA),
1.05 pl of each primer (10 pmol/pl) and 10 ng of template cDNA, filled
up with ddH,0 to a final volume. Cycling conditions were as follows:
50 “C for 2 min, 95 “C for 2 min and 40 cycles of 15 s at 95 °C, 15 sat
60 “Cand 60s at 72 °C.

The specificity of the each qPCR product was checked based on the
melting curve constructed by heating in a slow ramp between 60 and
95 °C in increments of 0.5 °C for 5 s.

2.6. Statistical analysi

genes: aac(6')-le-aph(2”)-la, aph(3')-Hla, tetM, tetW, blaZ and cat. The
following genes have been selected as housekeeping genes: gap
(encoding glyceraldehyde-3-phosph 23 S rRNA and 16 STDNA. The
expression of genes associated with the stress response was analyzed for
each of the strains. The ber of antibiotic r genes whose
expression was analyzed for each strain was selected based on the
baseline characteristics of the strains. Despite the wide variety of resis-
tance genes carried by the strains, only genes encoding resistance to
antibiotics for which the strain showed a low MIC value were analyzed
for gene expression. On the basis of preliminary studies, it was assumed
that if a strain initially has a high MIC value for a given antibiotic, no
significant changes in the expression of the resistance gene occur under
the influence of the stress factor, because the expression level is high
before the start of the analysis (Table 2). The gene expression was
determined fluorometrically using SYBR green with the RotorGene Q
system (Qiagen, Germany) and calculated usmg relative quantification,
in which rel gene expr lized to the expression of the
housekeeping gene. A threshold was determined using the software fot

is nor

Statistical analyses were performed using Student’s t-test and/or the
one-way ANOVA. For the analyses, p < 0.05 was considered significant.
The statistical analyses and visualization were performed using Prism
9.3.1. (Prism, GraphPad Software, San Diego).

3. Results
3.1. Changes in the antibiotic resistance phenotype

The analysis of the ob d results showed that the infl of high
pressure caused changes in the phenotype of resistance to antibiotics. It
was observed that the MIC value for chloramphenicol increased signif-
icantly after applying a pressure of 300 MPa for 3 min (e.g. from 32 pg/
mL to 192 pg/mL). As the duration of the process and the pressure value
increased, the MIC value also increased from baseline, but the MIC value
was lower than after 300 MPa/3 min treatment. Similar results were
olxmned for ampicillin resistance, where a significant increase in MIC

Real-Time PCR reactions. Comparative CT (2 **“T) method

by Livak and Schmittgen (2001) was used for the analysis of ramlts

Expression ratios >2.00 represented a significant increase in gene
xpression, while exp ratios <0.50 represented a significant

was d rated with each p conditions, with the increase
in MIC being the greatest when the 300 MPa pressure was applied. The
MIC value of the ami oside antibiotics ( icin and kana-

mycin) decreased from ba.:eline with each of the ;rure parameters (e.
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Table 3
Primers used in qPCR reactions.

Gene Sequence of primers 5'-3' Amplicon size (bp) ling temgp Refe

Housekeeping genes

2ap F: GCAGGAGCAGAGATAACCACA 152 60 C George and Halami (2017)
R: TGTCTACGCAGAACCAGATGC

23 S IRNA F: CCTATCGGCCTCGGCTTAG 101 Lenz et al. (2010)
R: AGCGAAAGACAGGTGAGAATCC

16 S tDNA F: OCGGCAACGAGCGCAACCC 130 Flarez et al. (2014)
R: CCATTGTAGCACGTGTGTAGCC

Stress-response genes

clpL F: GGGACGTGCCGGAAGCAATCA 109 60 °C Ferreira et al. (2013)
R: GCCTCTGTCCTTGACTTCCTTGACC

groEL F: CTGTTTCAGTTGCAGCAC 109 Lenz et al. (2010)
R: CAMATCGGCGAAACAACG

dnaK F: CAGTTAACCCTGACGAAG 104
R: TGACAACGGTGTTACGTC

Antibiotic resistance genes

aac(6')le-aph(2')la F: GCCAGAACATGAATTACACG 170 60 °C George and Halami (2017)
R: GCCACACTATCATAACCACTAC

aph(3 )illa F: OGTCCTTTGCTCGGAAGAGTATG 92
R: CGATGGAGTGAAAGAGCCTGATG

tetM F: CAGAATTAGGAAGCGTGGACAA 67 Florez et al. (2014)
R: CCTCTCTGACGTTCTAAAAGCGTAT

tetW F: ACGGCAGCGCAAAGAGAA 60
R: CGGGTCAGTATCOGCAAGTT

blaZ F: AAGAGATTTGCCTATGCTTC 115 Dehbashi et al. (2021)
R: GCTTGACCACTTTTATCAGC

cat F: CTAATGTTCATGGTCTCTTCCCGAAA 103 Casanovas-Massana et al. (2014)

R: CTAGTCCAAGGTATCCCAGAAATCG

g. from 2 pg/mL to 0.75 pg/mL). Importantly, no differences in MIC
values were observed between the samples irrespective of the pressure
values used and the duration of the process. In the case of tetracycline
resistance, it has been shown that, with a high initial MIC value (>30
pg/mL), no change in MIC was observed regardless of the pressure and
duration of the process. Two strains with low MIC values for tetracycline

that the MIC values after high pressure treatment did not differ signifi-
cantly, regardless of the pressure value used and the duration of the
process (Table 4).

3.2. Changes in antibiotic resistance genes expression

(1 pg/mL and 12 pg/mL) were analyzed. For these strains, a significant The effect of high pr pr ing on the exp level of
increase in the MIC value was observed after the application of the high- genes ding stress resp proteins: dnak, groEL and clpL as well
pressure treatment (e.g. from 12 pg/mL to 64 pg/mL). It is worth adding genes ding i o g icin: aac(6')-le-aph(2”’)-Ia,
Table 4
Changes in resi ph pe after high pr
Strain LAB-1  LAB11  LAB-14  LAB-16 LAB-26b  LAB-31  LAB-41  LAB43  LAB45  LAB-63
MIC values [pg/mL] c K 8 32 12 8 12 4 32 16 0.125 8
300 MPa/3 min - 128 48 48 - 192 9 0.75 -
300 MPa/5 min - 64 32 S 24 = 9% 48 05 =
400 MPa/l min - 48 24 - 16 - 28 32 0.38 ~
400 MPa/3 min - 48 24 - 16 - 48 32 0.38 -
CN K 0.75 038 019 4 1 2 0.38 05 0.25 05
300 MPa/3 min  0.38 0125 0.064 15 05 0.75 0.19 0.25 0.125 =
300 MPa/5 min 0.38 0.125 0.064 15 05 0.75 0.19 0.25 0.125 -
400 MPa/l min  0.38 0125 0.064 15 05 075 0.19 0.25 0.125 -
400 MPa/3 min  0.38 0125 0.064 15 05 075 0.19 0.25 0.125 —
K K 6 8 12 12 8 32 4 6 6 16
300 MPa/3min 3 6 6 6 4 1.5 2 4 2 -
300 MPa/5 min 3 6 6 6 4 15 2 4 2 -
400 MPa/l min 3 6 6 6 4 15 2 4 2 N
400 MPa/3min 3 6 6 6 4 15 2 4 2 -
TE K 12 5256 48 32 32 1 32 64 32 4
300 MPa/3 min 64 ~256 48 32 32 16 32 64 32 =
300 MPa/5 min 64 >256 48 32 32 16 32 64 32 -
400 MPa/l min 64 >256 48 32 32 16 32 64 32 -
400 MPa/3 min 64 >256 48 32 32 16 32 64 32 -
AMP K 05 025 019 0.25 0.19 0.19 1 0.125 075 3
300 MPa/3 min - - - - 075 - - - - 8
300 MPa/5 min - - - - 05 - - - - 6
400 MPa/l min - = » = 0.38 = = 2 & 4
400 MPa/3 min - - - - 0.38 - - - - 4
Abbreviati C - chk h I, CN - icin, K - } ycin, TE - tet , AMP - ampicillin, " - non-analyzed.
Based on obtained results.
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kanamyein: aph(3')-Illa, tetracycline: tetM and tetW, chloramphenicol:
cat and ampicillin: blaZ was analyzed. Relevant quantification showed
accordance between the results obtained in the phenotypic analysis and
results of gene expression.

Analysis of the expression of stress response genes showed that the
expression of each of the three analyzed genes increased significantly in
response to high pressure treatment. The expression levels of the clpL
gene after applying each of the pressure variants did not differ signifi-
cantly from each other. However, differences were observed between
the expression levels of the dnaK and groEL genes depending on the
pressure conditions used.

Obtained results indicate that the expression of aminoglycoside
resistance genes decreased significantly (relative gene expression level
< 0.5). For any of the genes, no significant differences were observed
between the expression levels depending on the pressure conditions.
Simultaneously, a significant increase in the expression of tetracycline
resistance genes was observed, of which the highest increase in the level
of expression was noticed for the tetW gene. In the case of the tetM gene,
no differences were observed between the expression levels depending
on the pressure variant. However, for the tefW gene it was noted that the
expression level after applying the 400 MPa/3 min it was significantly
lower than the expression levels in the other variants. The expression of
genes encoding ampicillin and chloramphenicol resistance also
increased after the application of high pressure. Importantly, the in-
crease in expression was the highest after the application of the 300
MPa/3 min variant, and with the increase in pressure value and the
duration of the process, the level of expression slightly decreased (Fig. 2,
Tables §1-52).

4. Discussion

It is widely reported that food production processes represent a
change in environmental conditions and can therefore be a stress factor
for microorganisms in food, including lactic acid bacteria (LAB) found in
commercial starter cultures. High pressure processing (HPP) is one of
the most promising techniques used in food production for non-thermal
food preservation, including fermented food. Its main advantage is the
effective reduction of the by while ing
nutritional quality (Li et al., 2020). There are many studies are focused
on the resistance to heat, cold, osmotic or acidic stress, but there is a
limited number of studies regarding molecular mechanisms of the
high-pressure response (Bucka-Kolendo et al., 2021). The ability of mi-
croorganisms to survive unfavorable conditions is considered as an in-
dividual feature, species- or even strain-specific. Under stressful
conditions all micr activate resp hanisms allowing
them to survive, influencing other microbial features. According to the
literature, HPP-response results from cross-protection to other stress
factors and it is reported to be difficult to characterize. As a result, the
changes related to the response to high pressure stress are similar to the
changes caused by other stress factors, among the LAB strains the most
frequently reported are high and low temperature treatments. Since LAB
are very important to the food industry, it should be important to un-
derstand all aspects of their stress response (Bucka-Kolendo and Soko
lowska, 2017; Song et al., 2014). Under the influence of stress factors
various genes encoding stress-response proteins are activated. As a
result, cells are able to express a particular set of proteins including
molecular chaperones and proteases. Among them, Clp proteins, which
are widely conserved in Gram-positive bacteria and play a key role inthe
protein quality control system are most frequently reported (Ferreira
et al., 2013). It is reported that in the case of stress related to high
pressure, the clpL gene is most often activated. Moreover, according to
the literature data, genes encoding the chaperone protein DnaK (dnak
gene) and genes changing translation or chaperones (groEL) are also
frequently activated (Bucka-Kolendo et al., 2021).

Regulation of stress response genes have been investigated among
several Gram-positive bacteria and the genetic model for detailed

of microorg:
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LAB-1C

LAB-1 300 MPa/3 min.
LAB-1 300 MPa/5 min.
LAB-1 400 MPa/1 min.
LAB-1 400 MPa/3 min.
LAB-11C

LAB-11 300 MPa/3 min.
LAB-11 300 MPa/5 min.
LAB-11 400 MPa/1 min.
LAB-11 400 MPa/3 min.
LAB-14C

LAB-14 300 MPa/3 min.
LAB-14 300 MPa/5 min.
LAB-14 400 MPa/1 min.
LAB-14 400 MPa/3 min.
LAB-16 C

LAB-16 300 MPa/3 min.
LAB-16 300 MPa/5 min.
LAB-16 400 MPa/1 min.
LAB-16 400 MPa/3 min.
LAB-26b C

LAB-26b 300 MPa/3 min.
LAB-26b 300 MPa/5 min.
LAB-26b 400 MPa/1 min.
LAB-26b 400 MPa/3 min.
LAB-31C

LAB-31 300 MPa/3 min.
LAB-31 300 MPa/5 min.
LAB-31 400 MPa/1 min.
LAB-31 400 MPa/3 min.
LAB-41C

LAB-41 300 MPa/3 min.
LAB-41 300 MPa/5 min.
LAB-41 400 MPa/1 min.
LAB-41 400 MPa/3 min.
LAB-43C

LAB-43 300 MPa/3 min.
LAB-43 300 MPa/5 min.
LAB-43 400 MPa/1 min.
LAB-43 400 MPa/3 min.
LAB-45C

LAB-45 300 MPa/3 min.
LAB-45 300 MPa/5 min.
LAB-45 400 MPa/1 min.
LAB-45 400 MPa/3 min.
LAB-63 C

LAB-63 300 MPa/3 min.
LAB-63 300 MPa/5 min.
LAB-63 400 MPa/1 min.
LAB-63 400 MPa/3 min.
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Fig. 2. Relative genes exp: h in resp to high p treat-

ment. Abbreviation: C - control sample. Based on own study.

studies was Bacillus subtilis. However, there is still not enough literature
data about the transcriptional regulation of stress-related genes in LAB
strains in response to high pressure treatment. It is suggested that under
the high pressure stress the mRNA amount of many genes is changing,
and that can be a result of the selective transcription or mRNA stability
(Guan et al., 2022; Palud et al., 2018). This study analyzed changes in
the expression of dnaK, groEL and clpL genes in response to various
parameters of high pressure treatment. A significant increase in the
expression of the analyzed genes in response to high pressure treatment,
regardless of strain identification, was shown. In the study by Buck

a-Kolendo et al. (2021 ) it was shown that not all strains belonging to the
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former Lactobacillus genus showed the same change in groEL and dnak
gene expression in resp: to high p e stress. A suggested expla-
nation of these results is complexity of the stress response mechanisms,
consisting of many different pathways that can be activated.

An interesting issue seems to be the mﬂuenee of food-related stresses
on changes in antibiotic resi: in g Currently, such
studies are mainly related to pathogenic mi g or opportu-
nistic pathogens, e.g. Listeria monocytogenes, Staphylococcus aureus,
Enterococcus faecalis (Al Nabulsi et al., 2015; Komora et al., 2017; Woode
etal., 2020; Ma et al., 2020). Little is said about the changes in antibiotic
resistance among LAB. This is most likely due to the fact that they are
non-pathogenic mic isms that do not pose a direct threat to the
health of H blished studies have shown
that lactic acid bacteria can also carry anublouc resistance genes as well
as take part in their distribution in the environment (Fraqueza, 2015;
Rozman et al., 2020; Zarzecka et al., 2022a). Therefore, it is important to
check how high-pressure treatment, recently one of the most common
food-related stresses, affects the level of antibiotic resistance of LAB. In
the current study, it was observed that high pressure exposure caused an
increase in the minimum inhibitory concentration for three antibiotics:
chloramphenicol, tetracycline and ampicillin. Simultaneously, it was
observed that the MIC values for the aminoglycoside antibiotics (kana-
mycin and gentamicin) decreased slightly after the application of
high-pressure treatment. Similar results were obtained in other studies

d ‘byour. Lteam(l' blished data). The results ob-
tained in the p ypi were i with the results of the
gene expression analysis. lt was observed that of the two tetracycline
resistance genes: tetM and tetW, when tetracycline MIC was increased,
the tetW gene relative expression level was higher than the expression of
tetM gene. Importantly, in the case of chloramphenicol and ampicillin,
the highest increase in MIC values was observed after the mildest
pressure variant (300 MPa/3 min) was used. Tlus may suggest that
milder conditions are more likely to stimul ges in 1 to
these antibiotics. Due to the lack of literature data with which to

pare the results obtained in this study, other Gram-positive bacteria
will also be referred to due to their similar response mechanisms.
Another study conducted by the authors showed that high-pressure
exposure increased the expression of the tetM gene in foodbome
enterococci (Unpublished data). However Tabanelli et al. (2013) indi-
cated that HPP treatment did not modify the antibiotic resi of

Food Microbiology 110 (2023) 104169

resistance.

This is noteworthy, as it may be suggested that environmental con-
ditions during food production may contribute to changes in the
expression of the resistance genes. Based on the obtained results, there is
a need for further research in this area to assess changes in cells during

e to factors infl g antibiotic resistance depending on the
resistance mechanisms. Currently, there is no extensive discussion in the
literature on this topic, so it is important to understand in depth the
mechanisms that may infl the results obtained, which is significant
in the context of food processing and antibiotic resistance.

5. Conclusions

Und ling the ¢ of stress-related gene regulation net-
works among LAB strains is imp for the imp of the in-
dustrial strategies using LAB strains and HPP.

The obtained results indicate that the food preservation techniques
may influence changes in the expression of antibiotic resistance genes,
resulting in changes in the resistance phenotype. These results confirm
that it is necessary to further analyze the strains used in the form of
starter cultures for the presence of antibiotic resistance and mechanisms
of their regulation. There is a large knowledge gap in the area of anti-
biotic resistance and food-related stresses. Although antibiotic-resistant
strains from industrial cultures do not pose a direct threat to consumers,
food processing-related stresses may lead to the survival of strains with
increased expression and intensive spread of resistance in the
environment.
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Table S1 Results of qPCR analysis — raw data (mean Cr values)

Crvalues* = SD

Strain HPP Housekeeping genes Stress response genes Aminoglycosides Tetracycline resistance Ampicillin Chloramphenicol
conditions resistance genes genes resistance resistance gene
gene
23SrRNA  gap 16S rDNA  dnaK groEL clpLL aph(3’)- aac(6’)Ie- tetM tetW blaZ cat
Ila aph(2”’)Ia
K 21.82+0.09 25.37+£0.19  25.82+0.04 25.13+£0.10 25.91+0.05 25.13£0.03  26.43+0.04  30.96+0.11 26.65+0.11  26.65+0.13 - -
300 MPa/3  22.23+0.15 25.44+0.14 25234£0.09 22.86+0.11 23.16+0.08 22.63+0.07 27.75+0.05  32.41+0.07 22.86+0.06  22.60+0.09 - -
min.
300 MPa/5  22.17+0.10  23.92+0.20 26.17+0.11 22.84+0.21 23.13+0.11 22.93+0.10 26.13+0.11  31.05+0.12 23.84+0.14  23.614£0.10 - -
min.
400 MPa/1  21.92+0.08 24.73+0.13  24.92+0.03 22.71+0.19 22.934+0.14 23.13+£0.11  26.84+0.12  32.37+0.16 22.93+0.12  22.4240.16 - -
- min.
ﬁ 400 MPa/3  22.22+0.07 25.07+0.15 23.23£0.03  23.19+0.13  23.534+0.12  23.13+0.11  27.36+0.09  31.89+0.10 21.19+0.09  21.19+0.10 - -
o min.
K 21.32+0.17 21.37£0.10 - 2591+0.07 25.51+£0.12 24.41+0.11 25.65+0.12  30.96+0.10 - - - 23.15+0.10
300 MPa/3  21.23+0.08 21.44+0.12 - 22.56+0.11 23.19+0.12 22.50+0.10  26.90+0.09  32.41+0.19 - - - 20.13+0.08
min.
300 MPa/5  21.17+0.03  21.92+0.08 - 22.81+0.10  23.19+£0.09 22.84+0.12 27.93+0.11  32.75+0.20 - - - 20.61+0.09
min.
400 MPa/1  21.13+0.03  22.73£0.07 - 22.72+0.09  23.19+£0.14 22.43+0.19 28.91+0.12 33.87+0.14 - - - 20.71+0.11
- min.
i 400 MPa/3  22.20+0.13  22.07+0.09 - 2391+0.14  24.23+£0.15 23.80+0.09 26.84+0.09  32.89+0.15 - - - 21.84+0.13
3 min.
K 19.3240.16  21.13£0.07 - 23.90+0.02 24.91+£0.17 25.15+0.12  24.65+0.12  29.96+0.20 - - - 22.52+0.08
300 MPa/3  20.20+0.28 21.30+0.11 - 22.16+0.04  23.45+0.12 23.25+0.19 26.13£0.11  31.41+0.17 - - - 19.73+0.10
min.
300 MPa/5  19.15+0.05 21.65+£0.05 - 21.35+0.05 22.63+£0.16 22.59+0.14 27.13£0.14  32.35+0.19 - - - 18.98+0.11
min.
400 MPa/1  20.53+0.20 21.75+0.12 - 22.424+0.09 23.85+£0.14 23.65+0.08 27.12+0.09 32.67+0.21 - - - 20.79+0.09
= min.
i 400 MPa/3  20.12+0.11  22.15+0.11 - 22.13+0.02  24.08+0.12  23.90+0.10 27.20+£0.10  32.99+0.19 - - - 20.84+0.11
3 min.
K 22.52+0.17 23.56+0.10 - 24.20+0.08 22.13+£0.19 25.00+0.14  25.15+£0.13  28.95+0.12 - - 18.60+0.05 24.76+0.12
300 MPa/3  21.92+0.11 23.13+0.08 - 21.49+0.10  19.10£0.15 22.75+0.16  26.19+£0.16  29.96+0.14 - - 16.20+0.07 21.13+0.07
min.
300 MPa/5  22.15+0.07 22.97+0.09 - 21.95+0.19 19.45+0.16 22.70+0.17 26.12+0.14  29.89+0.12 - - 16.90+0.14 21.90+0.18
min.
400 MPa/1  21.34+0.13  23.25+0.07 - 21.12+0.15  19.00£0.14  21.90+0.14 26.19+0.10  29.89+0.21 - - 17.15+0.04 21.90+0.06
= min.
ﬁ 400 MPa/3  22.10+0.06  23.19+0.13 - 22.00+0.14  20.10+£0.17  22.90+0.09  25.99+£0.09  29.95+0.15 - - 18.85+0.10 22.86+0.08
o min.
< K 19.50+0.07  20.20+0.11 - 23.1240.11  25.10+£0.07  23.60+0.10  18.56+0.21  25.95+0.04 - - - 25.90+0.14

115



300 MPa/3  19.90+0.11 20.10+0.10 - 21.39+0.13  24.19+0.18  22.95+£0.13  19.72+0.16  26.95+0.09 - - - 23.13+0.12
SI;II()](I)IMPa/S 20.15+0.17  20.27+0.11 - 21.90+0.17 24.50+0.12  23.17+0.14  20.10+£0.15  27.19+0.06 - - - 23.59+0.18
Al::)l(l)lMPa/l 20.30+0.07  21.05+0.14 - 22.20+0.12  24.80+0.14 23.20+0.11 20.54+0.09  27.89+0.06 - - - 23.90+0.21
Tﬂl(;l'lVIPaB 21.10+0.12  21.19+0.11 - 23.10£0.14  25.10£0.11  23.90+£0.10  20.90£0.06  27.95+0.08 - - - 24.86+0.22
Em' 20.50+0.12  22.12+0.21  23.15+0.12  23.00+£0.17  24.13+0.17 20.90+£0.15 20.12+0.04  26.16+0.09 19.21+0.18  19.12+0.11 - -
300 MPa/3  20.32+0.14 22.26+0.08 23.07+0.10 20.50+0.09 21.40+0.18 19.30+0.17 21.90+0.05  27.90+0.10 17.60£0.10  16.70+0.07 - -
?I:l(;(l)lMPa/S 20.19+0.02  22.19+0.20  23.19+0.14 20.90+0.11 21.00+0.12  19.40+0.14 21.87+0.12  27.80+0.14 17.80+0.15  16.55+0.09 - -
_ él::)l(l)l.l\/IPa/l 20.15+0.09  21.88+0.15 22.98+0.16 20.94+0.10 21.45+0.15 19.12£0.09 22.00+0.11  27.60+0.15 18.00+0.14  16.33+0.05 - -
% ér:l(;(;lMPa/3 19.90+0.09  21.90+0.18 22.80+0.19 20.32+0.14  20.97+0.18 19.14+0.16 21.75+0.14  27.50+0.18 17.50£0.09  16.70+0.14 - -
= Em' 23.40+0.12  17.50+0.03 - 25.30+0.13  26.10+£0.14  20.19+0.15 19.10£0.10  20.17+0.19 - - - 22.29+0.16
300 MPa/3  23.54+0.10 17.80+0.05 - 23.41+0.16  24.76+0.11 18.95+0.14  20.50+£0.12  21.87+0.14 - - - 20.13+0.14
?I:l(;(l)lMPa/S 23.80+0.15 18.00+0.09 - 23.90+0.17  24.90+£0.09 19.24+0.08 20.95+0.19 21.77+0.16 - - - 20.42+0.10
_ él::)l(l)l.l\/IPa/l 23.18+0.06  17.90+0.08 - 22.93+0.09 24.65+£0.16 18.92+0.07 21.15+£0.18  21.98+0.20 - - - 19.80+0.15
% él:l(;(;lMPa/3 23.48+0.21 18.20+0.09 - 23.20+0.10  23.90+0.14 18.40+0.13  21.29+0.16  22.39+0.21 - - - 19.86+0.12
= Em. 25.60+0.11  20.30+0.11 - 16.80+0.09  18.60+0.12 21.93+0.08 17.09£0.10  18.30+0.14 - - - 19.32+0.09
300 MPa/3  25.12+0.12  20.18+0.19 - 14.20£0.06  16.20+0.15  20.32+0.10  18.39+0.15  19.42+0.18 - - - 16.03+0.15
g:)l(l)l.l\’[l’als 25.32+0.05 20.45+0.17 - 14.2240.10  16.29+0.12  20.10+0.07  18.60+0.14  19.77+0.19 - - - 16.67+0.10
- ":‘0‘5‘-1\/11)2‘/1 24.96+0.05 20.60+0.16 - 14.15+0.16  16.10+0.18  19.64+0.07 18.64+0.14  20.00+0.10 - - - 16.98+0.11
% ":1(;(‘)‘-1\/[])2[/3 25.00+£0.03  21.00+0.21 - 14.00£0.02  16.80+0.18  19.60+0.12  19.00£0.02  20.19+0.14 - - - 17.00+0.14
= Em. 23.20+0.05 17.55+0.12 - 21.20£0.04 21.32+0.12  21.02+0.09 21.20+0.04  17.45+0.18 - - - 16.20+0.08
300 MPa/3  23.17+0.09 17.98+0.22 - 18.45+0.06  18.60+£0.19 19.76+0.13  23.13£0.08  19.12+0.09 - - - 14.16+0.10
3[::)1(1)1.1\’[Pa/5 22.90+0.11  18.00+0.19 - 18.60+0.07  18.10+£0.12  18.90+0.14  23.28+0.14  19.46+0.07 - - - 14.30+0.11
" ér::;(;l'l\/IPa/l 22.78+0.15  17.45+0.18 - 18.45+0.08  18.03+0.14 19.21+0.19 22.98+0.23  19.00+0.14 - - - 14.70+0.09
% :;)T(I)L]V[Pa/?s 23.00+0.12  18.10+0.10 - 18.30+0.10  18.22+0.10  19.50+0.20  23.34+0.14  19.20+0.11 - - - 14.58+0.11
: A Em. 22.30+0.06 - - 21.20+0.14  20.72+0.20  22.30+0.11 - - - - 19.43+0.13 -
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300 MPa/3  22.16+0.07 19.3240.11  18.90+0.14  20.13£0.21 - - 16.83+0.21

fr:l()l(r)l.l\/IPa/S 21.98+0.08 19.23+£0.12  18.14+0.12  20.32+0.16 - - 17.10+0.22

Al::)l(l)IMPa/l 22.43+0.04 19.40+0.18  18.70+0.16  20.14+0.09 - - 17.83+0.19

értnﬂl(;l'MPaB 22.10+0.13 19.5240.21 18.26+0.17  20.32+0.07 - - 17.90+0.26
* - The reporggcli' Cr value is the mean of values obtained from all independent reactions, “-“- non analyzed; ,,K,, — control sample - unpressurized
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Table S2 Results of relative gene expression analysis (

2—AACT

values)

Strain HPP conditions Relative gene expression level
Stress response genes Aminoglycosides resistance genes Tetracycline resistance genes  Ampicillin resistance gene  Chloramphenicol resistance genes
dnaK  groEL  clpL.  aph(3’)-llla  aac(6’)le-aph(2’’)la  tetM tetW blaZ cat
K 1.00*  1.00° 1.00* 1.00* 1.00* 1.00* 1.00* - -
300 MPa/3 min. 639>  8.96" 5.52°  0.42° 0.39* 9.19* 9.32° - -
- 300 MPa/5 min. 6.22°  8.75° 5.84*  0.45° 0.35° 8.94° 9.06" - -
/M 400 MPa/1 min. 5.71¢ 845" 428° 048" 0.24° 7.04° 8.33" - -
ﬁ 400 MPa/3 min.  5.06°  6.90° 5.29°  043° 0.42° 7.28° 7.38¢ - -
K 1.00*  1.00° 1.00*  1.00* 1.00* - - - 1.00*
300 MPa/3 min.  9.60°  4.70° 3.55°  0.44° 0.39° - - - 7.62°
:. 300 MPa/5 min.  8.03°  4.50° 2.68°  0.30° 0.42° - - - 5.23¢
/m 400 MPa/1 min.  7.72° 439" 3.46°  027° 0.34° - - - 4.76°
ﬁ 400 MPa/3 min.  7.36°  4.47° 2.81°  0.71¢ 0.43° - - - 4.56°
K 1.00*  1.00* 1.00*  1.00° 1.00* - - - 1.00*
300 MPa/3 min. 6.13° 5.07° 6.87° 0.40° 0.41° - - - 12.66°
E. 300 MPa/5 min. 645> 4.32° 5.26°  0.26° 0.27¢ - - - 10.28°
/m 400 MPa/1 min. 592> 4.83" 6.53* 0.28° 0.23¢ - - - 7.64¢
5 400 MPa/3 min.  5.21°¢  3.11° 5.14®  0.35° 0.25¢ - - - 5.56¢
K 1.00*  1.00* 1.00* 1.00° 1.00* - - -
300 MPa/3 min. 4.32° 539° 3.14* 036" 0.37° - - -
!j 300 MPa/5 min. 3.68° 496" 3.81°  0.34° 0.35° - - -
M 400 MPa/1 min. 3.73°  3.86° 3.78°  0.39° 0.42° - - -
5 400 MPa/3 min.  3.43°  3.05° 3.20°  0.43° 0.39° - - -
K 1.00*  1.00* 1.00* 1.00* 1.00* - - 1.00* 1.00*
o 300 MPa/3 min. 438>  3.03" 2.07°  0.42° 0.47° - - 6.96° 8.98°
g 300 MPa/5 min. 3.65° 248" 2.11°  0.36° 0.44° - - 5.10¢ 7.78°
/M 400 MPa/1 min. 3.29° 238" 2.30°  0.46° 0.47° - - 4.76° 6.96°
3 400 MPa/3 min.  3.07°  2.14° 2.46°  0.39° 0.49° - - 2.55¢ 6.23¢
K 1.00*  1.00* 1.00* 1.00* 1.00* 1.00* 1.00* - -
300 MPa/3 min. 4.99°  5.86° 2.68° 0.32° 0.33° 2.89° 5.06° - -
;. 300 MPa/5 min. 3.46°  5.06° 228 0.31° 0.33° 2.73% 6.10° - -
/M 400 MPa/1 min. 3.27° 503" 2.69°  0.23° 0.31° 2.06° 6.15° - -
3 400 MPa/3 min.  4.23° 590" 223 0.28° 0.34° 2.57° 4.20¢ - -
K 1.00*  1.00°* 1.00*  1.00* 1.00* - - - 1.00*
300 MPa/3 min.  4.08° 279" 2.60° 0.47° 0.38° - - - 491°
;. 300 MPa/5 min. 444>  3,03° 2,55 0.39° 0.47° - - - 4.82°
) 400 MPa/1 min. 4.53® 235>  2.07° 0.32° 0.38° - - - 4.82°
5 400 MPa/3 min.  3.48°  4.86° 3.66° 036" 0.35° - - - 5.69°
K 1.00*  1.00°* 1.00* 1.00* 1.00* - - - 1.00*
300 MPa/3 min. 435> 378" 2.19°  037° 0.42° - - - 7.01°
QI 300 MPa/5 min.  4.93° 408" 293>  0.39° 0.40° - - - 5.17¢
- 400 MPa/1 min.  4.04°® 3.63°  3.14° 042° 0.38° - - - 3.25¢
B 400 MPa/3 min.  4.59°  2.30° 3.32°  043° 0.44° - - - 3.294
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a,

K 1.00*  1.00° 1.00* 1.00* 1.00*
300 MPa/3 min. 6.59*  6.45° 235 0.35° 0.42°

@I 300 MPa/5 min. 6.50* 7.57° 3.53°  0.32° 0.34°

/A 400 MPa/1 min. 5.02¢° 7.31° 2.62° 0.27° 0.32°

ﬁ 400 MPa/3 min.  4.93°  7.46° 250"  0.33° 0.43°
K 1.00*  1.00° 1.00* - -

@ 300 MPa/3 min. 334> 479" 4.08> - -

& 300 MPa/5 min. 3.14°  4.44° 4.89° - -

:ﬂ] 400 MPa/1 min. 3.81° 4.79° 3.16° - -
400 MPa/3 min.  2.79°  3.20° 343 - -

b, ¢, d - values in columns within each attribute with different superscripts are different (P < 0.05), ,,-,, — non-analyzed
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ARTICLE INFO ABSTRACT

Keywords: This study lyzed the effect of high-p P (HPP) on the frequency of conjugal gene transfer of

H‘SP‘P"“‘" processing antibiotic resistance genes among strains obtained from starter cultures. Gene transfer ability was analyzed in

:'"'b'“k resistance vitro and in situ in the food matrix. It was found that the transfer of aminoglycoside resistance genes did not occur
ene transfer

after high-pressure treatment, euhet in vnbo or in situ. After exposure to HPP, the transfer frequencies of tetra-
cycline, ampicillin and chl h genes i I significantly compared to the control sample,
both in vitro and in situ. The frequency of resistance genes transfer in the food matrix in the pressurized samples
did not differ significantly from the in vitro transfer rate. Mini hibitory C (MICs) for these
antibiotics determined for transconjugants were lower or equal to MICs d:tenmnod for the donoxs No significant
differences were observed between the MIC values d d for the btained in vitro and in
situ. The results suggest that HPP may contribute to the spread of antibiotic resistance. This points to the need to
verify starter cultures strains for their antibiotic resistance and pressurization to avoid di

Lactic acid bacteria
Starter cultures
Food fermentation

antibiotic resistance genes.

1. Introduction

Starter cultures play a key role in many areas of the food industry,
mainly in the dairy and meat industries. These are selected preparations
of bacterial strains, single or multi-species, responsible for the most
important biochemical changes (Bintsis, 2018; Zarzecka et al, 2022a).
The microorganisms included in the starter cultures, mainly lactic acid
bacteria (LAB), are introduced into food in large numbers of the order of
up to 107-10° CFU/g, so it is important to ensure that they do not pose a
risk to consumers, e.g by carrying antibiotic resistance genes. Although
EU guidelines indicate that food-added strains should not be carriers of

heading towards a post-antibiotic era where common infections and
minor injuries will become fatal. Identifying and cutting the pathways
for spreading resistance should become one of the priority tasks. It is
known that one of the resistance-spreading routes is the food chain.
Microorganisms included in the starter cultures are generally considered
as safe, but recent studies show that they might be carriers of antibiotic
resistance genes and may also be involved in their horizontal spread
(Duskova et al., 2020; Nunziata et al., 2022; Ojha et al., 2021; Rozman
et al., 2020; Zarzecka et al., 2022b). The efficiency and frequency of
gene transfer are influenced by many factors, in particular the appro-
pnate cell density and physlologlml state of bacterial cells that might be

acquired resistance to antibiotics, there are reports of their d ion in
these strains (Laulund et al., 2017; Zarzecka et al., 2020).

Currently, antibiotic resistance is one of the greatest challenges
facing public health. According to the World Health Organization, the
increasing occurrence of antibiotic resistance is a serious threat and is
becoming one of the most serious public health problems. The WHO also

many phy 1 factors (James et al., 2021; Lemer
etal., 2017). Liand Zhang (2022) showed that the frequency of conjug
gene transfer might also be infl 1 by envir I conditions. In

the case of food-related microorganisms, the most important factors are
related to the production and/or storage of food (Wang et al., 2022).
Currently, limited data is available on the occurrence of conjugal gene

wams of the lack of new antibiotics to fight the growing resi Most
of the available antibiotics are modifications of existing ones, which in
this case are only ad hoc solutions. Without urgent action, we are
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zynski 1, 10-726 Olsztyn, Poland.
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fer in situ among food-related microorganisms and how food-
related conditions affect antibiotic resistance transfer during the
fermentation process (Gazzola et al., 2012).

ia and Mazury in Olsztyn, Plac Cies-

Received 6 October 2022; Received in revised form 12 January 2023; Accepted 19 January 2023

Available online 24 January 2023
0168-1605/©® 2023 Elsevier B.V. All rights reserved.

120



U. Zarzecka et al.

One of the food preservation techniques, known for many years, but
recently more often used in the food industry, is high-pressure pro-
cessing (HPP), which involves the application of pressure from 100 MPa
to 600 MPa for 30 s to several minutes (Abera and Giorgis, 2017; Huang
et al., 2017; Yang et al,, 2021). This method is able to improve food
quality and increase food safety and its shelf-life by the inactivation of
microorganisms (Nabi et al., 2021). HPP has advantages over thermal
food preservation methods from the point of view of sensory and
nutritional food quality. The possibility of using high-pressure process-
ing in a hurdle technology to reduce food additives and salt amounts is
also indicated (Pottier et al., 2017). The application of HPP in the food
industry has become more popular in recent years and is now applied in
various food industries mainly in dairy, meat, juice, and jam production
(Tsevdou et al, 2019; Vieira et al., 2020). If HPP is used to preserve food
obtained with starter cultures, the process parameters should be selected
in a way that prevents the complete elimination of bacterial cells.
However, it has been proven that cells that survive the pressure process
may show physiological changes, and the expression of various genes
may also change. It has also been suggested that pressurized cells may
show changes in their ability to transfer resistance genes (Daryaei et al.,
2008; Nunez et al., 2020).

Thus, the aim of this study was to determine the effect of high-
p pr ing on the ch in the freq y of antibiotic resis-
tance genes transfer among strains derived from commercial starter
cultures.

2. Materials and methods
2.1. Selection of donor and recipient strains

Donor strains (n = 5) were received from the collection of the
Department of Industrial and Food Microbiology described previously
(Zarzecka et al, 2022b). These strains were obtained &om commercial
starter cultures and were found to carry plasmid-1 d genes di
resi to aminoglycosides: aac(6')-le-aph(2")-la and aph(3')- llla.
tetracyclines: tetM, chlommphemcol: cat and f-lactams: blaZ. Three of
the strains belong to the former Lactobacillus genus (Lactocaseibacillus
paracasei, Latilactobacillus curvatus and Lactobacillus sp. n = 1 each) and
two to theL genus (L lactis ssp. lactis and Lactococcus
lactis ssp. cremoris n = 1 each). The strains’ characteristics are summa-
rized in Table 1. The genus names of bacteria have been updated in line
with the new nomenclature (Zheng et al., 2020).
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2.2. High pressure treatment

Conditions of high-pressure processing (pressure values and pres-
surization time) were chosen on the basis on the preliminary study (Data
not shown) to avoid the inactivation of the bacterial cells and to ensure a
sufficient number of viable cells.

High-p: tr was applied to 10 mL of strains’ cultures
from the stationary growth phase. The strains were cultured in the Brain
Heart Infusion (BHI) broth (Merck, Germany). The pressurization con-
ditions were selected for the lysis as foll 300 MPa/3 min, 300
MPa/5 min, 400 MPa/1 min and 400 MPa/3 min. Selected pressuriza-
tion time did not include the come-up and come-down time. High
pressure treatments were carried out in glycol-water solution (1:1, v/v)
in the high-pressure single-chamber U4040 (Unipress, Warsaw, Poland)
as described previously (Zarzecka et al., 2022¢). Temperature of the
processes was kept at 20 + 3 °C, with the pressure rise rate 300 MPa/
min, and the pressure relief time 2-4 s. For each donor-recipient pair,
the assays were performed in three independent processes.

Bothforinvinonnd‘msimmnﬁngsnfterdlestmssmenmmnwm

ipleted, the les were subjected to the next stages of the study.
Unpressurized mmpla were used as a control.

2.3. Conjugal transfer of resistance genes

2.3.1. Invitro filter mating

The experiment was conducted by the membrane filter method
described by Nawaz et al. (201 1). For this purpose, 1 mL of each of the
tested (pressurized) and control ( p ized) donor and pi
cultures was added to 5 mL of snenle BHI mcdlum nnd incubated for 4 h
at 37 “C until obtaining the 1 h phase. Then the 1
mL of donor culture wns mixed wuh the 1 mL recipient culture and
filtered through a sterile cellulose membrane filter with a pore diameter
of 0.45 pm. Then the filters were rinsed with 2 mL of sterile peptone
physiological saline solution (PPS) (Merck, Gemmny) The filters were
placed on BHI-agar medium and incub bically overnight at
37 °C. After incubation, colonies grown on the filter were resuspended in
2 mL PPS, series of tenfold dilutions were made from the obtained sus-
pension and plated on three types of selective media. Transconjugants
were grown on T-BHI medium with the addition of fusidic acid (100 pg/
mL), rifampicin (50 pg/mL) and one of the following antibiotics: tetra-
cycline (10 pg/mL), chloramphenicol (10 pg/mL), gentamicin (1 pg/
mL), in (1 pg/mL) or ampicillin (1 pg/mL). Donors were grown

Enterococcus faecalis JH2-2 (LMG 19456) strain, free from plasmid
resistant to rifampicin (MIC >256 pg/mL) and fusidic acid (MIC >256
ug/mL) was the standard recipient in the experiment. Recipient strain is
susceptible for ampicillin (MIC 0.038 pg/mL), tetracycline (MIC 0.125
pg/mL), chloramphenicol (MIC 4 pg/mL), gentamicin (MIC 0.5 pg/mL)
and kanamycin (MIC 2 pg/mL).

on TD-BHI medium with the addition one of the following antibiotics:
tetracycline (10 pg/mL), chloramphenicol (10 pg/mL), gentamicin (1
pg/mL), kanamyein (1 pg/mL) or ampicillin (1 pg/mL). Recipients were
grown on B-BHI medium with the addition of fusidic acid (100 pg/mL)
and rifampicin (50 pg/mL). To exclude the possibility of transformation

DNase I (Th Fisher Scientific, Waltham, Massach USA) was
Table 1
Characteristic of strains analyzed in the study.
Strain Identification Origin Antibiotic MICs [pg/mL) Antibiotic resistance genes
AMP CN C TE E DA K s VA
LAB-16  Lactococcus lactis ssp. Cheese starter 0.19 1 8 32 0125 025 8 0125 0094  tetM, aph(3)-llla, aac(6')-le-aph(2”)-
lactis culture la, aac(6')-la
LAB- Lactococcus lactis ssp. Cheese starter 0.25 4 12 32 025 075 12 025 019 tetM, tetW, aph(3 )-llla, aac(6' }-le-aph
26b cremoris culture (2°)1a. blaZ, cat
LAB-41 Lactocascibacillus Cheese starter 1 038 32 32 0125 0023 4 0125 - twtW, aph(3')-Illa, aac(6')-Te-aph(2°)-
paracasei culture la, aac(6')-1a, cat
LAB-43  Latilactobacillus curvatus Meat starter 0125 05 16 64 0125 038 6 0125 - tetM, tetO, aph(3')-1lla. aac(6')-le-aph
culture (2°)1a, cat
LAB-63 Lactobacillus sp. Yoghurt starter 3 0.5 8 48 0.19 0.047 16 019 - blaZ
culture
bb: MICs — Mini| Inhibitory Cs AMP - ampicillin, CN — C - chl henicol, TE - tetracycline, E - erythromycin, DA —
Kklind. K-k ycin, S - strep in, VA - in, " - lyzed; The names of plasmid-encoded genes, the transfer of which were analyzed in the

study, are shown in bold
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added to the mating plates at a of 100 pg/mlL. Incubation
was carried out at 37 °C for 24-48 h. The wtransfer frequency was
expressed as the ratio of the ber of tr: to the number of
recipients.

2.3.2. In situ mating in the food matrix

In order to assess the possibility of in situ conjugal transfer in food
matrix, a model of yoghurt was prepared as described by Toomey et al.
(2009). Skim-milk powder (4 % w/v) was mixed with 10 mL of
pasteurized milk, heated at 63 “C for 30 min in a preheated water bath
and cooled to 42 °C. Donor and recipient strains were cultured on BHI
broth medium (Merck, Germany) for 48 h in 30 “Cin bic condi-
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2.3.4. Genotyping of tr g
The fingerprints of u'ansconjugmts found to have acquued resl&
tance genes were d by
Ci - Pol Chain R (ERIC- PCR) according !o Pus
parini et al. (2018). The PCR reactions were performed in a total volume
of 25 pL containing 12.5 pL of DreamTaq Green PCR Master Mix (2 x)
(ThermoFisher Scientific, Waltham, Massachusetts, USA), 1.25 yL of 10
pmol primers (Table 2) and 1.5 pL of DNA template filled up with
ddH,0. Cycling conditions were as foll initial d at
95 “C/7 min, followed by 30 cycles of denaturation at 94 “C/1 min,
nnnealmg at 52 °C/1 min and extension at 65 °C/8 min and a final
gation at 65 °C/15 min. The PCR products were separated by

tions. Then 1 mL of donor and recipient culture were added to milk and
incubated at 42 “C until the pH 4.3 was obtained. The donor and
recipient cultures were then mixed together 1:1 (v/v) in sterile LDPE
bottle to final volume of 10 mL and the test samples were subjected to
high-pressure treatment. The tested and control samples were then
incubated at 4 “C for 48 h. After incubation, serial tenfold dilutions of
fermented milk samples were plated onto selective media as described
above. Plates were incubated aerobically for 24-48 h at 37 “C and the
transfer frequency was expressed as described above.

2 3.3 Conﬁnnmg dlcprcsencc of antibiotic resistance in transconjugants
were d for their antibiotic resis-

tance. The Minimum lnh:bnory Concemranons ('Mle) for following
antibiotics: tetracycline, chl i icin and
ampicillin were determined by upplymg gradient stnps (Liofilchem,
Italy) on an inoculated Mueller-Hinton agar plate (Merck, Germany).
The MIC values were read after 18 h of aerobic incubation at 30 “C.

Then, g ic DNA was isolated from the t jugants using the
Genomic Mini kit (A&A Biotechnology, Poland) and plasmid DNA was
isolated using Plasmid Mini kit (A&A Biotechnology, Poland) according
to manufacturer’s instructions. Then PCR reactions were performed
using primers and conditions listed in Table 2 to confirm gene transfer
(Goksel et al., 201 6; Kaase et al., 2008; Padmasini et al., 2014; Roberts,
1994). PCR reactions were provided using genomic DNA and plasmid
DNA. PCR reactions were conducted in a thermal cycler Mastercycler
nexus GX2 (Eppendorf, Germany). The PCR products were separated by
electrophoresis on 1.5 % agarose gels in 1 x Tris-borate-EDTA (TBE)
buffer stained by 0.5 pg/mL of Midori green (ABO, Poland) 100 V for 6
min and then at 80 V for 90 min and visualized using the system for the
documentation and analysis of fluorescently stained gels G-BOX F3
(Syngene, UK)

electrophoresis on 1.5 % agarose gels in 1 x Tris-borate-EDTA (TBE)
buffer stained by 0.5 pg/mL of Midori green (ABO, Poland) at 150 V for
150 min and visualized as described above.

Then, ﬁngerpnms were compared to the fingerprints of recipient
strain for confi by cluster analysis with BioNi ics
ver. 7.6.3. software (Apphed Maths/bioMérieux, Sint-Martens-Latem,
Belgium). The similarity distances between ERIC-PCR profiles were
calculated using the Dice coefficient, and the dendrogram was based on
the ighted pair group method with arithmetic mean (UPGMA).

M , all jugant strains were identified to the species
level phenotyplca.lly using MALDI-TOF technique and genotypically
using PCR method as described previously (Chajecka-Wierzchowska
et al., 2020) for confirmation purposes.

2.4. Statistical analysis

Statistical analyses were performed using the one-way ANOVA. For
the analyses, p < 0.05 was considered significant. The statistical ana-
lyses and visualization were performed using Prism 9.3.1. (Prism,
GraphPad Software, San Diego).

3. Results

3.1. Changes in

This study analyzed ch in frequency of antibiotic resistance
genes transfer after exposure to hlgh-pwure treatment among strains
from commercial starter cultures. As a result of the frequency of resis-
tance gene transfer analysis before and after exposure to high-pressure
processing, it was found that the tmnsfer of genes aph(3')-Illa and aac

(6')-Te-aph(2")-la ding glycoside r did not occur
Table 2
Primers used in the study.

Species/gene Primer Primer sequence 5'-3' Amplicon size (bp) A | P Ref

Tetracyclines resistance gene

tetM tetM-F GTGGACAAAGGTACAACGAG 406 62°C Roberts, 1994
tetM-R CGGTAAAGTTCGTCACACAC

f-Lactams resistance gene

blaZ blaZ-F CAAAGATGATATAGTTGCTTATTCTC 400 50°C Kaase et al., 2008
blaZ-R TGCTTGACCACTTTTATCAGC

Aminoglycosides resistance genes

aac(6')-le-aph(2' }-la Gentl-F CAGGAATTTATCGAAAATGGTAGAAAAG 369 58°C Padmasini et al., 2014
Gentl-R CACAATCGACTAAAGAGTACCAAT

aph(3")-llla Aminol-F GGCTAAAATGAGAATATCACCGG 523
Aminol-R CTTTAAAAAATCATACAGCTCGCG

Fingerprinting

cat cat-F CATATCAAATGAACTTTAATA 718 52°C Goksel et al., 2016
cat-R CGTTTTGTGAAGTAGTACACT

ERIC-PCR ERIC1 ATGTAAGCTCCTGGGGATTCA 52°C Pusparini et al,, 2018
ERIC2 AAGTAAGTGACTGGGGTGAGC
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after any of the high-pressure treatment variant, either in vitro or in situ.
Transfer of these genes was observed only in control, unpressurized
samples. The aph(3)-Illa gene transfer rate in the control samples
ranged from 5.37 x 10 ° to 9.05 x 10 * and the aac(6')-le-aph(2’)-la
gene transfer in the control samples ranged from 4.67 x 10 ° to 8.02 x
10 °. It was also observed that the in situ transfer rate was not signifi-
cantly different than the in vitro transfer rate.

Regarding the tetracycline resistance gene (tetM), transfer frequency
in the control samples ranged from 5.43 x 10 © to 8.91 x 10 °. The
frequency of ampicillin mxsmnce gene (HaZ) transfer in control samples
mngedfrom 1.74 x 10 ®to 3.24 x 10 ® while the frequency of chlor-

1 resi gene (cat) in the control samples ranged
from 3.23 x 10" to 5.02 x 10°%. The in vitro transfer rates for these
antibiotics were not significantly different than transfer rate in the food

International Journal of Food Microbiology 388 (2023) 110104

example might be a study by Leroy et al. (2019), who reported the
transfer of plasmids carrying antibiotic resistance during sausage
fermentation, between Lactobacillus strains.

Food preservation ques are idered envir I ch
and might be stress factors for food-related microorganisms, such as
lactic acid bacteria used in the food industry as starter cultures (Bucka
Kolendo and Sokolowska, 2017). It is noteworthy that microbial stress

daptation abilities depend on their individual ch istics and can

also originate from cross-protection systems. Under adverse conditions,
LAB activate response mechanisms, which may affect their features
(Bucka-Kolendo et al., 2020).

One of the most promising food preservation techniques is high-
pressure processing (HPP), which is also used to preserve fermented
food (Jadhav et al., 2021; Nabi et al., 2021). There are many studies

f d on the resp to other physioch | stressors, but there are

a limited ber of studies ding the molecular mechanisms of the

& s

matrix. After exp to high pr the transfer freq ies, both
in vitro and in situ changed significantly compared to the control sampl

Transfer ﬁequmcnes of blaZ and cat genes di i to
ampicillin and chloramphenicol increased sngmﬁcantly after high-

pressure treatment in vitro as well as in situ. However frequency of the
tetracycline resistance gene tetM decreased after exposure to analyzed
HPP variants in vitro and increased in the food matrix (Table 3).

3.2. Confirming the presence of antibiotic resistance in transconjugants
After analysis of resistance genes transfer frequency MIC values for

tested antibiotics were determined among obtained n'ansconjugnms to
confirm gene transfer. MIC values noticed for the tr:

resp to high-pressure treatment (Rossnerova et al, 2020).

To the best of the authors’ knowledge, there are currently no studies
on the impact of food-related stresses, such as HPP, on the possibility of
the horizontal transfer of antibiotic resistance genes with non-
pathogenic strains intentionally introduced into food. H , litera-
ture data indicate that in the food chain antibiotic resistance genes
might be acquired by bacteria challenged with many various food-
related stresses (Lopez et al., 2020; Obolski and Hadany, 2012; Oni-
ciue et al., 2019). Skandalis et al. (2021) also report that bacterial cells
affected by stress factors may still participate in the horizontal gene

fer. Our previous study showed that the frequency of aminoglyco-

ranged as follows: from 0.38 to 0.75 pg/mL for gentamicin, from4 106
pg/mL for kanamycin, from 24 to 32 pg/mL for tetracycline, from 12 to
32 pg/mL for chloramphenicol and from 0.125 to 0.25 pg/mL for
ampicillin. These MIC values were lower or equal to MICs determined
for the donors. What is noteworthy, MIC values for ampicillin, tetracy-
cline and chloramphenicol among transconjugants were higher than in
recipient strain, while MIC values for gentamicin and kanamyein were
not significantly different than in recipient strains. No significant dif-
ferences were observed between the MIC values determined for the
transconjugants obtained in vitro and in sifu. Occurrence of antibiotic
resistance genes, the transfer of which was analyzed, were found in the
genomic as well as plasmid DNA of t jug: (Table 3). These
results show that transconjugants carried antibiotic resistance genes
which exp d. All of the transconjugant strains were also identified as
E. faecalis both with MALDI- TOP technique and PCR method. nger

side and tetracycline resistance gene transfer changed after exposure to
food-related stresses (Zarzecka et al., 2022d). These results are only
partially in line with the results obtained in the current study. Results of
aminoglycoside resistance genes transfer are the same in the both
studies. In the cumrent study tetracycline resistance gene transfer
d d after exposure to high p , what is in the opposite to the
results obtained previously. This suggests that changes in the ability to
transfer genes may result from individual strain ch istics and be a
strain-specific feature. According to the literature, food-related stresses,
such as those encountered during food preservation, may affect the rates
of exchanging genetic material and the number of plasmids copies in
bacterial cell. For example, exposure to heat, low pH or starvation has
been reported to influence the inter- and intraspecies ability to spread
resistance genes. The results obtained by Mc Mahon et al. (2007) indi-
cate that environmental stresses, such as low pH, high osmolarity, low or

printing using ERIC-PCR showed similar recip and tr

profiles (Fig. 1). The three exceptions were noticed (TC - LAB26b (in
sifu) 400 MPa/3 min, TC — LAB26b (in situ) 300 MPa/5 min and TC -
LAB26b (in vitro) 300 MPa/5 min), but these strains were identified as
E. faecalis both phenotypically and genotypically, what confirms that
they are transconjugant strains. Such discrepancies might result from
the limitations of genotyping method.

4. Discussion

For several decades, the food chain was considered one of the routes
of transmission of antibiotic resistance in the environment. Currently, it
is known that conjugal gene transfer may take place in various matrices.
Moreover, while gene transfer has been demonstrated in a stable labo-
ratory environment, still little is known about gene transfer in natural
niches, like food matrix (Fletcher, 2015; Rossi et al.,, 2014; Thumu and
Halami, 2018). That is why it is so important to understand the mech-
anisms determining the spread of genes in other conditions to identify
any modifiable interactions to reduce or interrupt the spread of resis-
tance in the environment. Since LAB are being added to food as starter
cultures, studies of conjugal transfer among bacteria i in the food matrix
will lead to the und ling of genetic exchang between
bacteria in natural environments. Knowledge about the ability of LAB to
transfer antibiotic resistance in food matrices is still limited. One

high temp or combi of such factors are able to increase the
rates of horizontal transfer of antibiotic resistance plasmids at a level
comparable to the results obtained in this study. This might suggest that
many food preservation techniques may result in the facilitated transfer
of plasmids carrying antibiotic resistance genes among bacteria in food.

Similar studies have been conducted with regard to environmental
strains and have shown that the selection pressure iated with
environmental stress resultsinani d frequency of gene fer in
strains that survived exposure to stress factors. The acquisition of anti-
biotic resistance genes seems to be a response to selection pressure.
Exposure to stress factors in the env exerts p inducing a
stress response and promoting horizontal gene tmnsfel which mdncas
the spreading of resistance genes (Bombaywala et al., 2021; Chen et al.,
2019; Lin et al., 2019).

Currently, the knowledge of the influence of stress factors, especially
those related to food processing, on the possibility of horizontal gene
transfer by conjugation is limited. For this reason, in the author's
opinion, the present study fills a significant knowledge gap and could
open the door to deepening research in this area, helping to understand
how environmental conditions acting on microbes can influence the
spread of in the envir

123



International Journal of Food Microbiology 388 (2023) 110104

U. Zarzecka et al.

(23vd 3xou uo ponuyueo)
4900
T T T 4.01 U g
Joo U o " -u Tl Tu T ‘U.ﬂ =u *xSLL E: 008
010
e ¥ g-01 U g
Ll U o u T'u 91 ©Tu =u ‘pu Tu x Tv's /SdX 00
€00
v H00 F F 501 v 3 01, 2)ydo-31-(9) sdurs £
of11-( £)ydo 303 T Wy TU 9T ©u TU 01 X296 u X€QE TW W 9 VU 9l 200 DII(ENYd0 ‘OM ‘W onuo)  -gy1T
4600
v e ¥ o-01 U g
o ru ‘u u Tu (24 ou ou ‘ou Ppu x £8'8 JedN 00%
4900
L F .01 |
Joo Ty ‘u u e ¢ ou eu ‘ou pu x 958 JedN 00%
910
w T ¥ g.01 upw g
oo Ty ‘u u e ¢ T'u eu ‘ou pu xS /ed 00
4600
° T F4.01 T g
o Tu ‘o o wu T Tu ou ou pu x Z1'8 /ed 00
00 «£00
o ° T Fg.01 Fg.01 L w2 'O 9)30 BF-( Z)ydv-a sdwes 1y
~(,Z)ydv-2p-( 9)00 32> TE W W gg0 T ©u T o *20'8 *ZEE TRW W w  gE0 IE -(9)7w0 ‘opp-( £)ydo Mg ©8u)  -gv1
160'0
b b F 401 4800 F urw g
°9‘WH STT0 TE W Tuww *9U'S 4 Ol X80F o u v /%dIK 00%
490°0
© ° F 401 Jl10 F upw |
PRWH STO ¥ W Tu W *6¥'S 5 Ol X€6'S v u R /edIN 00%
aL0°0
i © F 01 4010 F uw g
o0‘WM STO T W TU w XI1€'S ¢ Ol X1I'S ou Tu ou /edIN 00€
2’0
v ® ¥ .01 200 F U g
o9‘WW S0 ZE W Tu w XEP'S 4 Ol XE0'S ou Ty vu /edIN 008
«60°0
o © ¥ .01 910 F © v 03'70)q DI, 2)ydo-21-(,9) sdums  qoz
oQWN STO ¥ W TU W XPTE 4 01%16'8 ou U TU G0 e W TU w200 V(LD A Wen jonuod  -gv1
" h 400 F T g
" TH o gg W ww ow TU 00 % 19T pu U v /%dIN 00F
° © 910 F |
W TU  pT W TU W TU o Ol X68°€ pu Pu o /edIN 00%
- s 400 F umw g
s Te zg v vue  Cuw Te o Ol X 1ZE pu Ppu ‘ou /edI 00€
° ° W10 * upw g
" TE g W Tww T o 0 X198 pu pu Tu /4N 00§
010
o1, Z)do-21-( 9) i o+ 000 F Fg-01 © o1 9)200 ‘vf-( Z)ydv-9 sduws 91
200 DI £)ydo ‘W TE yT 9 SO W TU G OIXEPS o 0T XEL1Y9 * 769 Tu TU g § T w -(9)o00 DI-(£)yd ‘Wan 1oauo)  -gv1T
Sugow =iy ogu up
dWv 3L X ND D AWV aL ¥ ND D dvw EHL X N D
0wl
PUTISEII PIARFSUTIL, [Tw/3d] DL Jo anyeA OIIN as ¥ »¥/DL T RysueI] [Tw/8d] @ jo anfea DN Iouop jo adf10uap
TS U} PR o 1 But d d y3nj 03 dx2 123e UL 210§3q 1JSULT S2URF DUTISISY

€ 2IqeL

124



W (980d 3xau uo ponunued)
= 00 900
® of " T F .01 Fg.01 T T w2 o[ 9)Iw0 Bf-(, Z)ydv-a1 sdums 13
8 -(,Z)ydv-31-( )70 03 Tw w W gg0 g wu wu T xZTL *Zos TW W w gg0  IE -(,9)700 ‘oppp-( £)ydo N33 [e3ue)  -gv1
P~ J£10
m b b Fg 01 5800 F upw g
B 09°‘WH STO T 0w Tuw m %99S ¢ Ol X€TT o u Tu /edIN 00%
3 400
3 ] i ] F4.01 2600 F |
& o9 ‘WP STO ZE W Tw  uw X6L'S 4.0l X€TT T T Ty /edIN 00%
4%0'0
.m ° i F 401 SPL0F U ¢
s PNWR IO TE W TU W *66'S 4 01 *XI#T v e o /edIN 008
.m 00
3 ° a F 401 5400 F upw g
m O9'WH STI0 b W TuU W X (8'S 4 Ol X€TT ou u ou /%I 00
! «+0'0
" © 7 .01 <00 F = = 3 ‘Zoq DI, Z)Ydo-1-(,9) sduws  qoz
QW™ SZTO € W Ty u X 86T o 01%IE8 ou ey TU GO ZE W VU w00 DU £)ydd AN W fonuod  -gv1
° h q#00 F upw €
W TH yz W ww  w T Ol XE1T pu pu o /edIN 00%
R ° 4800 F upw |
W TE g W vU W TU G Ol X#2T pu pu T /edIN 00F
w = 4800 F umu g
W TH  yz W wuw  w e Ol X#1T pu pu Tu /*dIK 008
© e JEL0 F upw g
W TU pT W TU TU Ol X16T pu Ppu U /eI 00
900
o1, Z)ydo-31-( 9) e 800 ¥ H00F ¥ 5-01 ° 1-(,0)200 ‘v)-(, Z)ydo-31 sdums 91
200 ‘I £)ydo ‘W TY & 9 S0 U TU L OTXE0S o 01 X LES x L9 'vU TW g § 1w -(9)°00 DY-(£)ydo ‘Wan fonuod  -gyT
Xrw pooj st ur Sunvw mEs uf
4#0'0
® T b Fg.01 unw
Nﬂz € o o Tu " x9U'¢ =u Tu =u eu \az 0%
Q110
R T T F 401 upw |
°N T o " u w ¥y =u eu =u T /odK 00
4900
© T b F 401 U ¢
il 4 o .ﬂ —u u X LE'F =u | u T /odIX 008
480°0
e ® ¥ g-01 upw g
zoq € ‘u u T u < Ep'p °ou ‘ou eu o /ed 00
«S0°0
o o L] ¥ g.01 L] © - spdums £9
zeN k4 ‘u u T'u u *pl'z eu °u ou ‘Tu € ‘u u Tu u Vil Jonuo) -8V
200
8 . Fg.01 upw g
Joo Tu ‘u " e 91 Tu Tu .UJ— Tu x €8°L /edX 00%
910
L F45.01 wpw |
Joo Tu ‘u u Tu z1 T'u T ‘U.ﬂ uu x 95°L /edK 00%
= dNV 5L N ND D AWV aL 3 NO D dvv EL X N D
m wuald
] PUTSII PILRISUCI, [Tw/3i] DL 30 anyea DIN Qs ¥ +¥/DL M1 RpsunI] [Tw/3d] @ jo 3n[ea DIX Touop jo adf10uap
.m (pamagiod) g JIqeL
5}

©

125



International Journal of Food Microbiology 388 (2023) 110104

U. Zarsecka et al.

“uoRLIAdp prUpuEs - gs SwRwadxd

Juapuadapul 1R JO ULIW - , (500 > d) IWRRPIP AT sy JURTHIP TRIM ANGLIIT YOTI UNRLM [03 UT SINTEA - g °C {P[Ogq UF UMOYS 1T “APTys A U PIZAEUT 213M YIIYM JO IsUL Ity ‘IS papooud-pruseyd
Jo soureu Sy {pAARP uou — 'pry,, ‘pazdeue jou — "v'n, ‘siouop — q ‘suandiar -y f -0 ‘mpduwre - gy Surpiena) - g1 unk 1 - upr — ND ‘foamuay 42 - D isuonvIAAIqq
4£0°0
© o = F .01 un g
o8 € ‘u ‘u T ‘u x L1'S Tu ‘ou Tu ou /edN 00%
460°0
o b ] ] ¥ g.01 un
o9 € u ‘u ©u ‘u X €2'S T eu T e /edN 00%
4900
e i h F 9 (1)1 un §
Nﬂz ] o ‘u Tu ‘u * 18 Tu eu ou Tu \n‘x 00
450°0
T b F .01 R g
04 T ‘u ‘o ou " * €0°C Tu e T e /tdIN 00€
600
il ' v E 0 ot " hd ) iﬁ- £
Nﬂx € o ‘u T u el —u Tu wu Tu € o u ou o ; 1.-«_'0 -gv1
o#00
" b Fg.01 unr g
0 ou ‘u ‘u ou 91 Tu Tu ‘pu e * ££'8 /edIN 00%
4200
T e F .01 [
R ou u ‘u o zl o T pu Ty * 62'8 /edN 00%
4800
© - Fg 01 e S
oo Ty o ‘u Tu zt ou ou pu e * £0'8 /edW 00E
2S00
h a g T 9 o1 upr g
] ‘ru u ‘u T 91 Tu Tu ‘pu Tu x 16'L /edN 00
000
® £L00F F4.01 © w2 V[, Z)ydo-21-(,9) apdums £
ol £)ydo o0 T w oy Tu 9] Tu Tu o 01 %606 T *e6g vw w9 vw 91 oo DI(g)yde ‘0P ‘WR pawdy  -avT
W20
e b ¥ 9 o1 upE £
Joo Tu i ‘u u 124 T Tu Tu .v o * £9'6 \&’ 00F
2S00
b ] " Fo.01 unw |
o Tu " ‘o —u 4 —u Tu =y pu * 956 /=dW 00+
4800
v b F ° o1 o ¢
Joo Tu o u T F4 4 T —u Tu .v.- * Fr6 \ﬂtz 00
o#00
T w Fg.01 upw g
oo ru u ‘u Tu ¥z ou -'u eu pu * S1'6 /edW 00E
davy 4L X ND D ARy aL b ND D dW¥ dL X N O
uad
USRI PALRJUTIL [Tw/3d] DL jo anyea DI as ¥ +¥/DL e RpuTIL [Tw/31) @ jo nea oI 10uop jo adkrouan

(pamurpuo2) € djqeL

126



International Journal of Food Microbiology 388 (2023) 110104

RO AR
- - - - - e - - - - S bt MIC (pgwd |
- T™©.L 3L EN- 0K
or—=C 0L TOAmK .
Ny 1 TCLAB. T
== €1 W
oL ™
3 TC-LAB- "
Te.L mwen
™ €L e
xif © ™
1 6.8 fry
b3 -y
Mor LS A2
TC.L A
o Awr.3
3 e
—s . .
JTCL :-’
Tre. -3
E !-IIO--I- AP - 5t
TC - LAB63 v vitvw) 400 MNP0 mim. Ay
1 LAB1 e st € €.an,08.00
1C.LAB. =0
TC - LARAN vl € €050
”© .M
16,148 cn
€L c.n
(¥ TC.LAR cn
0 1°<-L c.n
”° L
”© \B- €.
4 7 P
L 00 TC LAD 3 e st € oMk
TC.LAR co
»or TC-LAB ca2
—— L s
3 L cn
1] L c.n
£ 5
L{""‘[ TC-LAR c.
L TE 34 A 002
- © T35 AMP - 8135
{ L TEL 24 AMP. 035
o ® €L 3L AP 038
af . s
L R fooontt I3
TC-L MPA) s TE- 33 AMP- 038
™ TC.LAB. MPAD i T34 AMP- 838
f D LABIE T2
4 TCL T3 AP 036
v T TC. LAB 360 0 i) 300 3PS min. T AP 08
1 D-LABSY ARy
D.LAB4L c-xn
M 0. LAR} c..
D.LiB& TE- 3L AP 028

Fig. 1. Unweighted pair group method with the arithmetic mean (UPGMA) dendrogram derived from genotyping of E. faecalis JH2-2 and transconjugants obtained

in resistance genes tmmfer
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5. Conclusions

The results obtained in this study indicate that high-pressure pro-
cessing may cause changes in the frequency of resistance gene transfer.
These results confirm the necessity to analyze the strains used in the
form of starter cultures for their abilities to spread antibiotic resistance
as well as conditions of food preservation. There is a large knowledge
gap in the field of the response of lactic acid bacteria to food-related
stresses. Although antibiotic-resistant lactic acid bacteria do not pose
a du'ed threat to consumers, food-related m'mu may lead to the

g fer of resi genes, 1g to the spread of
resistance in the environment.
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and protective cultures - Occurrence of antibiotic resistance and conjugal transfer of 7ef genes
in vitro and during food fermentation. LWT-Food Science and Technology, 153, 112490.
https://doi.org/10.1016/j.1wt.2021.112490.

Mo6j wklad w powstanie publikacji polegal na wspotudziale w opracowaniu koncepcji badan,
udziale w walidacji metodyki, nadzorze merytorycznym oraz udziale w redakcji manuskryptu
po recenzji. Moj udzial procentowy w powstaniu publikacji szacuje¢ na 20%.
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mgr Urszula Zarzecka Olsztyn, 08.05.2023
Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspolautorem publikacji:

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/10.1016/1.FM.2022.104090.

M6j wklad w powstanie publikacji byl wiodacy. polegal na zdobyciu finansowania badan,
opracowaniu koncepcji badan, zebraniu i przegladzie literatury, udziale w walidacji metodyki,
wspoludziale w wykonaniu analiz laboratoryjnych, analizie i opracowaniu wynikow,
przygotowaniu wstgpnej wersji manuskryptu oraz udziale w redakcji manuskryptu po recenzji.
Petnilam takZe rolg autora korespondencyjnego. Méj udziat procentowy w powstaniu publikacji
szacuj¢ na 55%.
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Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, Ze jestem wspoélautorem publikacji:

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.

Moj wklad w powstanie publikacji polegal na wspoludziale w opracowaniu koncepcji badan,
udziale w walidacji metodyki, nadzorze merytorycznym oraz udziale w redakcji manuskryptu
po recenzji. Moj udzial procentowy w powstaniu publikacji szacuj¢ na 10%.
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mgr inz. Arkadiusz Zakrzewski Olsztyn, 08.05.2023
Katedra Mikrobiologii Przemyslowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspotautorem publikacji:

Zarzecka U., Chajgcka-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.

Moj wklad w powstanie publikacji polegal na walidacji metodyki i wykonaniu analiz
laboratoryjnych w zakresie analiz cytometrycznych. Mdj udzial procentowy w powstaniu
publikacji szacuj¢ na 15%.
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Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspolautorem publikacji:

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.

Mo6j wklad w powstanie publikacji polegat na wspéludziale w opracowaniu koncepcji badan,
nadzorze merytorycznym oraz udziale w redakcji manuskryptu po recenzji. M6j udzial
procentowy w powstaniu publikacji szacuje na 10%.
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Prof. Maria Jodo Fraqueza Lisboa, 08.05.2023
CIISA—Centro de Investigagdo Interdisciplinar em Sanidade Animal

Faculdade de Medicina Veterinaria

Universidade de Lisboa

STATEMENT
I hereby declare that I am the co-author of the publication:

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.

My contribution to the creation of the publication consisted of supervision and participation in
the editing of the manuscript. My percentage share in the creation of the publication is estimated
at 10%.
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Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, Ze jestem wspolautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. Effect of high
pressure processing on changes in antibiotic resistance genes expression among strains from
commercial starter cultures. Food Microbiology, 110, 104169.
https://doi.org/10.1016/j.fm.2022.104169.

Moj wklad w powstanie publikacji byl wiodacy, polegal na zdobyciu finansowania badan,
opracowaniu koncepcji badan, zebraniu i przegladzie literatury, walidacji metodyki,
wspoludziale w wykonaniu analiz laboratoryjnych, analizie i opracowaniu wynikéw,
przygotowaniu wstgpnej wersji manuskryptu, udziale w redakeji manuskryptu po recenzji oraz
pehnieniu roli autora korespondencyjnego. Méj udzial procentowy w powstaniu publikacji
szacuj¢ na 60%.
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Katedra Mikrobiologii Przemyslowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, Ze jestem wspélautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. Effect of high
pressure processing on changes in antibiotic resistance genes expression among strains from
commercial starter cultures. Food Microbiology, 110, 104169.
https://doi.org/10.1016/j.fm.2022.104169.

Moj wklad w powstanie publikacji polegal na wspéludziale w opracowaniu koncepcji badan,
nadzorze merytorycznym oraz udziale w redakcji manuskryptu po recenzji. Moj udzial
procentowy w powstaniu publikacji szacuje na 20%.
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Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym oswiadczam, ze jestem wspotautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. Effect of high
pressure processing on changes in antibiotic resistance genes expression among strains from
commercial starter cultures. Food Microbiology, 110, 104169.
https://doi.org/10.1016/j.fm.2022.104169.

Mdj wklad w powstanie publikacji polegal na nadzorze merytorycznym oraz udziale w redakcji
manuskryptu po recenzji. M6j udzial procentowy w powstaniu publikacji szacuje na 15%.
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Patryk Adamski Olsztyn, 08.05.2023
Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym oswiadczam, ze jestem wspotautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. Effect of high
pressure processing on changes in antibiotic resistance genes expression among strains from
commercial starter cultures. Food Microbiology, 110, 104169.
https://doi.org/10.1016/j.fm.2022.104169.

Moj wklad w powstanie publikacji polegal na wspéludziale w wykonaniu analiz
laboratoryjnych i opracowaniu wynikéw. M¢j udzial procentowy w powstaniu publikacji
szacuj¢ na 5%.

/ 77 .
i A‘:'V(‘! ,/_/V,/
y
¥/

144
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Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspétautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. High-pressure
processing effect on conjugal antibiotic resistance genes transfer in vitro and in the food matrix
among strains from starter cultures. International Journal of Food Microbiology, 388, 110104.
https://doi.org/10.1016/j.ijfoodmicro.2023.110104.

Moj wklad w powstanie publikacji byl wiodacy, polegal na zdobyciu finansowania badan,
opracowaniu koncepcji badan, zebraniu i przegladzie literatury, walidacji metodyki,
wspoludziale w wykonaniu analiz laboratoryjnych, analizie i opracowaniu wynikéw,
przygotowaniu wstgpnej wersji manuskryptu, udziale w redakcji manuskryptu po recenzji oraz
pelnieniu roli autora korespondencyjnego. Méj udzial procentowy w powstaniu publikacji
szacuje na 65%.
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Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspotautorem publikacji:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. High-pressure
processing effect on conjugal antibiotic resistance genes transfer in vitro and in the food matrix
among strains from starter cultures. International Journal of Food Microbiology, 388, 110104.
https://doi.org/10.1016/j.ijfoodmicro.2023.110104.

Moj wkiad w powstanie publikacji polegal na wspoludziale w opracowaniu koncepcji badan,
nadzorze merytorycznym oraz udziale w redakcji manuskryptu po recenzji. M6j udziat
procentowy w powstaniu publikacji szacuj¢ na 15%.
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dr inz. Wioleta Chajgcka-Wierzchowska Olsztyn, 08.05.2023
Katedra Mikrobiologii Przemystowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspotautorem publikaciji:

Zarzecka U., Zadernowska A., Chajg¢cka-Wierzchowska W., Adamski P. 2023. High-pressure
processing effect on conjugal antibiotic resistance genes transfer in vitro and in the food matrix
among strains from starter cultures. International Journal of Food Microbiology, 388, 110104.
https://doi.org/10.1016/j.ijfoodmicro.2023.110104.

Méj wklad w powstanie publikacji polegal na nadzorze merytorycznym oraz udziale w redakcji
manuskryptu po recenzji. M6j udzial procentowy w powstaniu publikacji szacuje na 15%.
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Katedra Mikrobiologii Przemyslowej i Zywnosci

Wydzial Nauki o Zywnosci

Uniwersytet Warminsko-Mazurski w Olsztynie

OSWIADCZENIE
Niniejszym o$wiadczam, ze jestem wspotautorem publikacii:

Zarzecka U., Zadernowska A., Chajecka-Wierzchowska W., Adamski P. 2023. High-pressure
processing effect on conjugal antibiotic resistance genes transfer in vitro and in the food matrix
among strains from starter cultures. International Journal of Food Microbiology, 388, 110104.
https://doi.org/10.1016/j.ijfoodmicro.2023.110104.

M6 wklad w powstanie publikacji polegal na wspéludziale w wykonaniu analiz
laboratoryjnych i opracowaniu wynikow. Mo¢j udzial procentowy w powstaniu publikacji
szacuje na 5%.
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