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STRESZCZENIE

Stan fizjologiczny wybranych patogenéow w sokach z warzyw korzeniowych po procesie

utrwalania wysokim ciSnieniem

Doniesienia literaturowe potwierdzajg indukowanie niejednorodnej populacji drobnoustrojow
po dziataniu wysokiego ci$nienia (ang. high hydrostatic pressure - HHP), wiaczajac populacje
uszkodzong subletalnie. Komorki uszkodzone subletalnie charakteryzuje wydluzona faza zastoju,
bardzo niski poziom aktywnos$ci metabolicznej i wrazliwo$¢ na sktadniki selektywne, co przektada si¢
na niedoszacowanie lub nawet niewykrycie zywych komoérek w badanej probce metodami klasycznymi.
Stymulacja mechanizmoéw naprawczych w komorce i szybka umiejetno$¢ adaptacji do zmienionych
warunkéw mogg przyczyni¢ si¢ do namnozenia mikroorganizmu w zywnosci szczegélnie podczas
niewlasciwego przechowywania.

Rozprawa doktorska poswigcona jest analizie stanu fizjologicznego komorek bakteryjnych
E. coli oraz L. innocua poddanych dziataniu HHP, ze szczegdlnym uwzglednieniem mozliwosci
regeneracji komorek uszkodzonych subletalnie w sokach zwarzyw korzeniowych podczas
4-tygodniowego okresu przechowywania w dwoch temperaturach (5°C oraz 25°C).

Przebadano w jaki sposob parametry procesu wplywaja na rodzaj indukowanych uszkodzen
w komorkach bakterii. Zbadano takze wptyw rodzaju matrycy, temperatury, rodzaju drobnoustroju
i specyfiki wywolanych zmian w komérce na proces regeneracji komorek uszkodzonych subletalnie.
Dodatkowo praca zostala wzbogacona o aktualny stan wiedzy dotyczacy uszkodzen subletalnych
wywotanych przez wysokie ci$nienie.

Uzyskane wyniki wskazuja jednoznacznie, ze dziatanie HHP w zakresie 300-500 MPa generuje
niejednorodng populacje bakterii. Analiza mikroskopowa udowodnita, ze HHP wywotuje zmiany w
obszarze cytoplazmy i genomu bakteryjnego. Potwierdzono, ze stopien inaktywacji badanych szczepow
zwigksza si¢ wraz ze wzrostem zadanego cisnienia, Natomiast nie w kazdym przypadku wydtuzenie
czasu ekspozycji przy zachowaniu statego ci$nienia skutkowato zmniejszeniem liczby zywych komorek
w populacji. Wykonane badania nie wykazaty jednoznacznej zalezno$ci pomig¢dzy parametrami procesu
HHP oraz rodzajem matrycy, a poziomem wywotanych uszkodzen subletalnych w komorkach badanych
bakterii. Udowodniono, ze charakter medium oraz pochodzenie szczepow wpltywaja na wrazliwosé
populacji wzgledem metody HHP.

Ostatnig czg$¢ badan stanowily proby przechowalnicze z wyznaczeniem potencjatu wzrostu (9)
testowych bakterii oraz wspotczynnika regeneracji (Rr). Wykazano, ze sok z marchwi wspomagat
wzrost komorek L. innocua w temperaturze 5°C. Obserwowano regeneracje komorek uszkodzonych
subletalnie w soku z marchwi dla wigkszosci badanych szczepéw. Nie odnotowano regeneracji ani
wzrostu liczby komoérek w populacjach badanych szczepow zawieszonych w soku z burakow
¢wiktowych w czasie przechowywania w obydwu temperaturach. Pomimo iz analizy mikrobiologiczne
przeprowadzono zgodnie z obowigzujacymi normami, w ktorych zapewniona byta regeneracja komorek
uszkodzonych subletalnie, wzrost E. coli na selektywnej pozywce TBX byt stabszy niz na ptytkach
dwuwarstwowych TAL. Uzyskane wyniki potwierdzaja zasadno$¢ zastosowania plytek
dwuwarstwowych TAL do oceny bezpieczenstwa mikrobiologicznego badanych sokow z warzyw
korzeniowych poddanych dziataniu HHP. Dodatkowo praca zostata wzbogacona o aktualny stan wiedzy
dotyczacy uszkodzen subletalnych wywotanych przez wysokie cisnienie.

Podsumowujac, w pracy udowodniono zdolno$¢ komoérek uszkodzonych subletalnie w wyniku dziatania
HHP do regeneracji w soku z warzyw korzeniowych o pH bliskim obojetnemu.

Stowa kluczowe: uszkodzenia subletalne, wysokie cisnienie hydrostatyczne (HHP), soki z warzyw
korzeniowych, badania przechowalnicze, potencjal wzrostu, mikroskopia epifluorescencyjna (EFM),
skaningowa mikroskopia elektronowa (SEM), transmisyjna miskroskopia elektronowa (TEM)



ABSTRACT

The physiological state of selected pathogens in root vegetable juices after high-pressure

processing

Scientific research has confirmed that high hydrostatic pressure (HHP) treatment induces
a heterogeneous population of microorganisms, including the sublethally injured population.
Sublethally injured cells are characterized by an extended stagnation phase, a very low level of
metabolic activity and sensitivity to selective components. The above-mentioned may underestimate its
presence or even not detect the living cells in the sample when classical methods are used. Stimulation
of repair mechanisms as well as the quick cell ability to adapt to modified conditions may result in the
multiplication of the microorganism in food, especially during improper storage.

The doctoral dissertation is devoted to the analysis of the physiological state of HHP-treated
E. coli and L. innocua bacterial cells, with particular emphasis on the possibility of regeneration of
sublethally injured cells in root vegetable juices during a 4-week storage at two temperatures (5°C
and 25°C).

It was examined how the process parameters affect the type of induced damage in bacterial cells.
The influence of the type of matrix, temperature, type of microorganism and the specificity of the
induced changes in the cell on the regeneration of sublethally damaged cells was also determined.

The obtained results clearly indicate that the HHP method in the range of 300-500 MPa
generates a heterogeneous population of bacteria. Microscopic analysis proved that HHP causes changes
in the cytoplasm and bacterial genome. It was confirmed that the level of inactivation of the tested strains
increases with the pressure. However, with a constant pressure and the extension of the exposure time,
there was no correlation to the inactivation levels observed. The obtained results did not prove a clear
relationship between the HHP parameters, the type of matrix, and the level of sublethal damage in the
cells of the tested bacteria. It has been proven that the medium character and the origin of the strains
affect the HHP sensitivity of the population.

The last part of this research was related to the shelf-life tests. The growth potential (8) and
recovery ratio (Rr) were determined. The results of this study indicate that carrot juice supports the
growth of L. innocua at 5°C. The regeneration of sublethally injured cells in carrot juice was observed
for most of the tested strains. There was neither any regeneration nor bacterial increase in beetroot juice
during storage at both temperatures. Although the microbiological analyses were carried out in
accordance with the applicable 1SO standards, which ensured the regeneration of sublethally damaged
cells, the growth of E. coli was lower on the selective TBX medium than on the TAL plates. The
obtained results confirmed the TAL validity to assess the microbiological safety of the tested
HHP-treated root vegetables juices. Additionally, the paper presents the current state of knowledge
regarding sublethal injuries caused by high pressure

In conclusion, the paper proved the abilities of HHP - sublethally injured cells to regenerate in
low-acid root vegetable juice.

Key words: sublethal injury, high hydrostatic pressure (HHP), root vegetable juices, shelf-life studies,
growth potential, epifluorescence microscopy (EFM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM)
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WYKAZ SKROTOW

ALOA - pozywka agarowa do oznaczania bakterii z rodzaju Listeria wg Ottaviani i Agosti
BHI — bullion sercowo-moézgowy (ang. Brain Heart Infusion)

BPW — zbuforowana woda peptonowa, rozcienczalnik do oznaczenia bakterii L. innocua
EM — mikroskopia elektronowa (ang. Electron Microscopy)

EFM — mikroskopia epifluorescencyjna (ang. Epifluorescence Microscopy)

HHP — wysokie ci$nienie hydrostatyczne (ang. High Hydrostatic Pressure)

L/D — procentowy stosunek komoérek zywych i martwych (ang. Live/Dead )

NA — pozywka nieselektywna (ang. nonselective agar)

PBS — buforowany roztwor soli fizjologicznej (ang. Phosphate-Buffered Saline)

P1 — jodek propidyny, fluorochrom (ang. propidium iodide)

Rr — wspolczynnik regeneracji (ang. recovery ratio)

SA — pozywka selektywna (ang. selective agar)

S| — uszkodzenia subletalne (ang. sublethal injury)

SEM - skaningowa mikroskopia elektronowa (ang. Scanning Electron Microscopy)
TAL — ptytka dwuwarstwowa (ang. Thin Agar Layer)

TBX — agar tryptonowo-zoétciowo-glukuronidynowy do oznaczania bakterii E. coli (Tryptone

Bile X-glucuronide agar)
TEM — transmisyjna mikroskopia elektronowa (ang. Transmission Electron Microscopy)
TSA — agar tryptonowo-sojowy (ang. Tryptic Soy Agar)
TSYEA — agar tryptonowo-sojowy z ekstraktem drozdzowym (ang. Tryptic Soy Yeast
Extract Agar)
0 — potencjal wzrostu (ang. growth potential)
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WSTEP

Polska zajmuje znaczace miejsce w produkcji rolniczej i1 eksporcie warzyw
korzeniowych w Unii Europejskiej [GUS 2020], za$ produkcja sokéw stanowi wazng galaz
przemystu rolno-spozywczego w haszym kraju. Ma to swoje odzwierciedlenie w bogatej
ofercie niepasteryzowanych sokow na polskim rynku. Wérdd nich wyrozniane sg produkty na
bazie marchwi oraz burakéw ¢wiklowych. Stanowia one bogate zrodto substancji
bioaktywnych, ktore wspomagajg walke z wieloma chorobami cywilizacyjnymi takimi jak
otylo$¢, cukrzyca, choroby serca czy choroby nowotworowe. Ponadto spozywanie ich
zapobiega niedoborom wielu mikroelementéw w organizmie. Do grupy tych prozdrowotnych
zwigzkéw zaliczane sg niektore witaminy (np. A oraz E), zwiazki polifenolowe (np.
flawonoidy, kwasy fenolowe oraz antocyjany), mikroelementy (np. selen) [Borowska 2003].
Niemniej jednak $wieze soki warzywne majg ograniczony potencjat rynkowy ze wzgledu na
krotki okres trwatosci, ktory nie przekracza 72 h. Badania naukowe prowadzone w Instytucie
Biotechnologii Przemystu Rolno-Spozywczego im. prof. Waclawa Dabrowskiego
w Warszawie potwierdzity, ze soki z warzyw korzeniowych tj. sok z marchwi, marchwi i selera
oraz z burakow z dodatkiem jabtek, sg zanieczyszczone drobnoustrojami na poziomie
siegajacym 10°+107 jtk/ml [Sokotowska i wsp., 2011]. W praktyce przemystowej do utrwalania
sokow stosuje si¢ najczgsciej metody oparte o procesy wysokotemperaturowe. Procesy
termiczne powodujg utrate duzej czesci zwigzkéw niezbednych do prawidlowego
funkcjonowania organizmu tj. witaminy, substancje bioaktywne, ze wzgledu na ich
wlasciwosci termolabilne. Przemyst wychodzac naprzeciw wspdlczesnym wymaganiom
| potrzebom konsumentow dotyczacym ,,Swiezosci i naturalnosci” produktow poszukuje
nowych, tagodnych 1 atermicznych technologii, ktore wydtuzajg okres przydatnosci produktu
do spozycia bez zmiany jego wlasciwosci sensorycznych, odzywczych oraz walorow
zdrowotnych. Pojawienie si¢ technologii wysokich ci$nien hydrostatycznych (High Hydrostatic
Pressure - HHP) stalo si¢ jedng z mozliwych drog niskotemperaturowego przetwarzania
produktow spozywczych, zapewniajgc przy tym ich bezpieczenstwo mikrobiologiczne.
Technologia HHP dopiero w ostatnich latach spotkata si¢ z zainteresowaniem polskich
producentdéw, cho¢ na §wiecie powszechnie stosowana jest w wielu krajach. Pomimo iz HHP
zostatlo tak zaprojektowane, aby eliminowa¢ drobnoustroje niepozadane, udowodniono, ze

podczas obrobki generowana jest niejednorodna populacja, ktéra obejmuje takze komorki
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uszkodzone subletalnie, stanowigce potencjalne zagrozenie dla konsumenta. W niniejszej pracy
podjeto wysitki badawcze, w celu wyjasnienia wptywu wysokiego cis$nienia na wywotanie
uszkodzen w komorkach bakterii Listeria innocua oraz Escherichia coli, jako organizmow
modelowych w odniesieniu do patogenéw wystepujacych w sokach z warzyw korzeniowych.
Szczegodlny nacisk w prowadzonych badaniach potozono na ocen¢ mozliwosci regeneracji

komorek uszkodzonych subletalnie w czasie dlugoterminowego przechowywania produktu.
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WYKAZ PUBLIKACJI WCHODZACYCH W SKLAD OSIAGNIECIA

Na cykl publikacji stanowigcych rozprawe doktorskg pt.: ,,Stan fizjologiczny
wybranych patogenéw w sokach z warzyw korzeniowych po procesie utrwalania wysokim
cisnieniem” sktada si¢ spdjny tematycznie zbidr 5 publikacji zgodny z wymaganiami art. 13
ust. 2 ustawy z dn. 14 marca 2003 r. o stopniach naukowych i tytule naukowym oraz o stopniach
i tytule w zakresie sztuki (Dz. U. 2003 Nr 65 poz. 595 ze zm.):

CykKl publikacyjny obejmuje cztery pozycje opublikowane w anglojezycznych czasopismach

nalezacych do listy Journal Citation Report oraz jednej pozycji w czasopismie krajowym.

[P1] Nasilowska J.*, Sokotowska B., Fonberg-Broczek M. The impact of high hydrostatic
pressure on inactivation and sublethal injury of foodborne pathogens in beetroot juice. Postepy
Nauki i Technologii Przemystu Rolno-Spozywczego. 2016, vol. 71, no. 1, pp. 21-27 (6 pkt.
MNiSW)

Moj wktad w powstanie publikacji wynosit 85%. Mj udziat polegal na: opracowaniu koncepcji
1 planu pracy, wyborze metodyki badan, wykonaniu doswiadczen, analizie i opracowaniu
wynikow, przygotowaniu wstepnej 1 ostatecznej wersji manuskryptu oraz pelnieniu roli autora

korespondencyjnego.

[P2] Nasilowska J.*, Sokotowska B., Fonberg-Broczek M. Long-term storage of vegetable
juices treated by high hydrostatic pressure: Assurance of the microbial safety. BioMed Research
International 2018, 2, doi.org/10.1155/2018/7389381, (25 pkt. MNiSW, IF 2018=2,12)

Mo¢j wktad w powstanie publikacji wynosit 85%. M6j udzial polegat na: opracowaniu koncepcji
1 planu pracy, wyborze metodyki badan, wykonaniu doswiadczen, analizie 1 opracowaniu
wynikow, przygotowaniu wstepnej 1 ostatecznej wersji manuskryptu oraz pelnieniu roli autora

korespondencyjnego.

[P3] Nasilowska J.*, Sokotowska B., Fonberg-Broczek M. Behavior of Listeria innocua
strains under pressure treatment — in-activation and sublethal injury. Polish Journal of Food and
Nutrition Sciences 2019, 69(1), 45-52, doi: 10.31883/pjfns-2019-0004, (100 pkt. MNiSW, IF
2019=2,35)
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Moj wktad w powstanie publikacji wynosit 85%. M4j udziat polegat na: opracowaniu koncepcji
1 planu pracy, wyborze metodyki badan, wykonaniu do$wiadczen, analizie i opracowaniu
wynikéw, przygotowaniu wstgpnej 1 ostatecznej wersji manuskryptu oraz petieniu roli autora

korespondencyjnego.

[P4] Nasitowska J.* Kocot A., Osuchowska P. N.; Sokotowska B. High-pressure-induced
sublethal injuries of food pathogens—microscopic assessment. Foods 2021, 10(12), 2940
d0i:10.3390/fo0ds10122940, (100 pkt. MEIN, IF 2021=4,35)

Moj wkiad w powstanie publikacji wynosit 80%. M¢j udzial polegal na: opracowaniu koncepcji
i planu pracy, wyborze metodyki badan, wykonaniu czes$ci do§wiadczen, analizie i opracowaniu
wynikow, przygotowaniu wstepnej i ostatecznej wersji manuskryptu oraz pelnieniu roli autora

korespondencyjnego.

[P5] Nasilowska J.*, Sokotowska B., Fonberg-Broczek M. Escherichia coli and Listeria
innocua stability in carrot juice preserved by high hydrostatic pressure. AIMS Agriculture and
Food 2022, 7(3), 623-636, doi: 10.3934/agrfood.20220039 (40 pkt. MEIN, IF 2022=1,67)

Moj wkiad w powstanie publikacji wynosit 85%. M¢j udzial polegat na: opracowaniu koncepcji
i planu pracy, wyborze metodyki badan, wykonaniu do$wiadczen, analizie i opracowaniu
wynikow, przygotowaniu wstepnej i ostatecznej wersji manuskryptu oraz petnieniu roli autora

korespondencyjnego.

Spdjny tematycznie zbidr publikacji bedacy podstawa do ubiegania si¢ o tytut doktora
W dziedzinie nauk przyrodniczych, w dyscyplinie rolnictwo zawiera 5 publikacji o tagcznym
wspotczynniku IF = 10,49 zgodnie zrokiem publikacji, co odpowiada 271 punktom
MNiSW/MEIN.

Wszystkie prace zostaly wykonane w ramach projektow badawczych finansowanych ze

srodkéw na dziatalno$¢ statutowa IBPRS-PIB.

Oswiadczenia wspotautorow o ich udziale w realizacji materialu naukowego przedstawionego
w publikacjach stanowigcych rozprawe doktorskg zalaczono do kopii publikacji

przedktadanych do oceny.

* - jako autor korespondencyjny
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1. PRZEGLAD PISMIENNICTWA

1.1. Metoda wysokiego ci$nienia hydrostatycznego

Obrébka wysokocisnieniowa (ang. High Pressure Processing/Pasteurization — HPP,
High Hydrostatic Pressure — HHP, Ultra High Pressure — UHP, zwana tez paskalizacja) nalezy
do kategorii alternatywnych metod utrwalania zywnosci oraz napojow. Na skale przemystowg
Zostala wdrozona po raz pierwszy w 1992 roku w Japonii. Wéwcezas wyprodukowano
I wprowadzono na rynek dzemy oraz soki owocowe utrwalone wysokim ci$nieniem. W okresie
kilkudziesigciu lat znalazta zastosowanie w przemysle spozywczym do utrwalania produktow
owocowo-warzywnych, mleczarskich, migsnych, ryb i owocow morza. Ostatnie trendy
pokazuja, ze stosowana jest takze do utrwalania produktow gotowych do spozycia tzw. RTE,
do zywnosci przeznaczonej dla niemowlat oraz karmy dla zwierzat domowych. Obecnie cieszy
si¢ takze duzym zainteresowaniem w branzach farmaceutycznej i kosmetycznej. Metoda HHP
niesie za sobg szereg korzys$ci w zakresie jako$ci 1 bezpieczenstwa zywnosci, spetniajac przy
tym wymagania organdw ds. zywnosci. W ostatnich latach HHP stala si¢ najlepiej
skomercjalizowang metoda nietermiczng o czym S$wiadczy wzrastajgca liczba urzadzen do
przemystowej obrobki wysokocisnieniowej [Suarez — Jacobo i wsp., 2011, Wang i wsp., 2016,
Farkas 2016, Huang i wsp., 2017]. HHP jest procesem fizycznym polegajacym na zastosowaniu
wysokiego ci$nienia izostatycznego (do 600 MPa) przekazywanego przez ciecz (najczesciej
wode lub mieszaninge wody i glikolu propylenowego). Ci$nienie w komorze przekazywane jest
do utrwalanego produktu natychmiastowo i rdwnomiernie, niezaleznie od jego wielkoSci
I geometrii. Innymi stowy Zzywno$¢ jest $ciskana przez réwnomierne ci$nienie z kazdego
kierunku (kompresja), a nastgpnie powraca do swojego pierwotnego ksztattu po zwolnieniu

nacisku (dekompresja) (rysunek 1).
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Rysunek 1. Zasada dziatania wysokiego cisnienia izostatycznego (zrodto: opracowanie whasne).

Temperatura procesu przemystowego miesci si¢ w przedziale od 5°C do 20°C, za$
stosowany czas trwania to maksymalnie 10 minut. Wptyw temperatury na utrwalany produkt
jest nieznaczny. Na dzien dzisiejszy wiadomo, ze przy dziataniu wysokiego ci$nienia zmiany
w produkcie zachodza gléwnie na skutek zmniejszenia si¢ odlegto$ci migdzy czasteczkami
i zachodzacych miedzy nimi interakcjami [Ha¢-Szymanczuk i Mroczek, 2006; Malinowska-
Paniczyk 1 Kolodziejska, 2010]. Cisnienie dziata destrukcyjnie na duze czasteczki tj. polimery
biatkowe. W efekcie nast¢puje znaczaca redukcja enzyméw, a wymiernym efektem tego
zjawiska jest zahamowanie procesow enzymatycznego rozkladu w produkcie. Wysokie
ci$nienie w minimalnym stopniu redukuje poziom tzw. substancji pozadanych tj. aminokwasy,
witaminy, barwniki. Zatem utrwalony produkt cechuje si¢ wysoka zawartosciag zwigzkow
biologicznie aktywnych i zachowuje pierwotne wlasciwosci sensoryczne [Torress Bello i wsp.,
2014; Balakrishna i wsp., 2020]. Produkty utrwalane metodg HHP zachowuja standardy tzw.
,»czystej etykiety”, gdyz zminimalizowane jest w nich stosowanie konserwantow 1 dodatkow.
Obroébka wysokoci$nieniowa powoduje znaczng redukcje drobnoustrojow wegetatywnych,
wlaczajac  gatunki psujagce 1 patogenne. Efekt antymikrobiologiczny opiera si¢
najprawdopodobniej na dwoch mechanizmach: mechanicznym niszczeniu oston komoérkowych
oraz poprzez uszkodzenie materialu genetycznego. W pismiennictwie mozna znalez¢ liczne

prace dotyczace niszczacego oddziatywania HHP na bton¢ komérkowa drobnoustrojow oraz
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wywolanych zmian wewnatrzkomorkowych [Malinowska-Panczyk i Kotodziejska, 2007,
Prieto-Calvo i wsp., 2014; Hsu i wsp., 2014; Huang i wsp., 2015]. Naukowcy niezmiennie od
lat sugeruja, ze utrata integralnosci btony cytoplazmatycznej jest jednym z krytycznych zdarzen
prowadzacych do $mierci komoérki w wyniku dziatania wysokiego cisnienia. W konsekwencji
dochodzi do zwigkszenia jej przepuszczalnosci, zakltocenia wymiany jonowej, a nawet
deformacji struktury btony komoérkowej. Ponadto ci$nienie moze wptywac na organizacje
przestrzenng komorki powodujgc  uszkodzenia mechanizmu genetycznego, zmiany
w konformacji rybosomow oraz powstanie niekorzystnych reakcji biochemicznych [Hoover
I wsp., 1989; Wouters i wsp. 1998; Pagan i wsp. 2000; Maldonado i wsp., 2016]. Wedtug
doniesien literaturowych najbardziej wrazliwe na dziatanie wysokiego cie$nienia sg komorki
bakterii Gram-ujemnych, nastgpnie drozdzy i plesni, bakterii Gram-dodatnich, za$ najbardziej
oporne sg formy przetrwalnikujace [Huang i wsp., 2015]. W wyniku inaktywacji
drobnoustrojéw psujacych wydluzony zostaje okres przydatnosci do spozycia, ktory
w zaleznosci od typu produktu waha si¢ od 3 do 30 miesi¢cy. Redukcja patogenow metoda
wysokiego cisnienia moze osiggna¢ nawet 8 log (jtk/ml; jtk/g) spetniajac wymagania
Europejskiego Urzedu ds. Bezpieczenstwa Zywnosci (EFSA) [EFSA, 2022]. Pomimo wyzej
przytoczonych korzysci, obrobka wysokocisnieniowa ma swoje ograniczenia. Nie stosuje si¢
jej do utrwalania produktéw suchych (w ktérych aktywno$¢ wody jest nizsza niz 0,8).
W przypadku niektorych produktow tj. migso, jaja, ryby oraz cate owoce i warzywa powoduje
zmiany ich tekstury, koloru i zapachu. Samo wysokie ci$nienie nie jest wystarczajace do
inaktywacji bakterii w formie przetrwalnikow. W tym przypadku nalezy zastosowaé System
metod skojarzonych tzw. metodg¢ ptotkow, polegajaca na dziataniu w ciggu (jeden po drugim)
wielu czynnikow. Najczesciej jednym z elementow wchodzacych w ciag plotkow jest wysoka
temperatura, aktywujaca kietkowanie spor. Zadaniem metod utrwalania jest eliminacja
drobnoustrojéw niepozadanych. Natomiast kwestie dotyczace bezpiecznego stosowania HHP,
w tym potencjalnych zagrozen takich jak indukcja uszkodzen subletalnych w komoérkach, nadal

sg opiniowane przez EFSA [EFSA, 2022].

1.2. Uszkodzenia i regeneracja komérek bakteryjnych
1.2.1. Odpowiedz komoérkowa bakterii na zmiany Srodowiska

Bakterie sa najprostszymi  organizmami  prokariotycznymi = stanowigcymi
jednokomérkowy twor. Kazda komoérka bakteryjna otoczona jest blong cytoplazmatyczna,
dodatkowo chroniong przez $ciang komorkowsq. Btona cytoplazmatyczna otacza materiat

genetyczny zawierajacy wszystkie niezbedne informacje do odtworzenia komorki. Sciana
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komorkowa stanowi granicg kontaktu wnetrza komorki ze srodowiskiem i jest odpowiedzialna
za utrzymanie ksztattu oraz turgoru, niezb¢dnego do prowadzenia przemian metabolicznych,
podzialu komoérkowego 1 wzrostu. Pelni takze wazne funkcje przy transporcie jonéw 1 innych
czasteczek [Baj i Markiewicz, 2015].

Wszystkie organizmy zywe, a wigc kazda pojedyncza komorka, posiada swoje optimum
warunkow wewngtrznych 1 zewnetrznych wplywajacych na jej prawidlowy oraz
ukierunkowany rozwoj. Obecno$¢ badz brak roznych czynnikow fizycznych lub chemicznych,
niekorzystnie wptywajacych na wzrost lub przezywalno$¢ mikroorganizmow definiowany jest
jako stres [Wesche i wsp., 2009]. Czesto nawet niewielkie zmiany w otoczeniu komorki staja
si¢ czynnikami stresowymi i powoduja zaburzenie prawidlowego metabolizmu oraz spadek
zywotno$ci  komorki. Zgodnie zpowyzsza definicja wiele zabiegow zwigzanych
Z przetwarzaniem zywnosci uwaza si¢ za stresy, nalezace do kategorii stresow celowych
[Evrendilek, 2012]. Powoduja one zmiany w komoérce o charakterze trwalym Ilub
przejsciowym. Zmiany te moga by¢ pozytywne np. przyczyni¢ si¢ do aktywacji mechanizmow
obronnych tj. formowanie endospor przez bakterie Gram-dodatnie [Sztucki 2019] lub
negatywne np. wywola¢ uszkodzenia w strukturze komorki. Nie wszystkie komorki
w populacji maja identyczng odporno$¢ na czynnik stresowy. W konsekwencji generowana jest
niejednorodna populacja obejmujaca komodrki o zréoznicowanym stanie fizjologicznym
[Somolinos i wsp. 2008, Espina i wsp. 2016, Siderakou i wsp. 2021]. Fakt, iz ci$nienie
oddziatuje na rézne komponenty komoérkowe, moze wyjasni¢ to zjawisko. Jednakze
W zaleznos$ci od komponentu, na ktore to cisnienie zadziatato, efekt tego dziatania moze by¢
rozny, poczawszy od niewielkiego naprawialnego uszkodzenia po efekt letalny [Hochman
1997]. Dlatego podczas badania Kinetyki inaktywacji drobnoustrojow, zasadne jest
uwzglednienie subpopulacji wrazliwej i opornej na HHP. Badania takie prowadzone sa W celu
modelowania tacznego wplywu cisnienia i czasu ekspozycji na generowanie uszkodzen
w populacji [EFSA, 2022]. Istnieje kilka modeli badania kinetyki inaktywacji drobnoustrojow
w procesach nietermicznych. Nie wszystkie jednak zaktadajg, ze populacja drobnoustrojow
sktada si¢ de facto z kilu subpopulacji, a kazda z nich ma wiasng kinetyke inaktywacji. Aby
precyzyjnie oceni¢ skuteczno$¢ antydrobnoustrojowa danej metody nietermicznej, nalezy
wzig¢ po uwage nie tylko poziom redukcji mikroorganizméw, ale takze jej potencjal do

wywotywania uszkodzen subletalnych.
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1.2.2. Uszkodzenia komérek bakteryjnych

W literaturze termin ,,uszkodzenie” zostal zdefiniowany wiele lat temu jako efekt
narazenia komorki na czynniki szkodliwe [Hurst 1977]. Poziom uszkodzen w przypadku kazde;j
komorki jest indywidualny. Konsekwencjga uszkodzen s3: zaburzenia funkcji zyciowych,
zmiany struktury blon komorkowych, zniszczenie wewngtrznych komponentéw
komorkowych, ekspresja niektorych gendow powodujaca zaburzenia czynnosciowe. Rodzaj
wywotanego uszkodzenia zalezy nie tylko od rodzaju i/lub gatunku drobnoustroju oraz jego
fazy wzrostu, srodowiska w jakim si¢ ono znajduje, ale takze od sity dziatania danego czynnika
stresowego [Hurst 1977]. Zalezno$¢ pomigdzy wzrostem poziomu stresu, a wzrostem opornosci

komorki na ten czynnik obrazuje rysunek 2.
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WZROST POZIOMU STRESU

Rysunek 2. Wptyw warunkow srodowiskowych na zmiany zachodzace w komorce bakteryjnej

(zrédto: opracowanie whasne na podstawie Wu i wsp. 2020)

Uszkodzenia komorek i ich struktur wywotane przez czynniki zewngtrzne mozna
podzieli¢ si¢ na trzy grupy [Yamamoto i wsp., 2021]. Uszkodzenia letalne, ktore sg
nieodwracalne i niemozliwe do naprawy, bezwzglednie prowadza do $mierci komorki.
Uszkodzenia subletalne, czyli czeSciowe, ktoérych naprawa zalezy od warunkow w jakich

znajduje si¢ komorka bezposrednio po dziataniu niekorzystnego czynnika zewnetrznego.
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Komorka uszkodzona subletalnie przechodzi w faze stagnacji wzrostu, pozostajac nadal zywa.
Po regeneracji i adaptacji komorki do nowych warunkow staje si¢ aktywna metabolicznie.
Uszkodzenia subletalne mogg si¢ przeksztatci¢ w letalne, jezeli np. komoérki zostang poddane
dziataniu czynnika szkodliwego po raz kolejny w krotkim czasie. Powyzsze zjawisko ma
miejsce m.in. podczas stosowania systemu metod skojarzonych. Trzecim wariantem jest
powstanie uszkodzen potencjalnie letalnych, czyli takich, ktore prowadza do $mierci tylko
wtedy, kiedy nie zostanie zatrzymana proliferacja. Wowczas komorka nie ma czasu na
dokonczenie naprawy, adaptacja nie nastapi czego efektem bedzie trwate uszkodzenie komorki,
czyli jej $mierci [Wesche i wsp., 2009, Huang i wsp., 2014, Wu i wsp., 2020, Yamamoto i wsp.,
2021].
1.2.3. Regeneracja komorek uszkodzonych subletalnie, a bezpieczenstwo
mikrobiologiczne zywnosci

Reakcja drobnoustrojow na stres stanowi potencjalne zagrozenie w przemysle
spozywczym [Espina i wsp. 2016]. Wiadomo, ze stres zwigzany z metodami konserwacji
zywnosci wywoluje reakcje adaptacyjne w komorce bakteryjnej uszkodzonej subletalnie,
a poniesione wowczas szkody w komorce stymulujg jej naprawe [Wesche i wsp., 2009]. Jak
wcezesniej wspomniano regeneracja zalezy od warunkéw w jakich znajduje si¢ komorka.
Matryce zywnosciowe ze wzgledu na rdézng charakterystyk¢ moga by¢ zarowno
bakteriostatyczne jak i bakteriobdjcze. Czynniki wewngtrzne (np. pH 1 aw), zewnetrzne (np.
temperatura i atmosfera gazowa) i ukryte (np. interakcje z konkurencyjng mikroflorg tta)
zywnos$ci okres$laja, ktore mikroorganizmy chorobotwoércze i powodujace psucie si¢ moga
rozwijac si¢ w zywnosci podczas przechowywania az do momentu spozycia. Szczegdlng uwage
nalezy zwroci¢ na produkty o niskiej kwasowosci, sprzyjajace rozwojowi drobnoustrojow.
Dlatego przy doborze parametréw procesu nalezy wzig¢ pod uwage nie tylko mikroflorg
rodzima, ale takze wtasciwosci konserwowanej zywnosci. Obecnos$¢ subletalnie uszkodzonych
mikroorganizmow w Zywnosci jest istotnym aspektem, szczeg6lnie w przypadku produktow
konserwowanych technologiami nietermicznymi [Wesche i wsp., 2009]. z powyzszego faktu
wynika ryzyko, ze podczas przechowywania zywnos$ci komorki takie moga odzyskac¢ zdolnos¢
do wzrostu. Stanowia potencjalne zrodio jej zepsucia, a nawet powazne zagrozenia dla zdrowia

publicznego.

Regeneracja komorki jest procesem niezbednym do wykrycia uszkodzonych bakterii
zaro6wno metodami tradycyjnymi, jak i molekularnymi [Wu, 2008]. Identyfikacja zagrozen dla

produktu spozywczego powinna uwzglednia¢ mikroorganizmy chorobotworcze zdolne do
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wzrostu w okre§lonych i kontrolowanych warunkach uwzgledniajac opis produktu, technologi¢
produkcji i sposob przechowywania. Zgodnie zrozporzadzeniem Komisji Europejskiej
nr 2073/2005, obowigzkiem kazdego producenta jest objecie gwarancjg bezpieczenstwa
wyrobu spozywczego do konca deklarowanego terminu przydatno$ci. Ze wzgledu na
mozliwo§¢ pojawienia si¢ okolicznosci, ktore negatywnie wplyna na produkt w trakcie
transportu, dystrybucji i przechowywania zywnosci, producent zobowigzany jest do wykonania
badan przechowalniczych tzw. shelf life z uwzglednieniem testoéw obcigzeniowych tzw.
chellenge tests. Testy obcigzeniowe to praktyczne badania oceniajgce zachowanie kluczowych
organizmow (np. patogenéw) w danym produkcie. Wyznaczenie potencjalu wzrostu tzw.
growth potential (3), dostarcza informacji czy w danym produkcie mozliwy jest wzrost
okreslonego drobnoustroju w czasie jego okresu przydatnosci do spozycia, a jesli tak to jak
szybko dany drobnoustrdj moze si¢ namnazaé. Powyzsze analizy wyklucza lub potwierdza, czy
zastosowana technologia gwarantuje stabilno$¢ mikrobiologiczng utrwalanego produktu,
atakze posrednio wykazg czy komorki uszkodzone subletalnie beda mialy mozliwosé

regeneracji [Serraino i Giacometti, 2014; Food Safety Authority of Irleand, 2017].

1.3. Metody hodowlane stosowane do oszacowania liczby i regeneracji komérek
uszkodzonych subletalnie w populacji bakterii

Wiasciwa ocena skuteczno$ci procesu utrwalania produktow spozywczych wiaze si¢
z zapewnieniem jakosci i bezpieczenstwa zywnoséci. Oceng¢ inaktywacji okreslonego
drobnoustroju lub grupy drobnoustrojow przeprowadza si¢ stosujagc metody analityczne np.
z wykorzystaniem klasycznych metod posiewu na pozywki selektywne, okreslone
w znormalizowanych metodach referencyjnych. W efekcie uzyskuje si¢ wynik
jakosciowy wykryto/nie wykryto lub wynik ilosciowy mowiacy w jakim stopniu liczba
drobnoustrojow w populacji zostata zredukowana i czy speinia kryteria bezpieczenstwa
mikrobiologicznego. Subletalnie uszkodzone komorki cechujg si¢ wydluzong fazg zastoju
(lag-fazy) ibardzo niskim poziomem aktywnosci metabolicznej. Kimura i wsp. (2017)
udowodnili, ze komorki E. coli poddane dziataniu HHP (400 MPa, 10 min.) charakteryzowaty
sie¢ wydtuzonym czasem hodowli potrzebnym do wzrostu na nieselektywnej pozywce agarowe;j
w poréwnaniu do populacji nietraktowanej wysokim ci$nieniem. Dodatkowo kolonie
traktowane wysokim ci$nieniem wykazywaly wigksza heterogeniczno$¢ pod katem wielko$ci
niz kolonie z proby kontrolnej (rysunek 3.). Komorki uszkodzone subletalnie wykazujg
ograniczony lub zahamowany wzrost na pozywkach selektywnych [Wesche i wsp. 2009],

poniewaz uszkodzenie btony komoérkowej skutkuje utratg funkcji osmoregulacyjnych [Mackey
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I wsp., 1994]. Oznacza to, ze komorki bedac nadal zywe moga by¢ niewykrywalne za pomoca
klasycznych metod detekcji. z punktu widzenia prawidtowej interpretacji uzyskanych
wynikow, wazne jest zatem wykrycie wszystkich zywych komoérek w populacji, zarowno

nieuszkodzonych jak i subletalnie uszkodzonych.

(a) control

(b) 400 MPa

—

Rysunek 3. Wzrost kolonii E. coli na pozywce agarowej LB a) w probie kontrolnej, b) w probie poddane;j
dziataniu HHP (400 MPa, 25°C, 10 min) (zrodto: Kimura i wsp. 2017).

Liczebnos$¢ komorek uszkodzonych subletalnie mozna okresli¢ na podstawie rdznicy
logarytmoéw dziesietnych z liczby drobnoustrojow (wyrazonej w jednostkach tworzacych
kolonie — jtk/ml lub g) wyhodowanych na dwoch pozywkach agarowych. Pierwsza stanowi
pozywke nieselektywna umozliwiajaca wzrost wszystkich zywych komoérek w probee. Druga
to pozywka selektywna majaca w swoim skladzie oprocz skladnikow namnazajacych
odpowiednie czynniki selektywne, ktore uposledzaja zdolno$¢ mikroorganizmow do
autonaprawy [Back, et al. 2012; Wuytack, i wsp. 2003]. z tego wzglgdu pozywka ta umozliwia
wzrost jedynie komorkom zdrowym. Powszechnie stosowanymi czynnikami selektywnymi sg
m.in. NaCl, sole kwaséw zotciowych, barwniki, antybiotyki, kwasy organiczne. Krytyczne
stezenie czynnika selektywnego w pozywce powinno by¢ dobrane indywidualnie do kazdego
rodzaju drobnoustroju zgodnie z metodg maksymalnego stezenia nichamujgcego w taki sposob,
aby nie wptywato ono na liczbe i wyglad kolonii zdrowej populacji, czyli nie poddanej
dziataniu czynnika zewngtrznego. NajczeSciej stosowanym czynnikiem selektywnym

w doniesieniach literaturowych dotyczacych uszkodzen subletalnych komorek bakteryjnych
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jest NaCl, a jego stezenie wynosi pomiedzy 4 a 7% w zaleznosci od badanego szczepu
[Wuytack, i wsp.. 2003; Somolinos i wsp. 2008, Siderakou i wsp. 2021]. W oparciu 0 uzyskang
liczbe jtk na obydwu pozywkach agarowych mozliwe jest takze wyznaczenie stosunku
uszkodzonej populacji wzgledem catej populacji obliczajac procentowy wspdlczynnik
uszkodzen subletalnych (ang. sublethal ratio). Ponadto rownolegle prowadzone obserwacje
makroskopowe na obydwu pozywkach agarowych umozliwiajg stwierdzenie czy miata miejsce
regeneracja komorek uszkodzonych subletalnie czy nie. Literatura podaje, ze za regeneracje
uwaza si¢ wzrost liczby kolonii na pozywce selektywnej bez wzrostu liczby kolonii na pozywce
nieselektywnej. Jednoczesne zwigkszenie liczby kolonii na obydwu typach pozywek oznacza
proliferacj¢ komorek, a nie ich regeneracje [Przybilski i Winter, 1979].

Idealna pozywka do oznaczania drobnoustrojoéw patogennych w zywnos$ci powinna
umozliwi¢ wzrost populacji o zréznicowanym stanie fizjologicznym, przy jednoczesnym
wzroscie jedynie pozadanej grupy mikroorganizmow [Wu 2008]. Kang i Fung [2000]
zaproponowali nowatorska, jednoetapowa metode agarowa spelniajacg powyzsze kryteria.
Ptytka dwuwarstwowa (ang. Thin Agar Layer - TAL) sktada si¢ z dwoch warstw podioza
stalego umieszczonego na szalce Petriego (rysunek 4). Pierwsza dolna warstwa stanowi
odpowiednia selektywna pozywke agarowa dedykowang dla drobnoustroju docelowego.
Podczas gdy gorna warstwa stanowi regenerujacg pozywke nieselektywna. Probke zawierajaca
m.in. uszkodzone subletalnie mikroorganizmy zaszczepia si¢ bezposrednio na nieselektywny
agar. W ciggu pierwszych kilku godzin inkubacji uszkodzone komorki znajduja sie¢
w warunkach sprzyjajacych ich naprawie 1 regeneracji. Nastgpnie skladniki selektywne
dyfunduja przez nieselektywny agar 1 tworza selektywne $rodowisko. Uprzednio
zregenerowane komorki oddziatuja ze sktadnikami selektywnymi, ktore wywoluja typowa,
charakterystyczng reakcje biochemiczng, umozliwiajaca ich identyfikacj¢, podczas gdy inne
mikroorganizmy sg hamowane. Skuteczno$¢ i zastosowanie metody TAL potwierdzono
w wielu pracach naukowych dotyczacych regeneracji drobnoustrojéw uszkodzonych po
obrobce termicznej niskimi temperaturami, kwasami a takze wysokimi ci$nieniami dla
drobnoustrojow tj. Escherichia coli O157:H7, Listeria monocytogenes, Salmonella
Typhimurium, Staphylococcus aureus, Yersinia enterocolitica [Kang i Fung, 1999; Kang
i Fung, 2000; Wu i Fung, 2001; Wu i wsp., 2001a, 2001b, Tian i wsp. 2018], Campylobacter
coli [Chang i wsp., 2003] lub Vibrio parahaemolyticus [Duan i wsp., 2006]. Zastosowanie
metody TAL potwierdzono w badaniach z uzyciem zaréwno monokultur bakteryjnych jak
I probek mieszanych. W badaniach naukowych wykorzystywane sg rézne modyfikacje tej

metody: np. pour overlay plating, surface overlay plating, agar underlay method [Shao i wsp.
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2023], ktore roznig si¢ migdzy sobg kolejnoscia i gruboscig zestalonych warstw pozywek

agarowych oraz czasem inkubacji.

Inckulacja
uszkodzonych
2x 14 mL o — subletalnie
pozywki - - ' mikroorganizméw
nieselektywne] { = . bezpoirednio na
(NA) d ‘ gorna warstwe NA
h 1 4
| A — A 1

pozywka
selektywna (SA)

Rysunek 4. Schemat plytki dwuwarstwowej (TAL) (zrodto: opracowanie wiasne na podstawie Kang
i Fung 1999, 2000).

1.4. Metody mikroskopowe do oceny stanu fizjologicznego komérek w populacji
Nieustajacy postep technik mikroskopowych przyczynit si¢ w znacznym stopniu do
zrewolucjonizowania $wiata nauki. To co byto niewidoczne nieuzbrojonym okiem, stato si¢
widoczne za pomocg odpowiedniego instrumentu - mikroskopu. Mikroskopy zaczeto stosowaé
w celu obserwacji i doglebnej analizy populacji drobnoustrojéw. Stanowito to uzupetnienie
badan naukowych i konwencjonalnych testoéw diagnostycznych [Gelderblom 1 wsp., 2000].
Pojawienie si¢ w nauce techniki mikroskopii elektronowej (ang. electron microscopy - EM)
umozliwilo uzyskanie obrazéw o znacznie wyzszej rozdzielczo$ci niz w mikroskopie
swietlnym. Szybki rozwd¢j mikroskopii elektronowej wplynal na postep w badaniach nad
budowag nie tylko catych komorek, ale takze subkomorkowych struktur i elementow wewngtrz
nich [Bergmans i wsp., 2005]. Skaningowy mikroskop elektronowy (ang. scanning electron
microscopy - SEM) generuje obrazy obiektow przestrzennych o duzej glebi ostrosci.
Mikrografie SEM dostarczaja informacji m. in. na temat topografii, patologicznych zmian
ultrastruktury. Transmisyjny mikroskop elektronowy (ang. transmission electron microscopy -
TEM) ukazuje przekroje badanych obiektéw pozwalajac na rozréznienie bardzo drobnych
Szczegotdow o rozmiarach 1 nm, dzigki czemu mozliwa jest obserwacja komponentow
komorkowych. Zaobserwowano, ze komdrka bakteryjna jest strukturg o $cisle uporzadkowane;j
organizacji, w ktorej umiejscowienie bialek i ich komplekséw podlega precyzyjnej czasowo-

przestrzennej kontroli sprawowanej przez struktury biatkowe o charakterze cytoszkieletowym,
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anie jak pierwotnie uwazano, ,,zbiornikiem” wypelionym mieszaning bialek [Donczew i wsp.,
2011]. Inng metodg obrazowania komoérkowego jest mikroskopia epifluorescencyjna. (ang.
epifluorescent microscopy — EFM). Umozliwia wizualizacje struktur w zywej komorce
w czasie rzeczywistym. Mikroskopia epifluorescencyjna polega na zastosowaniu
odpowiednich barwnikéw fluorescencyjnych, ktore akumulujg si¢ w okreslonym miejscu
w komorce badz lacza z docelowym komponentem komorkowym. Sondy selektywnie
absorbuja 1 emitujg $wiatlo o okreslonej dlugosci fali, dzigki czemu poprzez obserwacje
odpowiedzi fluorofora dostarczane sg informacje na temat struktury bakterii, potencjatu
I integralno$ci ~ blony,  aktywnos$ci  oddechowe;j czy  aktywnosci  enzymoéw
wewnatrzkomoérkowych [Sadowska i Grajek, 2009, Olszewska i Laniewska-Trokenheim,
2013]. Duzym atutem mikroskopii epifluorescencyjnej jest diagnostyka wszystkich komorek
bakteryjnych, nawet tych, ktére nie rosng na pozywkach statych, a wykazuja aktywnos¢
metaboliczng. Postep w produkcji nowych barwnikéw spowodowal, ze obecnie na rynku
dostepny jest szeroki zakres pojedynczych sensoréw fluorescencyjnych jak i gotowych,
prostych w uzyciu zestawow [Baran, 2008]. Przyktadem takiego zestawu jest LIVE/DEAD™
BacLight™ Bacterial Viability Kit, zawierajacy dwa barwniki — SYTO 9 i jodek propidyny
(PI). Zestaw ten umozliwia kwalifikowanie komorek w populacji pod katem integralnosci bton
komorkowych. Obydwa barwniki sa fluorochromami reagujacymi z kwasami nukleinowymi,
natomiast r6znig si¢ od siebie pod wzgledem ich spektralnej charakterystyki oraz zdolnosci do
penetracji przez struktury btonowe zdrowych komorek. Zgodnie z protokotem producenta,
SYTO 9 penetruje do wszystkich komoérek w populacji bez wzgledu na stan ciggtosci blon.
Natomiast Pl wybarwia komorki charakteryzujace si¢ uszkodzeniami w strukturze dwuwarstwy
fosfolipidowej. Jednoczesne =zastosowanie obu barwnikow z zastosowaniem metod
fluorescencji i odpowiedniej analizy komputerowej, umozliwia wizualne odréznienie komorek
Z nieuszkodzong btong komodrkowa (,,zywych”, fluorescencja zielona), z uszkodzong btong
(,,martwych”, fluorescencja czerwona) i1 posiadajagcych uszkodzong btone lecz jeszcze
aktywnych metabolicznie (,,zamierajacych”, fluorescencja zielona i czerwona). Jednakze
metody mikroskopii epifluorescencyjnej nie sg jeszcze powszechnie stosowane w badaniach
zywnosci. Gtownym problemem jest odpowiednie przygotowanie probki polegajace na elucji
komorek z matrycy produktu spozywczego. Mikroskopy te wykorzystuja niekonwencjonalne
metody o$wietlenia preparatu oraz elektroniczng obrobke obrazu w celu ujawnienia
znakowanych fluorescencyjnie sktadnikow komorki. Obecnie techniki mikroskopowe
stosowane s3 w wielu obszarach, tam gdzie detekcja mikroorganizmow jest czynnikiem

kluczowym. Znalazly one =zastosowanie w analizie stanu fizjologicznego populacji
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mikroorganizméw bioragcych udziat w procesach biotechnologicznych, w patologii klinicznej,
w badaniach jako$ci wody i1 zywnosci [Perfumo i in. 2014; Golding i in. 2016; Hameed i in.
2018]. Stuzg do odkrywania i identyfikacji nowych gatunkow, do badania adhez;ji bakterii [ Grin
i in, 2011; Gonzalez-Machado i in., 2018], oceny uszkodzen struktur komoérkowych po
dziataniu r6znych technologii [Mackey i in, 1994; Prieto-Calvo i in, 2014; Pillet i in., 2016;
Khadi i in., 2017]. Alternatywa dla mikroskopii epifluorescencyjnej jest cytometria
przeptywowa. Umozliwia pomiar pojedynczych komorek. Jest w stanie zobrazowaé ztozono$¢
1 r6znorodnos$¢ populacji mikroorganizmow, z wyodrgbnieniem poszczegolnych subpopulacji.
Analiza cytometryczna dostarcza informacji o parametrach strukturalnych komorki tj.
integralno$¢ btony i $ciany komorkowej, obecnos¢ specyficznych czasteczek na powierzchni
komorek, rdéznice w strukturze S$ciany komorkowej 1 funkcjonalnych tj. aktywnosé
metaboliczna, potencjat blonowy lub aktywnos$¢ komorkowych proteaz. Za pomoca cytometrii
przeptywowej mozliwe jest takze sortowanie i pozyskiwanie okre$lonej grupy komorek do
dalszych analiz. [Alvarez-Barrientos i wsp., 2000; Baran, 2008; Olszewska i wsp., 2016].
Obecnie cytometria przeptywowa stosowana jest nie tylko w badaniach naukowych, ale stuzy
glownie w analizach z zakresu diagnostyki klinicznej, transplantologii, badan srodowiskowych

oraz w przemysle spozywczym [Baran, 2008].
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2. HIPOTEZY | CEL PRACY

2.1. Cel gléwny i hipotezy badawcze

W S$wietle przeprowadzonych dotychczas badan wcigz aktualne pozostaje pytanie
0 mechanizm regeneracji komorek bakteryjnych uszkodzonych subletalniec w wyniku dziatania
wysokiego cisnienia iich wplywu na stopien bezpieczenstwa utrwalonego produktu
spozywczego. Jak juz wiadomo wysokie ci$nienie generuje heterogeniczno$¢ populacji
mikroorganizmow, co nie sprzyja wiarygodnej ocenie jako$ci mikrobiologicznej. Stawiajac
sobie za gléwny cel ocene stanu fizjologicznego komoérek bakteryjnych w sokach z warzyw
korzeniowych poddanych obrobce metoda HHP i przechowywanych w standardowych
warunkach temperaturowych, przeprowadzono szereg eksperymentdw Zz uzyciem

konwencjonalnych i mikroskopowych metod analitycznych.
Do osiaggniecia celu gtownego sformutowano trzy nastepujace hipotezy badawcze:

HIPOTEZA 1: Charakter medium oraz parametry procesu paskalizacji determinujg rodzaj

indukowanych uszkodzen w komorkach bakteryjnych w stanie wegetatywnym.

HIPOTEZA 2: Komorki bakteryjne uszkodzone subletalnie w wyniku dziatania HHP
regeneruja sie W sokach zwarzyw korzeniowych w czasie ich dlugoterminowego

przechowywania.

HIPOTEZA 3: Proces regeneracji komorek bakteryjnych uszkodzonych subletalnie zalezy od
rodzaju drobnoustroju, specyfiki wywotanych zmian w komorce, charakteru soku oraz

temperatury przechowywania.

2.2. Etapy realizowanych badan, cele szczegolowe oraz zakres pracy

Calos¢ pracy zostata podzielona na trzy etapy opisujace eksperymenty niezbedne do
rozwigzania problemu badawczego. Na drodze do realizacji celu glownego wytyczono kilka
celow szczegotowych, realizowanych na poszczeg6élnych etapach pracy, ktore umozliwily
weryfikacje postawionych hipotez. Poszczegdlne etapy pracy wraz z celami szczegdtowymi

przedstawiono na rysunku 5.
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ETAP |

OKkreslenie wplywu
parametr6w procesu HHP na
przezywalnos$¢ oraz stopien
wywolanych uszkodzen
subletalnych w komérkach
bakterii zawieszonych w
roztworach modelowych oraz

Ocena uszkodzen w komorkach bakteryjnych
indukowanych wysokim ci$nieniem.
Wyznaczenie  parametrow procesu HHP
(ci$nienia i czasu) do uzyskania optymalnej
liczby komorek uszkodzonych subletalnie w
badanej populacji

*Wyniki przedstawiono w publikacjach P1, P3

w sokach z warzyw oraz P5.
korzeniowych.
ETAP 11 'Analiza wptywu wysokiego cisnienia na stan

fizjologiczny i strukture pojedynczej komorki -
pojedynczej komérki uzupetnienie wynikéw uzyskanych metodami

bakteryjnej poddanej hodO\_N!anymi. . N
dzialaniu HHP. » Wyniki przedstawiono w publikacji P4.

Analiza mikroskopowa

ETAP 111

Ocena przezywalnoSci i
regeneracji komorek
uszkodzonych subletalniew B Wyjasnienie wptywu matrycy, temperatury oraz

wyniku dzialania HHP, czasu  przechowywania na  mozliwosci
zawieszonych w sokach z regeneracyjne komorek uszkodzonych
warzyw korzeniowych, subletalnie.
podczas ich » Wyniki przedstawiono w publikacjach P2 i P5.
dlugoterminowego

przechowywania

Rysunek 5. Etapy pracy oraz cele szczegdtowe.
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Zakres prac obejmowal:

e krytyczng analiz¢ doniesien literaturowych dotyczacych badanej tematyki
zZ uwzglednieniem czynnikéw determinujacych wystepowanie uszkodzen subletalnych
w populacjach bakteryjnych;

e opracowanie i wdrozenie metod analitycznych;

e przeprowadzenie procesu paskalizacji roztworéw modelowych oraz sokow z warzyw
korzeniowych z zawieszonymi w nich szczepami bakteryjnymi;

e ocen¢ zastosowanych parametrow paskalizacji w badanych populacjach bakteryjnych
w aspekcie powstawania uszkodzen w tym uszkodzen subletalnych w komorkach za
pomocg metod hodowlanych;

e selekcje 1 dobor parametrow procesu wywolujacych stan subletalny komoérek bakteryjnych
w celu zastosowania ich w dalszych etapach pracy;

e weryfikacj¢ dobranych parametrow procesu za pomocg metod mikroskopowych
obrazujacych stan fizjologiczny komorek bakteryjnych uszkodzonych subletalnie;

e realizacj¢ prob przechowalniczych kontaminowanych sokow z warzyw korzeniowych po
utrwalaniu metoda HHP wraz z oceng zdolno$ci do regeneracji komorek uszkodzonych
subletalnie w warunkach doswiadczenia.

e zastawienie wynikow badan;

e przygotowanie cyklu publikacji prezentujacego uzyskane rezultaty.
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3. MATERIAL DOSWIADCZALNY I METODY BADAN

3.1. Material biologiczny

Listeria monocytogenes i patogenne bakterie E. coli zostaly zidentyfikowane jako jedne
z najwazniejszych istotnych zagrozen w zywno$ci nieprzetworzonej [EFSA, 2022,
Rozporzadzenie Komisji Europejskiej (WE) Nr 2073/2005]. Materialem uzytym do badan byty
cztery szczepy bakteryjne. Dwa szczepy referencyjne: Escherichia coli ATCC 8739 i Listeria
innocua CIP80.11T, oraz dwa izolaty srodowiskowe pochodzace ze zbioréw wilasnych Zaktadu
Technologii Przetworow Owocowych i Warzywnych IBPRS wyizolowane
z niepasteryzowanego soku z burakéw ¢wiktowych: Escherichia coli 61/14 i Listeria innocua
23/13. W pracy zastosowano niepatogenny gatunek Listeria innocua jako surogat patogennego
gatunku Listeria monocytogenes. Doniesienia naukowe dowodza, ze ta bakteria jest
fizjologicznie bardzo zblizona do wczesniej wspomnianej L. monocytogenes i obie wystepuja
w tych samych produktach zywno$ciowych [Silva-Angulo i wsp. 2015, Escolar i wsp., 2017].
Przygotowanie hodowli inokulacyjnej przeprowadzono zgodnie <z zasadami pracy
w laboratorium mikrobiologicznym Zaktadu Mikrobiologii IBPRS (szczegotowy opis znajduje
si¢ w publikacjach P1-P5).
3.2. Bufory i soki z warzyw korzeniowych

W badaniach uzyto bufory Mcllvaine (Sigma-Aldrich) o pH 4,0 oraz pH 7,0, a takze
pasteryzowane komercyjne soki z warzyw korzeniowych dostgpne w handlu: sok z burakow
¢wiktowych z dodatkiem kwasu cytrynowego o pH=4,0+4,2 (Victoria Cymes, Polska) oraz sok
z marchwi o pH=6,0+6,7 (Vital Fresh, Polska).

Probki kontrolne stanowity bufory i soki kontaminowane monokulturami bakterii, nie

poddane obrébce HHP.

3.3. Aparatura badawcza

Do przeprowadzenia procesu cisnieniowania probek wykorzystano stanowisko
wyposazone w komore wysokocisnieniowg U 4000/65 (Unipress, IWC PAN, Warszawa) (fot.
1.) o pojemnosci 0,95 1, umozliwiajace uzyskanie cisnienia do 600 MPa w temperaturze od -20
do +80°C. Stanowisko bylo wyposazone w pomiar temperatury 1 ci$nienia wewnatrz komory.
Medium ci$nieniowe stanowila mieszanina wody i glikolu polipropylenowego w stosunku 1:1
(v/v). Probki, stanowigce bufory i soki z zawieszonymi monokulturami bakterii rozlewano do
handlowych, polietylenowych buteleczek o pojemnosci 13 ml (Sarstedt, USA). W badaniach

zastosowano wysokie ci$nienie w zakresie 200-500 MPa (zwigkszajac cisnienie co 100 MPa),
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w roznych czasach trwania procesu: 1 min., 5 min., 10 min. Probki poddawano obrobce metoda

HHP w temperaturze otoczenia.

U 4000/65 Apparatus

Fotografia 1. Komora wysokiego ci$nienia U 4000/65 Unipress.

3.4. Metody badan

Metody analityczne zastosowane na poszczeg6lnych etapach pracy przedstawiono na
schematach postepowania (rysunki 6-8).

Liczebno$¢ komorek uszkodzonych subletalnie okreslono na podstawie réznicy
zlogarytmowanych wynikow liczby kolonii (jtk/ml) uzyskanych na pozywkach agarowych
stosowanych dla danego rodzaju bakterii, postugujac si¢ rownaniem (1) [Shi i wsp. 2017, Lan
i wsp. 2019]. Wspotczynnik regeneracji Ry (ang. Recovery ratio) obliczono wg rownania (2)
[Lan i wsp. 2019]. Dobor stgzenia NaCl zostat dokonany na podstawie wczesniejszych badan
wykonanych w Zaktadzie Mikrobiologii. Wykazano, ze 5% dodatek NaCl, oceniany jako
stezenie krytyczne, nie wplywa na liczbg komorek w populacji bakterii w probach kontrolnych,

nie poddanych dziataniu czynnika zewngtrznego.

Poziom komorek uszkodzonych subletalnie (ang. Sublethal injuries — SI):

NA
SI = logE: (1)
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Wspotczynnik regeneracji [%] (ang. Recovery ratio — Ry):

SA —SA
R, = @ Oy 100% (2)
NAt(O)_SAt(O)

Do obliczenia wspotczynnika regeneracji Rr wyznaczono nastepujace zatozenia:

Zalozenie 1: Ti= Hi+St; mowiagce o tym, ze na populacje wszystkich komorek sktada si¢ suma

populacji komoérek zdrowych (H) i populacji komorek uszkodzonych subletalnie (S).

Zalozenie 2: Tyo)= Tyx)=AT = const.; méwiace o tym, ze liczba wszystkich komorek w czasie
nie zmienia si¢. W populacji zachodzi jedynie zmiana proporcji AH 1 AS czyli przejscie
z jednego stanu fizjologicznego w drugi, nie zachodzi ani proliferacja, ani wymieranie

populacji.
Zalozenie 3: AT = const., jesli roznica log (jtk/ml) < 0,25 log

Zalozenie 4: AH; < St); mowigce o tym, ze réznica komorek zdrowych nie moze by¢ wigksza
niz poczatkowa warto$¢ liczby komorek uszkodzonych subletalnie, w rozpatrywanym

interwale czasowym.
Potencjal wzrostu (ang. growth potential - 8) obliczono postugujac si¢ rownaniem 3.
8 = log(NA¢(x) — NAt(o)) 3)

Wyniki oceniano zgodnie z ponizszym kryterium:
6>0,5 log jtk/ml — mozliwy wzrost bakterii

6<0,5 log jtk/ml — mato prawdopodobny wzrost bakterii

gdzie:

NA [jtk/mI] — liczba kolonii uzyskanych na pozywce nieselektywne;

SA [jtk/ml] — liczba kolonii uzyskanych na pozywce selektywnej (pozywka z dodatkiem
5%NacCl)

t [d] — okres przechowywania

to) [d] — poczatek rozpatrywanego okresu przechowywania/regeneracji

ti) [d] — koniec rozpatrywanego okresu przechowywania/regeneracji
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Do regeneracji komorek uszkodzonych subletalnie podczas prob przechowalniczych

zastosowano ponizsze metody:

36

PN-EN ISO 11290-2:2000 z p6zniejszymi zmianami. Mikrobiologia zywnos$ci 1 pasz.
Horyzontalna metoda wykrywania obecnosci i oznaczania liczby Listeria spp.
I L. monocytogenes. Metoda oznaczania liczby.

PN-EN ISO 16649-2:2004 Mikrobiologia zywnosci i pasz. Horyzontalna metoda o0znaczania
liczby B-glukuronidazo-dodatnich  Escherichia coli. Czg¢s¢ 2: Metoda ptytkowa
w temperaturze 44 °C z zastosowaniem 5-bromo-4-chloro-3-indolilo 3-D-glukuronidu.
Metoda ptytek dwuwarstwowych (Thin Agar Layer Method) wg metody Kang i Fung (1999,
2000), stanowigce kombinacj¢ pozywek TBX (agar selektywny) +TSA (agar nieselektywny)
dla szczepow E. coli oraz ALOA (agar selektywny) + TSYEA (agar nieselektywny) dla

szczepow L. innocua.



ETAP I
Okreslenie wplywu parametrow procesu HHP na przezywalno$é oraz stopien wywolanych uszkodzen

subletalnych w komoérkach bakterii zawieszonych w roztworach modelowych oraz w sokach z warzyw

korzeniowych

Ocena liczebnos$ci badanych drobnoustrojéw metoda posiewu powierzchniowego.

Do oznaczenia wszystkich komérek w populacji (uszkodzonych i nieuszkodzonych) stosowano podloza
nieselektywne TSA (E. coli) i TSYEA (L. innocua), inkubacja 37°C/24h

Do oznaczania liczby komorek nieuszkodzonych zastosowano pozywki selektywne tj. z 5% dodatkiem soli
odpowiednio TSA + 5% NaCl (E. coli) i TSYEA + 5% NaCl (L. innocua), inkubacja 37°C/48 h

Wszystkie posiewy na pozywki agarowe wykonane byty z dziesigciokrotnych rozcienczen badanej probki.

Rysunek 6. Schemat postgpowania w Etapie [
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ETAP II

Analiza mikroskopowa stanu fizjologicznego komorek bakteryjnych poddanych dzialaniu HHP

Poddanie probek dziataniu HHP w komorze wysokoci$nieniowej U 4000/65 (Unipress) stosujac ponizsze warianty

procesu:

dla szczepow E. coli 500 MPa/5 min dla szczepow L. innocua 400 MPa/5 min

Analiza mikroskopowa stanu komorek przed i po procesie HHP przy pomocy TEM, SEM, oraz EFM z uprzednim
barwieniem probek zestawem LIVE/DEAD® (BacLightTM Bacterial Viability Kit, Molecular Probes).
Wizualizacja probek w programie Lucia G version 4.82. Obrobka mikrofotografii w programie Image J software.

Obliczanie stosunku zywych/martwych komoérek w probkach dokonano za pomoca programu QuPath software 3.0.3

Rysunek 7. Schemat postgpowania w Etapie II.
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ETAP 111

Ocena przezywalnosci i regeneracji komorek uszkodzonych subletalnie w wyniku dzialania HHP

zawieszonych w sokach z warzyw korzeniowych podczas ich dlugoterminowego przechowywania

Zawieszenie szczepow bakterii w sokach z warzyw korzeniowych tj. w soku z burakow ¢wiklowych (Victoria
Cymes, pH 4,0-4,2) oraz w soku z marchwi (Vital Fresh, pH 6.0-6.7) pochodzacych z handlu detalicznego.

Poczatkowa liczebnos¢ populacji w probee ok 1 x 107 jtk/ml

.

Poddanie probek dziataniu HHP w komorze wysokocisnieniowej U 4000/65 (Unipress) stosujac ponizsze warianty

procesu wg ponizszej tabeli:

HHP

szczep sok z burakow ¢wiktowych sok z marchwi

ci$nienie / czas

Listeria innocua CIP 80.11T 300 MPa/ 5 min. 400 MPa/ 5 min
Listeria innocua —23/13 300 MPa/ 10 min. 400 MPa/ 5 min
Escherichia coli ATCC 8739 300 MPa/ 10 min. 500 MPa/ 5 min
Escherichia coli - 61/14 300 MPa/ 10 min. 500 MPa/ 5 min

Okresowa ocena liczebnos$ci badanych drobnoustrojow metodg posiewu powierzchniowego
» Przezywalno$¢ szczepoéw analizowano w: 0, 1, 2-3, 5-7, 14, 21 i 28 dniu przechowywania.
» Do oznaczenia wszystkich komérek w populacji (uszkodzonych i nieuszkodzonych) stosowano podioza
nieselektywne TSA (E. coli) i TSYEA (L. innocua), inkubacja 37°C/24h
> Do oznaczania liczby komorek nieuszkodzonych zastosowano pozywki selektywne z dodatkiem 5% NaCl:
TSA+5% NaCl (E. coli) i TSYEA+5%NaCl (L. innocua), inkubacja 37°C/48h
Dodatkowo posiewy wykonano za pomoca metod 1SO oraz TAL.
e E.coli: TBX (inkubacja 37°C /4 h + 44°C/20 h); TAL (inkubacja 44°C/24 h)
e L.innocua: ALOA (1-sze rozcienczenie w BPW 20°C/1h+inkubacja 37°C/23 h); TAL (inkubacja 37°C/24 h)

Rysunek 8. Schemat postepowania w Etapie III.
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4. OSIAGNIECIA BADAWCZE PRZEDSTAWIONE DO OCENY

4.1. Okreslenie wplywu parametrow procesu HHP oraz matrycy na przezywalnosé
i stopien wywolanych uszkodzen subletalnych w komorkach bakterii L. innocua oraz
E. coli (realizacja etapu I)

Przed zaakceptowaniem i wdrozeniem nowej technologii utrwalania zywnos$ci nalezy
w pierwszej kolejnosci okres$lic wplyw parametrow procesu oraz warunkoéw srodowiska
(utrwalanej matrycy) na przezywalno$¢ drobnoustrojow. Doniesienia literaturowe sugeruja, ze
w przypadku procesu HHP nie tyle czas ekspozycji ma znaczenie co zadane ci$nienie oraz
temperatura procesu [Malinowska-Panczyk 2007]. We wstgpnym etapie pracy przeprowadzono
dwa eksperymenty. W pierwszym jako matryce zastosowano roztwory modelowe imitujgce
ptynne $rodki spozywcze o charakterze kwasnym i obojetnym (bufory Mcllvain pH 4,0 i pH
7,0). Uzyskane wyniki postuzyty do zaplanowania kolejnego eksperymentu z zastosowaniem
sokow z warzyw korzeniowych o réznych pH: soku z burakow ¢wiktowych (pH=4,0+4,2)
i soku z marchwi (pH=6,0+6,7). Oceng przezywalnosci komorek po procesic HHP wraz
Z oceng stopnia subletalnie uszkodzonych komoérek w populacji przeprowadzono metodami
hodowlanymi z zastosowaniem statych pozywek agarowych zgodnie z metodyka badan
opisang w pkt. 3.4. niniejszej pracy.

Realizacj¢ celow szczegotowych wyznaczonych dla pierwszego etapu pracy
udokumentowano w trzech publikacjach. W publikacji 1 zaprezentowano wptyw parametrow
procesu na przezywalno$¢ 1 liczbe uszkodzonych komorek dla badanych szczepow
zawieszonych w soku z burakéw ¢wiktowych. Wyniki badan z wykorzystaniem dwoch
szczepow L. innocua zawieszonych w roztworach modelowych przedstawiono w publikacji 3.
W publikacji 5 przedstawiono tozsame analizy dla szczepoéw L. innocua oraz E. coli w soku
z marchwi. Wynikéw dla szczepow E. coli zawieszonych w roztworach modelowych nie

opublikowano.

4.1.1. Wplyw parametrow procesu HHP na przezywalnos¢ komorek bakteryjnych
w roztworach modelowych i sokach z warzyw korzeniowych
Na tym etapie badan zostata okreslona zdolno$¢ badanych szczepéw do przezycia po
procesie HHP w matrycach o odczynie kwasnym i obojetnym.
Analiza wynikéw uzyskanych dla probek roztworow modelowych wykazata istotny
wptyw pH $rodowiska na przezywalnos¢ badanych szczepéw poddanych dziataniu HHP.

Uzyskane wyniki nie wykazaty roznic we wrazliwosci szczepow L. innocua (publikacja P3)
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na dziatanie HHP, natomiast wykazaty statystycznie istotne réznice w opornosci pomiedzy
szczepami E. coli (wyniki nieopublikowane). Szczep dziki E. coli charakteryzowat si¢ nizsza
wrazliwoscig niz szczep referencyjny.

Nie zaobserwowano wplywu czasu W zakresie cisnienia 200-300 MPa na liczebno$¢
komorek w badanych populacjach L. innocua zawieszonych w buforze pH 7,0. Istotne r6znice
w przezywalno$ci pojawily si¢ dopiero po zastosowaniu ci$nienia 400 MPa. Po 10 minutach
ekspozycji redukcja obydwu szczepéw L. innocua wyniosta okoto 1,5 log (jtk/ml).
W badaniach prowadzonych z zastosowaniem buforu o pH 4,0 obserwowano istotnie
statystycznie roéznice (p<0,05) w przezywalno$ci szczepow L. innocua po dzialaniu ci$nienia
300 MPa. Liczebnos¢ populacji tych bakterii po 5 minutowej ekspozycji zmniejszyta si¢
o ponad 6 log (jtk/ml) w stosunku do populacji kontrolnej. Z kolei po dziataniu ci$nienia 400
MPa w czasie 1 minuty odnotowano pojedyncze kolonie w badanych probkach.

Testy przeprowadzone w roztworze modelowym o pH 7,0 wykazaly, ze ci$nienie
200 MPa w czasie 1 minuty dziatato stymulujgco na proliferacje komoérek obydwu szczepow
E. coli. Szczep dziki E. coli 61/14 nie wykazywat wrazliwosci wzgledem HHP w zakresie
zadanych parametréw. Odmienne wyniki uzyskano dla szczepu referencyjnego E. coli ATCC
8739. Zaobserwowano, iz poziom inaktywacji zalezy zarowno od cis$nienia jak i od czasu
ekspozycji (wykres 1). Podobnie jak w przypadku szczepoéw L. innocua zaobserwowano
zwigkszong wrazliwos¢ szczepow E. coli na dziatanie wysokiego cisnienia buforze w pH 4,0.
Liczebno$¢ populacji zmniejszata si¢ wraz ze wzrostem ci$nienia i czasu ekspozycji.
Odnotowano zmniejszenie liczby zywych komorek o okoto 2 log (jtk/ml) po dziataniu 300 MPa
w czasie 5 minut. Natomiast po zastosowaniu ci$nienia 400 MPa juz po 1 minucie ekspozycji
uzyskano wyniki ponizej granicy wykrywalnosci.

Otrzymane wyniki potwierdzity teori¢, Ze obnizenie pH wzmacnia bakteriobojczy efekt
wysokiego ci$nienia. Szczepy nalezace do rodzaju E. coli, zawieszone w buforze o odczynie
kwasnym charakteryzowaly si¢ wyzsza oporno$cig na ci$nienie W zakresie 200-300 MPa
W poroéwnaniu ze szczepami nalezagcymi do gatunku L. innocua. Uzyskane wyniki stoja
W opozycji do danych literaturowych, méwiagcych o tym, ze bakterie Gram-dodatnie sg bardziej
oporne na dziatanie niekorzystnych czynnikéw zewngtrznych [Huang i wsp., 2015].

Wyniki uzyskane w pierwszym eksperymencie staty si¢ podstawa do dokonania wyboru
parametrow procesu HHP do badan z wykorzystaniem sokow z warzyw korzeniowych,
stanowigcych potencjalne zrodlo bakterii z rodzaju Listeria sp. oraz pateczek E. coli
[Sokotowska i wsp., 2011].
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Analiza wynikow uzyskanych dla probek sokéw z warzyw korzeniowych wykazala, ze
wraz ze wzrostem ci$nienia i czasu ekspozycji liczebnosci badanych populacji L. innocua oraz
E. coli maleje. Odnotowano roznice we wrazliwos$ci wszystkich szczepow na dziatanie HHP
w obydwu sokach.

W badaniach przeprowadzonych w soku z burakéw ¢wiktowych zastosowano taki sam
zakres ci$nienia i czasu jak w przypadku buforu pH 4,0. Pomimo zblizonej wartos$ci pH obydwu
matryc, uzyskano istotne réznice w przezywalno$ci bakterii w warunkach przeprowadzonego
doswiadczenia przy zastosowaniu tych samych parametréw procesu. Liczba inaktywowanych
komoérek w populacjach badanych szczepéw poddanych dziataniu HHP byta istotnie nizsza
w probkach soku z burakéw ¢wiklowych niz w probkach buforu pH 4,0. Dla przyktadu
w publikacji P3 przedstawiono wyniki dla szczepu referencyjnego L. innocua CIP80.11T,
gdzie poziom redukcji po 5 minutowej ekspozycji na ci$nienie 300 MPa wynidst 2,3 log (jtk/ml)
w soku z burakéw ¢wiktowych i 6,2 log (jtk/ml) w buforze pH 4,0. Analogiczng zalezno$¢é
obserwowano w przypadku szczepu referencyjnego E. coli ATCC 8739. Wyniki przedstawione
w publikacji P1 wykazaty, ze poziom redukcji tego szczepu po dziataniu cisnienia 300 MPa
w czasie 10 minut wyniost 1,7 log (jtk/ml) w soku z burakow ¢wiktowych, zas§ w buforze pH
4,0 uzyskano wyniki ponizej granicy wykrywalno$ci (wykres 2). Efekt letalny szczepu dzikiego
E. coli 61/14 w buforze o pH 4 uzyskano po 1 minutowej ekspozycji na ci$nienie 400 MPa, za$
W soku z burakéw ¢wiklowych po 10 minutach dziatania cisnienia Powyzsze obserwacje
prawdopodobnie wynikaty z faktu utworzenia warstwy ochronnej wokot komorek bakteryjnych
przez zwiazki organiczne zawarte w soku.

W badaniach przeprowadzonych w soku z marchwi (publikacja P5) zrezygnowano
Z cisnienia 200 MPa na rzecz 500 MPa, ze wzgledu na niski poziom inaktywacji badanych
szczepoOw uzyskany w eksperymencie z zastosowaniem roztworu modelowego pH 7,0.
Podobnie jak w przypadku soku z burakow ¢wiktowych, w soku z marchwi takze obserwowano
ochrony wplyw matrycy organicznej na komorki bakterii. Liczba zywych komoérek
W populacjach badanych bakterii poddanych dziataniu HHP byta istotnie wyzsza w probkach
soku z marchwi niz w probkach buforu pH 7,0 przy zastosowaniu tych samych parametrow
procesu. Zaobserwowano, iz w zakresie cisnienia 400-500 MPa poziom inaktywacji szczepow
L. innocua wzrastal wraz z wydhuzaniem czasu ekspozycji. Po 10 minutach trwania procesu
HHP przy ci$nieniu 400 MPa uzyskano wyniki ponizej granicy wykrywalnosci dla szczepu
referencyjnego L. innocua CIP80.11T (publikacja P5). Szczepy z gatunku E. coli zawieszone
w soku z marchwi wykazywaty opornos¢ na HHP w zastosowanym zakresie parametrow
cisnienia i czasu (publikacja P5). Maksymalng redukcj¢ szczepéw nieprzekraczajaca 2 log

(jtk/ml) odnotowano po dziataniu ci$nienia 500 MPa w czasie 10 min.
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Wykres 1. Wptyw wysokiego ci$nienia na przezywalno$¢ E. coli w buforze pH 7: (a) szczep referencyjny ATCC 8739, (b) szczep dziki 61/14
(wyniki nieopublikowane).
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Wykres 2. Wptyw wysokiego ci$nienia na przezywalnos¢ E. coli w buforze pH 4: (a) szczep referencyjny ATCC 8739, (b) szczep dziki 61/14. Nw (nie wykryto)
(wyniki nieopublikowane).

! Analize statystyczng wynikéw przeprowadzono za pomoca wielowymiarowej analizy wariancji MANOVA z uzyciem testu Tukey’a, przy poziomie istotnosci a=0,05 uzywajac programu Statistica

w wersji 13.0 (TIBCO Sofware Inc., Palo Alto, Kalifornia, USA). Poréwnania statystycznego dokonano po standaryzacji wynikow uzyskanych dla obydwu szczepow w tej samej matrycy. Liczebnos¢
komorek w probie kontrolnej (nie poddanej dziataniu HHP) wynosita 5,7 x 107 (jtk/ml).
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4.1.2. Wplyw parametréw procesu HHP na wywolywanie uszkodzen subletalnych
komorek bakteryjnych

Wywolywanie uszkodzen subletalnych (SI) drobnoustrojéw w procesie HHP zostato
potwierdzone badaniami naukowymi [Patterson i wsp., 1995; Alpas i wsp., 2000, Somolinos
I wsp., 2008, Jofre i wsp. 2010; Sokotowska i wsp., 2014, Huang i wsp., 2014, Wang i wsp.,
2016, Kimura i wsp., 2017, Wu i wsp., 2020, Yamamoto i wsp., 2021, Shao i wsp., 2023].
Jednak brakuje danych literaturowych dotyczacych tego zjawiska w sokach warzywnych
0 niskiej kwasowosci. Wystepowanie populacji uszkodzonej subletalnie w matrycach
pokarmowych o pH bliskim oboj¢tnemu stanowi powazny problem ze wzgledu na mozliwo$é
regeneracji komorek w czasie dlugotrwatego przechowywania produktu.

Na tym etapie badan dokonano oceny wptywu parametrOw procesu oraz matrycy na
poziom komorek uszkodzonych subletalnie w populacji poddanej dziataniu HHP. W badaniu
wykazano zgodno$¢ z doniesieniami literatury, wskazujacymi ze metoda HHP indukuje
uszkodzenia subletalne w komorkach bakterii wegetatywnych przy zastosowaniu ci$nienia
ponizej 600 MPa. Maksymalny poziom uszkodzen subletalnych we wszystkich populacjach
bakterii zawieszonych w buforze pH 7,0 odnotowano po zastosowaniu 400 MPa/10 min.
w warunkach przeprowadzonego doswiadczenia (publikacja P3, tabela 1).

Maksymalny poziom komoérek uszkodzonych subletalnie w buforze pH 7,0 byt wyzszy
w populacjach bakterii L. innocua (2,39-3,83 log (jtk/ml)) niz w populacjach E. coli
(0,83-1,40 log (jtk/ml)). Maksymalne poziomy uszkodzen dla bakterii E. coli w buforze o pH
4,0 odnotowano przy 300 MPa/5 min (tabela 2). Z kolei najwyzszy poziom uszkodzen komoérek
zgatunku L. innocua obserwowano przy roznych parametrach HHP. Jak pokazano
w publikacji P3 dla probek L. innocua zawieszonych w buforze o pH 4,0 odnotowano poziom
SI wynoszacy 0,81 log (jtk/ml) dla szczepu referencyjnego przy HHP 400 MPa/l min.,
natomiast dla szczepu dzikiego poziom SI wynosit 0,45 log (jtk/ml) przy 300 MPa/10 min.
Maksymalny poziom komoérek uszkodzonych subletalnie szczepu referencyjnego L. innocua
zawieszonych w soku z burakow ¢wiktowych nie przekroczyt 1 log (jtk/ml), podobnie jak
w roztworze modelowym o pH 4,0 (p=0,05). Dwukrotnie wyzszy poziom uszkodzen
obserwowano w populacji szczepu dzikiego L. innocua, 2,34 log (jtk/ml), warunkach procesu
HHP 300 MPa/10 min.

Maksymalne poziomy uszkodzen szczepow E. coli zawieszonych w soku z burakow
¢wiktowych odnotowano po dziataniu ci$nienia 400 MPa w czasie 5 minut, odpowiednio
2,7 log (jtk/ml) oraz 4,5 log (jtk/ml) (publikacja P1). Dla probek bakterii E. coli zawieszonych

w soku marchwi maksymalne poziomy Sl odnotowano przy parametrach procesu
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500 MPa/10 min., odpowiednio 5,50 oraz 4,34 log (jtk/ml). Natomiast w populacjach
L. innocua maksymalny poziom SI odnotowany po ekspozycji 400 MPa w czasie 1 min. nie
przekroczyt 2 log.

Analizujgc otrzymane wyniki stwierdzono, ze dla wigkszo$ci badanych probek buforéw
poziom wywolanych uszkodzen subletalnych w obregbie bakterii tego samego gatunku byt
statystycznie nizszy w populacjach szczepow dzikich. W probkach sokow z warzyw
korzeniowych nie obserwowano podobnej zaleznosci.

Wykonane analizy pozwolity na wyznaczenie takich parametréw procesu HHP, po
zastosowaniu ktorych obserwowano uszkodzenia subletalne w komodrkach badanych populacji
bakterii. Uzyskane rezultaty staty si¢ podstawa do prowadzenia dalszych badan nad oceng
przezywalnosci 1 regeneracji komodrek uszkodzonych subletalnie podczas ich

dlugoterminowego przechowywania.
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Tabela.1. Poziom komorek E. coli uszkodzonych subletalnie w buforze pH 7 (wyniki nieopublikowane). Nw (nie wykryto).2.

szczep/ 200 MPa 300 MPa 400 MPa

parametry HHP 1 min. 5 min. 10 min. 1 min. 5 min. 10 min. 1 min. 5 min. 10 min.

E. coli ATCC 8739 | 0,60+0,33¢ | 0,43+0,20¢ | 0,60+0,23° | -0,14+0,09% | -0,06+0,03% | 0,41+0,15% | 0,38+0,07¢ | 0,83+0,03" | 1,40+0,08?

E. coli 61/14 -0,02+0,019 | 0,00+0,00™ | 0,12+0,06° | 0,13+0,03° | 0,18+0,01° | 0,18+0,02¢ | 0,07+0,04" | 0,14+0,5¢ | 0,83+0,13"
Tabela.2. Poziom komoérek E. coli uszkodzonych subletalnie w buforze pH 4 (wyniki nieopublikowane) Nw (nie wykryto)?.

szczep/ 200 MPa 300 MPa 400 MPa

parametry HHP 1 min. 5 min. 10 min. 1 min. 5 min. 10 min. 1 min. 5 min. 10 min.

E. coli ATCC 8739 | 0,28+0,06° | 0,00+0,00° |0,92+0,16% | 0,43+0,05" |5,68+0,37° | Nw Nw Nw Nw

E. coli 61/14 0,06+0,01¢ | 0,31+0,02* | 0,37+0,05" | 0,19+0,03% | 5,24+0,34° | 2,43+0,25° | Nw Nw Nw

2 Analize statystyczng wynikow przeprowadzono za pomocg wielowymiarowej analizy wariancji MANOVA z uzyciem testu Tukey’a, przy poziomie istotnosci 0=0,05 uzywajac programu
Statistica w wersji 13.0 (TIBCO Sofware Inc., Palo Alto, Kalifornia, USA). Poréwnania statystycznego dokonano dla wynikdow uzyskanych w tej samej matrycy dla dwoch szczepow.

3 Wszystkie zywe komorki w populacji stanowig komoérki uszkodzone subletalnie.
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4.2. Analiza mikroskopowa stanu fizjologicznego komoérek bakteryjnych poddanych
dzialaniu HHP (realizacja etapu Il)

Aby doktadniej pozna¢ odpowiedz bakterii L. innocua oraz E. coli na odziatywanie
wysokiego ci$nienia, przeprowadzono badania monitorujagce zmiany w morfologii komorek.
Zmiany te oceniano za pomocg analitycznych metod mikroskopowych: SEM, TEM oraz EFM.
Doboru parametrow procesu HHP zastosowanych w tej czgsci pracy dokonano w oparciu
o wyniki uzyskane w etapie | w mediach o pH obojetnym. Kryterium wyboru parametrow
procesu HHP byly: redukcja komorek ponizej 5 log (jtk/ml) oraz poziom wywotanych
uszkodzen subletalnych w komorkach bakterii powyzej 1 log (jtk/ml). Zastosowano dwa
warianty parametrow HHP: 400 MPa/5 min dla szczepow L. innocua i 500 MPa/5 min dla
szczepow E. coli. Szczepy analizowano w buforze PBS o pH 7,4. Uzyskane wyniki stanowity
realizacje celu szczegdtowego wyznaczonego dla drugiego etapu pracy i udokumentowano je
w publikacji 4. Szczegotowy opis metod analitycznych oraz zastosowanego oprogramowania
do obrobki wynikow przedstawiono w wymienionej publikacji. Przy interpretacji wynikow
skupiono si¢ przede wszystkim na zmianach strukturalnych komoérki w tym na dezintegracji
komponentow komorkowych oraz na procentowym udziale komoérek w populacii,
wykazujacych permeabilizacj¢ oston komorkowych. Wyniki te stanowia uzupetnienie do
rezultatow uzyskanych w I etapie pracy.

Przeprowadzone analizy pozwolity na ocen¢ stanu fizjologicznego komorek bakterii
poddanych dzialaniu HHP oraz ukazanie charakteru zachodzacych zmian strukturalnych
W odniesieniu do komorek nie poddanych dziataniu ci$nienia. Mikrofotografie wykonane pod
mikroskopem elektronowym SEM umozliwily ocen¢ cech mikrostrukturalnych badanych
bakterii, przede wszystkim ich ksztaltu oraz wielkosci komorek. Komorki L. innocua byty
pateczkami o podtuznym ksztalcie osiagajace dlugos¢ od 0,9 um do 1,1 um dla, o gladkiej
powierzchni bton. Natomiast komorki E. coli osiagaty dtugos¢ od 1,3 pm do 2,0 um
i cechowaly si¢ charakterystyczng, nieregularng powierzchnig $ciany komorkowe;.
Mikrofotografie probek kontrolnych pod mikroskopem elektronowym TEM ukazywatly
komorki o wygladzie reprezentatywnym dla zdrowej populacji. Obserwowano wyraznie
zaznaczone wlasciwe blony komorkowe o gladkiej, nieprzerwanej powierzchni oraz
zintegrowane wnetrze komorki. Jasne miejsca w cytoplazmie, widoczne na przekrojach
poprzecznych oznaczaly rejony, w ktorych skupiony byt genofor bakterii.

Analiza mikrofotografii probek poddanych dziataniu HHP umozliwita stwierdzenie, ze
wysokie cis$nienie indukuje zmiany w budowie komorek na poziomie strukturalnym.

W obrazach wykonanych pod mikroskopem elektronowym SEM zaobserwowano zmiang
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w topografii komoérek w postaci utraty ksztaltu poprzez zapadnigcie, $cisniecie, a nawet
rozerwanie struktury komorki. Przekroje podluzne widziane na fotografiach uzyskanych
w mikroskopie elektronowym TEM, uwidocznity zmiany w organizacji przestrzennej komorki.
Nie zaobserwowano przerwania ciggtosci oston komoérkowych dla trzech analizowanych
szczepow. Wyjatek stanowil szczep dziki L. innocua 23/12. Nie odnotowano rdznic
w charakterze zmian w komoérkach w obrebie catej populacji. W komorkach szczepoéw E. coli
zaobserwowano skrajng kondensacje 1 agregacje cytoplazmy w rejony okotobtonowe,
prawdopodobnie $wiadczace o zdenaturowanych biatkach cytoplazmatycznych. Zjawisko to
takze wystgpowato w komorkach L. innocua, jednakze w znacznie mniejszym stopniu.
Zaburzenia strukturalne zaobserwowano takze w organizacji rejonu materialu genetycznego.
Znaczaca dezintegracje kwasu nukleinowego odnotowano w komorkach szczepoéw E. coli.
Lagodniejszy charakter zmian materialu genetycznego odnotowano dla szczepdéw L. innocua.
Wykazano zgodno$¢ obserwacji uzyskanych przy uzyciu obydwu technik mikroskopii
elektronowej. Zmiany w komponentach komoérkowych wywotane wysokim ci$nieniem miaty
tagodniejszy charakter w komorkach bakterii Gram - dodatnich niz Gram - ujemnych. Podobne
zjawiska opisano w innych publikacjach, w ktorych stosowane byly wysokie ci$nienia
w zakresie 300-600 MPa [Prieto-Calvo i in. 2014; Moussa i in. 2007; Yang i in. 2012; Hsu i in.
2014].

Fotografia 2. L. innocua CIP 80.11T w obrazie mikroskopu a) SEM i b) TEM, po dziataniu HHP 400
MPa/5 min. (wyniki opublikowane w publikacji P4).
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Fotografia 3. E. coli 8739 w obrazie mikroskopu a) SEM i b) TEM, po dziataniu HHP 500 MPa/5 min.
(wyniki opublikowane w publikacji P4).

Jak pokazano w publikacji P4, zywotnos¢ populacji badanych szczepoéw testowano
dodatkowo za pomoca EFM metoda barwienia fluorescencyjnego. W tym celu uzyto zestawu
dwoéch fluorochroméw PI oraz Syto®3. W pracy wyznaczono stosunek komoérek zywych
I martwych w badanych populacjach. W wyniku analizy zdj¢¢ probek kontrolnych wykonanych
za pomoca EFM zaobserwowano heterogeniczno$¢ populacji bakterii. W obrazie
mikroskopowym odnotowano pojedyncze, luzno ulozone komodrki wykazujace zielona
fluorescencj¢. Takie wybarwienie komoérek $wiadczy o zachowaniu cigglosci ich oston
komorkowych.

Analiza barwionych probek po zastosowaniu HHP pozwolita stwierdzié
niejednorodnos¢ populacji badanych szczepéw. W obrazach mikroskopowych obserwowano
konglomeraty zlozone z mieszaniny zielonych i czerwonych komoérek. Wybarwienie komoérek
na kolor czerwony $§wiadczy o przerwaniu cigglos$ci blony. Ze wzgledu na fakt utworzenia
skupisk komorek po procesie HHP, zliczenie pojedynczych komorek nie byto mozliwe. Dlatego
tez podjeto decyzje o wyliczeniu procentowego stosunku zywych i martwych komorek (ang.
Live/Dead - L/D) w badanych populacjach na podstawie wyliczonego pola powierzchni,
osobno dla mikrofotografii uzyskanych przy zastosowaniu odpowiedniej pary filtrow dla
zielonej i czerwonej fluorescencji. Stosunek L/D szczepu referencyjnego L. innocua CIP80.11T
byt wyzszy niz w przypadku szczepu typu dzikiego L. innocua 23/13. Wynosit odpowiednio
69% do 31% oraz 55% do 45%. z kolei populacje E. coli charakteryzowaly si¢ podobnym
stosunkiem L/D. Polowa komorek w populacjach wykazywata czerwong fluorescencje.
Powyzsze wyniki potwierdzaja obserwacje uzyskane za pomoca technik mikroskopii

elektronowe;j.
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4.3. Analiza przezywalnoSci i regeneracji komorek uszkodzonych subletalnie w sokach
z warzyw korzeniowych poddanych dzialaniu HHP, podczas dlugoterminowego
przechowywania (realizacja etapu I11).

Kluczowym elementem pracy byto uzyskanie odpowiedzi na pytanie czy komorki
bakteryjne uszkodzone subletalnie w wyniku dziatlania HHP mogg si¢ regenerowaé w sokach
z warzyw korzeniowych w czasie ich dlugoterminowego przechowywania, a jezeli tak to czy
proces ten zalezy od rodzaju drobnoustroju, specyfiki uprzednio wywotanych zmian
w komorce, charakteru soku oraz temperatury przechowywania. Wyniki pracy stanowity
realizacje¢ celu szczegdtowego wyznaczonego dla trzeciego etapu pracy i zostaty przedstawione
w publikacji 2. Dodatkowym elementem pracy byla ocena mozliwosci wzrostu (odzysku)
komorek  subletalnie  uszkodzonych na  podlozach  selektywnych  stosowanych
w znormalizowanych metodach 1SO oraz z wykorzystaniem metody ptytek dwuwarstwowych
TAL. Reprezentatywne wyniki zostaty zamieszczone w publikacji 5.

Przed przystgpieniem do badan przechowalniczych dla kazdej probki (tj. szczepu
i matrycy) dobrano jeden zestaw parametrow HHP (ci$nienie i czas ekspozycji) (tabela 2).
Selekcje parametrow dokonano na podstawie wynikow uzyskanych w etapie I, a kryterium
stanowity: (i) redukcja komorek ponizej 5 log (jtk/ml), (i) poziom wywotanych uszkodzen
subletalnych w komorkach bakterii powyzej 1 log (jtk/ml). Probki analizowano okresowo za
pomoca konwencjonalnych metod mikrobiologicznych, wykorzystujac pozywki selektywne

i nieselektywne opisane w metodyce (pkt 3.4.).

51



Tabela 2. Parametry HHP zastosowane w probach przechowalniczych sokéw z warzyw korzeniowych.

parametry HHP

szczep sok z burakoéw ¢wiktowych sok z marchwi

ci$nienie [MPa] / czas ekspozycji [minuta]

Listeria innocua CIP 80.11T 300/5 400/5
Listeria innocua 23/13 300/10 400/5
Escherichia coli ATCC 8739 300/10 500/5
Escherichia coli 61/14 300/10 500/5

4.3.1. Proébki kontrolne (nie poddane dzialaniu HHP)

Na podstawie wynikéw uzyskanych dla prob kontrolnych stwierdzono, ze sok
Zz marchwi przechowywany w temperaturze 5°C promowal wzrost szczepdéw L. innocua
(828-0 > 0,05 log (jtk/ml)). Liczebnos$¢ obydwu populacji zwigkszyta si¢ o ponad 1,8 log (jtk/ml)
w odniesieniu do wartoéci poczatkowych. Dla pozostatych probek sokow z warzyw
korzeniowych zawierajacych szczepy L. innocua uzyskano potencjat wzrostu ponizej wartosci
0,05 log (jtk/ml). W probkach soku z marchwi pomiedzy 14 a 21 dniem przechowywania
w temperaturze 25°C obserwowano zmniejszenie liczby bakterii w badanych populacjach
L. innocua. W 21 dobie uzyskano wynik ponizej granicy wykrywalnosci. Obumieranie
populacji wigzato si¢ Z obnizeniem warto$ci pH soku marchwiowego. Parametr ten zmniejszyt
si¢ 0 2 jednostki w odniesieniu do wartosci wyjsciowej tj. z pH 6,2 do 4,2. Nastgpily zmiany
parametréOw sensorycznych tj. barwy i zapachu. Mozliwym wyja$nieniem tego zjawiska moga
by¢ przemiany chemiczne zawartych w soku z marchwi sktadnikéw organicznych, prowadzace
do powstania nowych zwigzkéw o niskim pH. Prawdopodobnie zmiana charakteru matrycy
wptyneta na produkcje szkodliwych metabolitow przez bakterie, co w rezultacie doprowadzito
do wymierania komoérek w populacji. Wyjasnienie zaobserwowanego zjawiska wymagaloby
szczegOtowe] analizy zmiany sktadu chemicznego soku przez caty okresu przechowywania
probki. Szczepy E. coli uznano za niezdolne do wzrostu w obydwu sokach z warzyw
korzeniowych w zastosowanych temperaturach (& < 0,05 log (jtk/ml)), co oznacza, ze obydwa
soki nie wspomagaly wzrostu tych bakterii.

W trzecim etapie pracy dokonano szczegétowej analizy zachodzacych zmian
W populacjach bakterii poddanych dziataniu HHP. W tym celu oceniano zmiany w liczebnosci:
(1) catej populacji (AT), (ii) populacji zdrowej (AH) oraz (iii) populacji uszkodzonej subletalnie

(AS). Klucz do opisu 1 analizy zachodzacych zmian przedstawiono w tabeli 3.
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Tabela 3. Klucz do szczegétowej analizy zmian zachodzacych w populacji bakterii.

Zachodzace zmiany

w populacjach

T(0)=T(x)=const
AT=0; AHT; AS|

T(0)=T(x)=const
AT=0; AH|; AS?

T(0)=T(x)=const
AT=0; AH=0; AS=0

T(0)#T(x)
AT|; AH1; AS|

T(0)#T(x)
AT|; AH|; AS?

T(0)#T(x)
AT|; AH|; AS|

T(O)}£T(x)
AT|; AH|; AS=0

T(0)#T(x)

AT]; AH=0; AS|
T(0)#T(x)

AT]; H=0; AS|
T(O)}£T(x)

AT?; AHY; AS=0
T(O)}£T(x)

AT1; AHY; AS|

Opis zachodzacych zmian w populacji

zachodzi jedynie zmiana proporcji AH i AS czyli
przejscie z jednego stanu fizjologicznego w drugi.
brak proliferacji

brak wymierania

regeneracja populacji uszkodzonej subletalnie

zachodzi jedynie zmiana proporcji AH i1 AS czyli
przejscie z jednego stanu fizjologicznego w drugi.
brak proliferacji

brak wymierania

populacja zdrowa zostata wtornie uszkodzona
subletalnie

faza zastoju lub liczba kolonii ponizej poziomu
wykrywalnosci

czes$¢ populacji uszkodzonej subletalnie mogta si¢
zregenerowac

czes$¢ populacji uszkodzonej subletalnie mogta
zosta¢ wtornie uszkodzona letalnie

mozliwa proliferacja populacji zdrowej

wymieranie populacji
cze$¢ populacji uszkodzonej subletalnie mogta
zosta¢ wtornie uszkodzona letalnie

wymieranie populacji
brak proliferacji
brak regeneracji

wymieranie populacji
brak proliferacji
brak regeneracji

wymieranie populacji

brak proliferacji

czes$¢ populacji uszkodzonej subletalnie mogta
zosta¢ wtornie uszkodzona letalnie

brak regeneracji

brak komorek zdrowych w populacji
wszystkie zywe komorki w populacji stanowia
komorki uszkodzone subletalnie

wymieranie populacji

proliferacja komorek zdrowych
brak komorek uszkodzonych subletalnie w populacji

proliferacja komorek zdrowych
czes$¢ populacji uszkodzonej subletalnie mogta si¢
zregenerowac

Wspotezynnik
regeneracji Ry

Rr (wartos¢
dodatnia)

R (wartos¢
ujemna)

R =0

niemozliwe
wyliczenie
R

niemozliwe
wyliczenie
Rr

niemozliwe
wyliczenie
R:

niemozliwe
wyliczenie
R

niemozliwe
wyliczenie
Rr

niemozliwe
wyliczenie
Rr

niemozliwe
wyliczenie
R:

niemozliwe

wyliczenie
Rr
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4.3.2. Prébki soku z marchwi poddane dzialaniu HHP

Publikacja P2 to artykut pos§wigcony rozwazaniom i analizie nad oceng przezywalnos$ci
1 regeneracji komorek uszkodzonych subletalnie w wyniku dziatania HHP, zawieszonych
w sokach z warzyw korzeniowych (z burakéw ¢wiklowych oraz z marchwi), podczas ich
dlugoterminowego przechowywania.

Analizujac probki soku z marchwi przechowywane w temperaturze 5°C wykazano, ze
w pierwszych czterech dobach przechowywania uszkodzone subletalnie komoérki obydwu
szczepOW L. innocua ulegly regeneracji. Wartosci wspotczynnika regeneracji Ry miescity sie
w zakresie od 0,9% do 66%. Po krotkiej fazie zastoju, migdzy 1 a 4 doba, obserwowano
proliferacj¢ komorek w obydwu populacjach L. innocua. Na tym etapie nie odnotowano juz
komorek uszkodzonych subletalnie. Po 21 dobie nastapita faza stacjonarna, zas liczba komorek
w badanych populacjach szczepow L. innocua wynosita okoto 9 log (jtk/ml). Potencjat wzrostu
w 28 dniu analizy wynosit 3,65 dla szczepu referencyjnego L. innocua CIP 80.11T oraz 2,98
dla szczepu dzikiego L. innocua 23/13. W probkach soku z marchwi przechowywanych
w temperaturze 25°C poczatkowo obserwowano gwattowna proliferacj¢ komorek obydwu
szczepow bakterii L. innocua. Szczegdtowa analiza wynikow sugerowata, ze czg¢$¢ populacji
uszkodzonej subletalnie mogta si¢ zregenerowaé (ATT; AH?T; AS|). W nastepnych dniach
odnotowano stopniowe wymieranie komorek, za§ w 21 dobie stwierdzono, ze liczba komoérek
w badanych populacjach jest ponizej granicy wykrywalnosci. Obserwowano podobne zjawisko
obnizenia pH soku, jak w probach kontrolnych. Potencjat wzrostu w 28 dniu analizy byt
ujemny.

Catkowita liczba komodrek w populacjach szczepow E. coli zawieszonych w soku
z marchwi zmniejszata si¢ sukcesywnie przez caly okres przechowywania w temperaturze 5°C
(628-0< 0,5). Obserwowano wymieranie populacji szczepu referencyjnego E. coli ATCC 8739.
W przypadku szczepu dzikiego E. coli 61/14 odnotowano przejscie komoérek ze stanu
uszkodzenia subletalnego w stan komoérki zdrowej przy zachowaniu statej wartosci AT oraz
regeneracj¢ komorek uszkodzonych subletalnie W poszczegdlnych interwatach czasowych
(Rr < 6,5%). Redukcja szczepu dzikiego E. coli 61/14 byta istotnie nizsza w odniesieniu do
szczepu referencyjnego E. coli ATCC 8739. W probkach soku z marchwi przechowywanych
W temperaturze 25°C w pierwszej dobie obserwowano proliferacj¢ komorek zdrowych
w obydwu populacjach E. coli. Nastepnie wystgpita faza, w ktérej odnotowano zmiany
w proporcjach AH 1 AS regeneracj¢ komorek uszkodzonych subletalnie. Wspdtczynnik
regeneracji Rr miescit si¢ w zakresie od 6,5% do 39%. W koncowym okresie przechowywania

nastgpito powolne obnizanie liczby bakterii w obydwu populacjach (82s-0 < 0,5).
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4.3.3. Prébki soku z burakow éwiklowych poddane dzialaniu HHP.

W publikacji P2 podsumowano takze wyniki uzyskane w ramach wykonania testow
przechowalniczych soku z burakow ¢wiktowych.

Analizujgc probki przechowywane w temperaturze 5°C obserwowano sukcesywny
spadek liczby komorek w populacjach wszystkich badanych szczepoéw bakterii przez pierwsze
3 tygodnie. Dalsze wydtuzenie czasu skutkowato zwigkszeniem liczby komoérek w populacjach
E. coli do poziomu okoto 2 log (jtk.ml). Odmienne wyniki uzyskano dla szczepow L. innocua,
gdzie w 28 dniu liczebnos¢ obydwu populacji byta ponizej granicy wykrywalnoSci.
Najprawdopodobniej niskie pH soku przyczynito si¢ do wtorego uszkodzenia populacji
uszkodzonej subletalnie i stanowilo czynnik bdjczy. Regeneracja komorek uszkodzonych
subletalnie nie wystgpowata (Rr < 0).

W pierwszych 7 dniach przechowywania probek soku z burakéow ¢wiklowych
w temperaturze 25°C obserwowano wymieranie populacji wszystkich bakterii. Wyznaczone
potencjaly wzrostu mialy warto$ci ujemne, co oznacza, ze wzrost bakterii W soku z burakow
¢wiktowych byt mato prawdopodobny. Dalsza analiza zmian stanu fizjologicznego bakterii
L. innocua byta trudna do zinterpretowania ze wzgledu na psucie si¢ soku. Obserwowano
naprzemiennie zmniejszanie i zwigkszanie liczby bakterii w populacjach. Uzyskane wyniki dla
szczepu referencyjnego E. coli wskazywaly na mozliwos¢ wystepowania wtornych uszkodzen
subletalnych w populacji migdzy 1 a 4 dobg przechowywania (AT=0; AH|; AS1). Regeneracja
komorek uszkodzonych subletalnie wystapita jedynie migdzy 4 a 7 doba (Rr > 1,3%).
W kolejnych dniach obserwowano zmniejszanie liczby komorek, za§ w 28 dniu analizy
uzyskano wynik ponizej granicy wykrywalnosci. Odmienne wyniki uzyskano dla szczepu
dzikiego E. coli. Miedzy 7 a 14 dobg odnotowano wzrost catkowitej liczby komorek
w populacji 0 1,5 log (jtk/ml). Poziom komoérek uszkodzonych subletalnie nie zmienit si¢
istotnie statystycznie w tym przedziale, zatem najprawdopodobniej doszto nie do regeneracji,

ale do namnozenia komoérek (AT?T; AH?T; AS=0).

4.3.4. Odzysk komorek uszkodzonych subletalnie na pozywkach agarowych

Publikacja P5 stanowi opis rozwazan nad oceng zastosowanych pozywek
selektywnych do wykrywania komorek uszkodzonych subletalnie w wyniku dziatania HHP.
Analiza mikroskopowa z wykorzystaniem EFM wykazata, ze w komorkach poddanych
dzialaniu HHP doszlo do przerwania cigglosci bton komorkowych. Uszkodzenie btony
komorkowej skutkuje utratg funkcji osmoregulacyjnych [Mackey i wsp., 1994], co w efekcie
prowadzi do zahamowania wzrostu na pozywkach selektywnych [Wesche 1 wsp. 2009].

Z uwagi na powyzszy fakt, dokonano okresowej oceny liczebnosci komorek uszkodzonych
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subletalnie w probkach sokow z warzyw korzeniowych podczas ich przechowywania, stosujac
pozywki ALOA i TBX. Odzysk, szybkos¢ wzrostu oraz morfologi¢ komoérek na pozywkach
selektywnych porownywano z wynikami uzyskanymi na ptytkach dwuwarstwowych TAL
przygotowanych zgodnie z pkt. 3.4. niniejszej pracy. Poréwnanie miato na celu oceng
mozliwo$ci  zastosowania plytek dwuwarstwowych TAL do prawidlowej oceny
bezpieczenstwa mikrobiologicznego badanych sokow z warzyw korzeniowych poddanych
dziataniu HHP.

Dla wigkszo$ci analizowanych probek traktowanych wysokim cisnieniem, liczba
kolonii L. innocua uzyskanych na selektywnej pozywce ALOA nie roznita si¢ istotnie
statystycznie od liczby kolonii uzyskanych na ptytce dwuwarstwowej TAL (p>0,05). Ponadto
réznice w liczbie kolonii na pozywce nieselektywnej TSYEA i ptytce dwuwarstwowej TAL
nie przekroczyly wartosci 0,43 log (jtk/ml). Po 24 godzinnej inkubacji uzyskano kolonie
wykazujace charakterystyczne cechy, tj. wzrost, specyficzng barwe oraz typowa morfologie
kolonii zaréwno na ALOA jak i na TAL. Uzyskane wyniki §wiadcza o tym, ze obydwie
zastosowane metody umozliwily wzrost nie tylko populacji zdrowej, ale takze populacji
uszkodzonej subletalnie. Niestety zmiany wprowadzone do znowelizowanego w 2017 roku
dokumentu PN-EN ISO 11290 nie uwzgledniaja etapu wstepnej regeneracji komorek
uszkodzonych polegajacego na 1 godzinnej inkubacji probki w bulionie namnazajacym
W temperaturze 20°C.

W przypadku oznaczenia liczby E. coli wg PN-EN 1SO 16649-2:2004 na pozywce TBX
dla wigkszosci analizowanych probek traktowanych wysokim ci$nieniem obserwowano
stabszy wzrost niz na ptytce dwuwarstwowej TAL. Réznice migdzy wynikami uzyskanymi dla
szczepu referencyjnego E. coli na TAL i TBX miescity si¢ w zakresie od 0,05 do 0,88 log
(jtk/ml). Liczba kolonii na TAL byla istotnie nizsza niz na pozywce nieselektywnej TSA
(p<0,05). Uzyskane wyniki sugeruja, ze metoda PN-EN SO 16649-2:2004 niesie ze soba
ryzyko niedoszacowania wszystkich zywych komoérek w probce. Prawdopodobnie nastgpito
zahamowanie wzrostu komorek uszkodzonych subletalnie, spowodowane obecnoscig
W pozywce chromogennego sktadnika — 5-bromo-4-chloro-3-indolilo B-D-glukuronidu.
Niemniej jednak na obydwu selektywnych pozywkach po 24-godzinnej inkubacji uzyskano
kolonie wykazujace charakterystyczne cechy, tj. wzrost, specyficzng barwe oraz typowaq

morfologi¢ kolonii.
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5. STWIERDZENIA | WNIOSKI.

Niniejsza praca miata na celu ocen¢ uszkodzen indukowanych w komorkach
bakteryjnych w wyniku dziatania wysokiego ci$nienia hydrostatycznego ze szczegdlnym
uwzglednieniem mozliwosci regeneracji komorek uszkodzonych subletalnie w czasie
dhlugoterminowego przechowywania produktu, stanowigcego soki z warzyw korzeniowych.
Zarowno cel gléwny jak i cele szczegdtowe pracy zostaly osiggnicte.

Analizy z zastosowaniem metod ptytkowych oraz z wykorzystaniem metod
mikroskopowych pozwalaja na stwierdzenie, ze komorki bakterii zawieszone w roztworach
modelowych i sokach poddanych dziataniu HHP w zakresie 300-500 MPa zostaty uszkodzone
zar6wno na poziomie letalnym jak i subletalnym. Analiza mikroskopowa potwierdzita, ze HHP
indukuje zmiany w komponentach komoérkowych w obszarze cytoplazmy i genomu
bakteryjnego. Potwierdzono, ze stopien inaktywacji badanych szczepow zwigksza si¢ wraz ze
wzrostem zadanego ci$nienia. Natomiast nie w kazdym przypadku wydtuzenie czasu procesu
przy zachowaniu stalego cis$nienia skutkowato zmniejszeniem liczby zywych komorek
W populacji. Nie udato si¢ jednoznacznie okresli¢ zalezno$ci miedzy poziomem wywolanych
uszkodzen subletalnych, a parametrami procesu i rodzajem matrycy. Zatem nie da si¢
przewidzie¢ w jakim stopniu komorki bakteryjne zostang uszkodzone subletalnie po procesie
HHP. W zwiazku z powyzszym, zawsze nalezy bra¢ pod uwage mozliwos¢ wystapienia tego
zjawiska podczas obrobki metodg HHP. W przeprowadzonych doswiadczeniach udowodniono,
ze charakter medium ma wptyw na przezywalno$¢ populacji poddanej dziataniu wysokiego
ci$nienia. Obserwowano ochronny wptyw zwigzkéw organicznych zawartych w sokach na
zawieszone w nich komorki bakterii. Ich inaktywacja w sokach byta mniejsza niz w buforach.
Ponadto uzyskane wyniki sugeruja, ze pochodzenie szczepow ma wpltyw na ich wrazliwo$¢
wzgledem dziatania HHP. Wymagang przez FFSA (2022) redukcj¢ 0 5-8 log, zapewniajaca
bezpieczenstwo mikrobiologiczne zywnosci utrwalanej metodami alternatywnymi, osiggnieto
w warunkach do$wiadczenia dla: matryc ptynnych o odczynie kwasnym przy zastosowaniu
parametréw procesu HHP 400 MPa / 10 min., za$ dla matryc ptynnych o odczynie obojetnym
przy zastosowaniu parametrow procesu HHP powyzej 500 MPa / 10 min. Uzyskane wyniki
badan nie odpowiadajg ogélnemu stwierdzeniu, ze bakterie Gram-ujemne sg bardziej wrazliwe
na stres wywotany wysokim ci$nieniem niz bakterie Gram-dodatnie. Co prawda analizy
prowadzono na ograniczonej liczbie izolatow mogacych wykazywaé specyficzne cechy

szczepowe, nie mniej jednak w przeprowadzonym do$wiadczeniu nie potwierdzono teorii
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literaturowej dotyczacej (szeregu opornosci) zalezno$ci miedzy dwoma grupami bakterii, a jej
wrazliwoscia na dziatanie HHP.

Przeprowadzone badania potwierdzily hipoteze 1, stanowigca 0 tym, ze charakter
medium oraz parametry procesu paskalizacji determinuja rodzaj indukowanych
uszkodzen w komorkach bakteryjnych, aczkolwiek nie da si¢ jednoznacznie okresli¢
zaleznos$ci parametréw HHP i charakteru medium wzgledem poziomu wywolanych
uszkodzen subletalnych.

Badania typu ,,shelf life” mialy na celu pozyskanie wiedzy jak w analizowanych
probkach sokéw zmienia si¢ poziom komorek uszkodzonych subletalnie podczas
przechowywania w obydwu zastosowanych temperaturach. Wyniki prac przeprowadzonych
w trzecim etapie badan pozwolily ma weryfikacje dwoch pozostatych hipotez. W efekcie
zrealizowanych badan wykazano, ze niskie pH soku z burakow ¢wiktowych nie determinowato
zmiany w liczebnosci komorek w populacjach préb kontrolnych. Niemniej jednak
obserwowano wymieranie populacji badanych szczepoéw traktowanych wysokim ci$nieniem
w czasie 4- tygodniowego przechowywania w temperaturze 5°C. Obserwowano zaréwno
zwigkszenie jak 1 zmniejszenie liczby komorek w badanych populacjach w calym
analizowanym okresie przechowywania w temperaturze 25°C, a charakter tych zmian byt rézny
w zaleznosci od szczepu. Nie obserwowano regeneracji komorek uszkodzonych subletalnie
w badanych populacjach bakterii w probkach soku z burakow ¢wiklowych. Wykazano, ze sok
z marchwi wspomaga wzrost komorek L. innocua podczas przechowywania w warunkach
chtodniczych. Obserwowano regeneracje komorek uszkodzonych subletalnie w wyniku
dziatania HHP w soku z marchwi dla probek: L. innocua w temperaturze 5°C oraz dla E. coli
w obydwu temperaturach. Zatem, dla soku z marchwi potwierdzono hipoteze 2, w ktérej
zalozono, ze komorki bakteryjne uszkodzone subletalnie w wyniku dzialania HHP
regeneruja sie w soku w czasie ich dlugoterminowego przechowywania. Potwierdzono
hipotezg 3 stanowigcg o tym, ze proces regeneracji komorek bakteryjnych uszkodzonych
subletalnie zalezy od rodzaju drobnoustroju, specyfiki wywolanych zmian w komorce,
rodzaju soku oraz temperatury przechowywania. Niniejsze rozwazania prowadzg do
wniosku, ze aby osiggnac standardy jakosSci i bezpieczenstwa zywnosci przetworzonej pod
wysokim ci$nieniem, szczegdlng uwage nalezy zwroci¢ na potencjalng obecnos¢ komorek
uszkodzonych subletalnie. Strefa migdzy obrazeniami S$miertelnymi 1 subletalnymi to
prawdopodobnie ,.cienka linia”. Niedoszacowanie liczby komoérek zywych przy uzyciu
pozywek selektywnych moze by¢ szczegdlnie niebezpieczne w przypadku patogendow

przenoszonych przez zywnos¢. Dlatego pozywki typu TAL powinny by¢ stosowane przy
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kontroli jako$ci produktéw poddanych tagodnym procesom przetwarzania, w ktorych mozliwe
jest pojawienie si¢ komorek uszkodzonych subletalnie i ich regeneracja w trakcie
przechowywania. Uzyskane wyniki mogg przyczyni¢ si¢ do nowelizacji miedzynarodowych
standardow stuzgcych do wykrywania patogenéw w zywnosci metodami nietermicznymi

w ramach obowiazujacej kontroli jakosci.

Whnioski i obserwacje:

1. Zastosowanie parametrow HHP tj. cisnienie w zakresie 300-500 MPa i czas ekspozycji do
10 minut, indukowato uszkodzenia subletalne w komorkach badanych populacji bakterii
nalezacych do gatunku L. innocua oraz E. coli.

2. Poziom wywotanych uszkodzen letalnych w badanych populacjach bakterii korelowat
dodatnio z parametrami procesu HHP i zalezat od pH matrycy.

3. Poziom wywotlanych uszkodzen subletalnych badanych populacjach bakterii nie byt
jednoznacznie zalezny od parametrow procesu HHP ani od pH matrycy.

4. Rodzaj matrycy, temperatura przechowywania oraz rodzaj drobnoustroju miaty wptyw na
proces regeneracji komorek uszkodzonych subletalnie podczas 4-tygodniowego
przechowywania.

5. Sok z burakow ¢wiklowych o odczynie kwasnym dziatat hamujaco na wzrost populacji
bakterii poddanych procesowi HHP, w czasie przechowywania w temperaturze 5°C i 25°C.

6. Sok z marchwi przechowywany w temperaturze 5°C wykazywat wtasciwosci promujace
wzrost szczepow L. innocua.

7. Regeneracja komoérek bakterii uszkodzonych subletalnie w wyniku dziatania HHP jest
mozliwa w soku z marchwi 0 odczynie bliskim obojg¢tnemu.

8. Otrzymane w pracy wyniki badan potwierdzaja zasadno$¢ zastosowania ptytek
dwuwarstwowych TAL do oceny bezpieczenstwa mikrobiologicznego badanych sokéw

z warzyw korzeniowych poddanych dziataniu HHP.
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Summary

High hydrostatic pressure (HHP) is a well known method currently used for food
preservation. Nevertheless this treatment can also cause sublethal injury of foodborne
pathogen cells, which could repair and become potentially dangerous for consumers. The
survival of Listeria innocua CIP80.11T, Escherichia coli ATCC 8739 and the wild strains
isolated from beetroot juice after HHP treatment (200 MPA, 300 MPa and 400 MPa) as well
as the level of sublethal injuries in the surviving cells were investigated in this study. Lethal
effect was reported after treatment at 400 MPa for the most of strains. The maximum level of
sublethal injuries was reported after 5 minutes under pressure 300 MPa (L. innocua) and 400
MPa (E.coli).
Key words: Listeria innocua, Escherichia coli, high hydrostatic pressure, beetroot juice,

sublethal injury
INTRODUCTION

Fresh fruits and vegetables as well as fruit and vegetable juices that are consumed
without any thermal treatment, and are contaminated of Listeria with more than 100 cfu/g, are
considered to be a direct risk to human health. Exceeding this number is dangerous especially
for people with reduced immunity, children, the elderly and pregnant women, causing
listeriosis and even sepsis [Goulet et al. 2008]. Some serotypes of E. coli can cause serious
food poisoning and be very dangerous for human health.

Because of the numerous health benefits, fresh beetroot juice became more and more
fashionable nowadays. Root vegetable juices are the most contaminated among commercially
available raw, freshly squeezed juices [Sapers 2003, Sokotowska et al. 2011, Sokotowska et
al. 2012]. Sokotowska et al. (2011) showed that among investigated juices of this kind 41%

contained Listeria monocytogenes and 57% of tested samples included Escherichia coli.
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High Hydrostatic Pressure (HHP) is a nonthermal food preservation method which
reduces the microbial counts, ensures microbiological safety and does not markedly change
the sensory and nutritional attributes of products [Bayindirli et al. 2006, Buzrul et al. 2008,
Marszatek et al. 2014, Zyngiel et al. 2009]. HHP is used worldwide for the preservation of
several commercial products, including fruit juices.

The level of microbial injury by HHP treatment depends on microbial physiology factors
such as growth phase, species type as well as pH. Presence of particles in product can also
modify the effect of HPP on microorganisms. The mechanism of microbial inactivation by
HHP is related to the cell morphological changes, cytoplasmic membrane modification,
damage of genetic mechanism and adverse biochemical reaction [Hoover et al. 1989]. This
damages can be reversible or irreversible, affecting the integrity and functionality of
membrane and generate sublethally injured cells under some treatment conditions [Wesche et
al. 2009]. An indirect way to evaluate the number of sublethally injured cells is the use of
plating technique on selective medium with NaCl addition [Mackey 2000, Yuste et al. 2004],
because immediately after HHP processing damaged cells have no or lower ability to grow on
this medium.

The aim of this work was to investigate the effect of high hydrostatic pressure on
inactivation and sublethal injury of foodborne pathogens, Listeria innocua and Escherichia
coli, suspended in beetroot juice

MATERIALS AND METHODS
Microorganisms and growth conditions

E. coli ATCC 8739, L. innocua CIP80.11T and the wild strains isolated from beetroot
juice (E. coli 61/14 and L. innocua 23/13) used in this study were stored in Cryobank at
temperature -27°C+3°C. Broth subcultures were prepared by inoculating a tube containing
10 mL of sterile Brain — Heart Infusion medium (BHI) (bioMerieux) with a single culture
immobilized on sterile bead. After inoculation, tubes were incubated in 37°C for 24 h and
then each overnight culture was moved with 0.1 ml loop on Petri dish with Tryptic Soy agar
(TSA) (Biocar Diagnostics) or Tryptic Soy Yeast Extract agar (TSYE) (Biocar Diagnostics)
respectively. Next, culture from plate was added to 250 mL Erlenmeyer flasks containing
200 mL of Tryptic Soy Broth (TSB) (Biocar Diagnostics) or Tryptic Soy Broth Yeast Extract
(TSBYE) (Biocar Diagnostics) to prepare the second subculture, and incubated at 37°C for
18 h to yield stationary phase culture. Then the cultures were harvested by centrifugation

(4000 x g, 10 min., 4°C). The sedimented cells were aseptically re-suspended into phosphate-
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buffered saline (PBS, pH 7.2) and again centrifuged. The washing procedure was repeated
twice more. After that, model suspensions of E. coli and L. innocua were prepared in PBS.
Just before HHP treatment commercial beetroot juice acidified with citric acid (pH from 3.98
to 4.17, produced by Victoria Cymes, Poland) was inoculated with bacteria cells in
concentration ca. 6 log cfu/mL and transferred into sterile polyethylene tubes (Sarstedt) in 13
mL portions in duplicate.
HHP treatment

The samples were exposed to high pressure treatment at the Institute of High Pressure
Physics, The Polish Academy of Science, using apparatus U 4000/65 (Unipress). The volume
of the treatment chamber was 0.95 L and the maximum working pressure 600 MPa. The
pressure-transmitting fluid used was distilled water and polypropylene glycol (1:1). The
working temperature of the apparatus ranged from —10°C to +80°C. Samples were subjected
to hydrostatic pressure of 200, 300 and 400 MPa at 20°C and held for 1, 5 and 10 min. The
pressurization times reported do not include the come-up and come-down time. The
temperature was measured in the chamber.
Analytical methods

HHP-treated samples were analyzed immediately after processing. The viability of each
strain was assayed by counting colony-forming units. Ten-fold serial dilutions in Tryptone
Salt broth (Biokar Dignostics) of each sample were prepared. Appropriate dilutions of
samples were spread on agars. Counts of total viable cells were determined by spread plate on
TSA/TSYE agar. TSA/TSYE agar with 5% NaCl (POCh) were used to determine non-injured
cells in population. This was the maximum concentration of NaCl that caused no reduction in
the colony count of unstressed cells of E. coli and L. innocua strains. The difference between
the viable and non-injured cells was used to estimate the number of sublethaly injured
survivors. As a control samples buffers and beetroot juice containing E. coli and L. innocua,
without HHP treatment, were also analyzed. Plate with TSA/TSYE agar were incubated for
24 h at 37°C, and TSA/TSYE agar +5% NaCl for 48 h at 37°C. Plates containing less than
300 cfu/mL were selected for counting.

RESULTS AND DISCUSSION

Results of the experiment showed that inactivation and injury of E. coli and L. innocua
cells in beetroot juice, subjected to HHP, depended on origin of strain and parameters of
process. Survival of population for studied conditions for all media are presented in Figures

from 1 to 4.
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Figure 1. Effect of high hydrostatic pressure on the survival and sublethal injury of
L. innocua CIP80.11T in beetroot juice. The level of all surviving cells (injured
and uninjured) subjected to 200 MPa (m), 300 MPa (A) and 400 MPa (e). The
level of uninjured cells in population subjected to 200 MPa (o), 300 MPa (L) and
400 MPa (o).
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Figure 2. Effect of high hydrostatic pressure on the survival and sublethal injury of
L. innocua wild type strain in beetroot juice. The level of all surviving cells
(injured and uninjured) subjected to 200 MPa (m), 300 MPa (A) and 400 MPa
(®). The level of uninjured cells in population subjected to 200 MPa (o), 300 MPa

(1) and 400 MPa (0).
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Figure 3. Effect of high hydrostatic pressure on the survival and sublethal injury of E. coli
ATCC 8739 in beetroot juice. The level of all surviving cells (injured and
uninjured) subjected to 200 MPa (m), 300 MPa (A) and 400 MPa (e). The level of
uninjured cells in population subjected to 200 MPa (0),300 MPa (L) and
400 MPa (o).
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Figure 4. Effect of high hydrostatic pressure on the survival and sublethal injury of E. coli
wild type strain in beetroot juice. The level of all surviving cells (injured and
uninjured) subjected to 200 MPa (m), 300 MPa (A) and 400 MPa (e). The level
of uninjured cells in population subjected to 200 MPa (o), 300 MPa ([]) and 400
MPa (o).
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No pronounced effect on reduction of number of pathogens was observed after HHP
treatment at 200 MPa. Similar observation was reported by Jordan et al [2001] in earlier
studies carried out on orange (pH 3.8) and tomato juice (pH 4.1) for L. monocytogenes
NCTC11994 under 200 MPa at 20°C for 5 min, although inactivation in apple juice (pH 3.5)
was more successful and achieved 4.0 log;o. The differences of inactivation between
collection and wild type strains of the same species were observed under 300 MPa. For
L. innocua after 5 min treatment collection strain demonstrated 2.3 log;o reduction, while
under the same conditions the reduction for wild type strain was 0.9 log;o . For E. coli after
10 min treatment collection strain demonstrated 1.7 log reduction while under the same
conditions the reduction for wild type strain was only 0.6 log.

Lethal effect was reported after treatment at 400 MPa for the most of strains. For the
collection strain of L. innocua it was reported after 1 minute of HHP. In the case of wild type
strain under the same condition reduction was 3.3 log;o. Increasing time of exposure up to
10 minutes resulted in the decrease of the number of population of wild type strain under
1 log;o but did not provide complete injury. The wild type strain of E. coli was inactivated
after 10 min HHP treatment, but for the collection strain there was no complete injury even at
the most severe conditions used.

The maximum level of sublethal injuries was reported under pressure 300 MPa for
L. innocua and reached 0.7 and 2.3 logjo for collection strain (after 10 minutes) and wild type
(after 5 minutes), respectively. Exposure to 400 MPa for 5 minutes allowed to reach 2.7 and

4.5 logio sublethal injuries for collection strain and wild type respectively.

CONCLUSION
Our study confirmed that HHP is a good method for beetroot juice preservation and
ensures consumer safety. Collection strains of both pathogens were easier to inactivate in

beetroot juice than the strains isolated from natural environment.
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Food business operators search for new, mild technologies, which extend the shelf life of product without changing the sensory
and nutritional properties. High hydrostatic pressure (HHP) meets these requirements; however it also triggers sublethal injury of
bacterial cells. Sublethal injuries could spoil the product during storage and potentially pose major public health concerns. This
study aims to examine the changes of sublethally injured pathogens cells in two vegetable juices: carrot juice (pH 6.0-6.7) and
beetroot juice (pH 4.0-4.2) that are induced by HHP (300-500 MPa). The possibilities of recovery of bacterial cells during 28 days
of juices storage at two different temperatures (5°C and 25°C) were determined using plate count methods. During the entire period
of storage of carrot juice at refrigerated temperature, the propagation and regeneration of L. innocua strains were observed. Storage
at 25°C showed that the number of these bacteria drastically decreased between 14 and 21 days. The above phenomenon was not
detected in E. coli case. There was no cells recovery during long-term refrigerated storage for all strains in beetroot juice. However,
in some cases spoiling of this product intermittently occurred at 25°C storage temperature. This work demonstrates that carrot juice
supports growth and regeneration of HHP-sublethally injured L. innocua, while beetroot juice can be classified as a safe product.

1. Introduction

Vegetable juices belong to the group of functional food and
play an important role in human’s diet. Some reviews of
the previous studies indicated that they could help prevent
several major civilization diseases, such as heart problems,
cancer, diabetes, and obesity, as well as the prevention and
alleviation of several micronutrients deficiencies [1-3]. In
view of its health-related properties, they have attracted great
interest among consumers. Both carrot (Daucus carota) and
red beet (Beta vulgaris) are traditional and popular vegetables
in many parts of the world. They contain natural antioxidants,
high amount of vitamins, minerals, and trace elements [4-8].
However, raw vegetable juices have limited market potential,
due to its short shelf life, and should normally be consumed
within a few days [9]. Moreover, vegetable juices are the most
contaminated among the commercially available raw juices

[10, 11]. The initial microbial load is typically approximately
6.0 log CFU/mL [11, 12], including pathogens [11, 13]. One
of the reasons of vegetable juice contamination with poten-
tially hazardous microorganisms is natural fertilizers that
are often applied in ecological agricultures [14]. Pathogenic
bacteria survive in soil for a relatively long period of time,
depending on environmental conditions. It is significant that
the low-acid condition of raw, unprocessed vegetable juices
is conductive to the growth of pathogenic microorganisms,
such as Salmonella spp., Listeria monocytogenes, Escherichia
coli O157:H7, Staphylococcus aureus, or Campylobacter jejuni
[11, 13-17]. Wherefore, some manufacturers lower pH of
vegetable juices using ascorbic acid or addition of apple juice
to extend the shelf life and provide safety of the fresh juice.
Despite these efforts, the most often detected pathogens in
unpasteurized fresh beetroot and carrot juices are Listeria
species and coliforms [11, 18].
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High hydrostatic pressure (HHP) has been officially
approved by The U.S. Food and Drug Administration, as a
nonthermal pasteurisation technology [19]. Nowadays, HHP
has attracted widespread attention of food industry members
and is the most successfully commercialized nonthermal
processing technology [19, 20]. This technology enables
better quality of food to be obtained, rather than that
processed using traditional methods. Primarily, it not notably
changes the sensory and nutritional attributes of product
but reduces the microbial counts responsible for spoilage
and for shortening the shelf life [21-26]. Despite the above
benefits, HHP triggers sublethal injury of bacterial cells
[27-31].

Generally, HHP induces varying levels of sublethal injury.
High pressure changes cell morphology and genetic mecha-
nism and inhibits the metabolic reactions, which are essential
for the cell maintenance [26]. Magnitude of these phenomena
may be different depending on the genus or even species
of microorganism, type of substrate, and processing param-
eters. Different food preservation strategies bring different
stress factors that affect the microbiota of product. Scientific
research has yielded some important information on the
factors, affecting the injuries and recoveries of bacterial
cells in food matrices [32, 33]. Nowadays, it is apparent
that both phenomena depend on type of technology, as
well as environmental conditions such as food pH, stor-
age temperature, addition of various components on the
food including nutrients, preservatives, etc. The regulatory
network allows the stressed bacteria to react on changes
by activating the proper mechanism, which allows them
to adapt [33]. Sublethally injured cells may exist in the
population, although most microbes are killed. Moreover,
food matrices can be bacteriostatic as well as bactericidal, due
to intrinsic factors including water activity, pH, salt content,
etc. The injured cells can develop adaptive responses to stress,
resuscitate in a medium containing the necessary nutrients,
and grow during storage. On the other hand, the injured cells
may develop sensitivity to physical and chemical environ-
ments, to which normal cells are resistant [33] and lose the
ability to grow on defined culture media. The presence of
sublethally injured cells in food poses major public health
concerns and is crucial in assessing the microbial response
to food preservation strategies [34]. On the other hand, only
a small portion of merchant suppliers offer HHP-treated
vegetable juices [25]. Moreover, no high pressure food is
currently available under room temperature on the market
[20, 26].

According to European Commission Regulation (EC) No.
2073/2005 [35] manufacturers are obliged to ensure microbial
safety of food products up to the end of the declared shelf life.
Apart from microbiological criteria for foodstufts, above doc-
ument specifies the methods to demonstrate the possibilities
of propagation of microorganisms during the shelf life of the
product. One of these tools is the microbiological challenge
testing. Challenge testing is a practical study that evaluates
the behaviour of crucial organisms (e.g., pathogens), which
display opportunity of grow and/or survive in the food
matrices and if so, how fast they will grow. Examined food
product is contaminated by relevant microorganisms and
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then stored and tested for these organisms during shelf life
[36, 37], which is used for estimation of the growth potential
(6).

The aim of this study was to evaluate the survival rate
and the regeneration possibilities of HHP-sublethally injured
bacterial cells in two types of vegetable juices during long-
term storage at two different temperatures. In addition to
this, the understanding of the behaviour of HHP-sublethally
injured cells during storage may be helpful to design and
control the process, as well as establish the hold time limits
for storage.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions. E. coli ATCC
7839 (obtained from American Typed Culture Collection,
Manassas, USA) and L. innocua CIP80.11T (obtained from
the Culture Collection of the Institut Pasteur, Paris, France)
wild strains, which were isolated from unpasteurized, com-
mercial beetroot juice, L. innocua 23/13 and E. coli 61/14,
obtained from the Department’s collection of Fruit and
Vegetable Product Technology at IAFB (Warsaw, Poland),
were used in this investigation. The strains were stored
in a Cryobank at a temperature below -27 + 3°C before
using. First, pure culture immobilized on sterile beads was
added to 10 ml of sterile Brain Heart Infusion (BHI) broth
(BioMerieux, I'Etoile, France). Broth subcultures were incu-
bated at 37°C for 24h, then each overnight culture was
moved with a 10 yL loop on a Petri dish, with the usage of
streak plate technique with Tryptic Soy (TSA) agar (Biocar
Diagnostics, Beauvais, France) for E. coli or Tryptic Soy Yeast
Extract (TSYE) agar (Biocar Diagnostics, Beauvais, France)
for L. innocua. Next, the culture from the plate was added,
using 10 L loop, to 250 mL Erlenmeyer flasks containing
200 mL of Tryptic Soy Broth (TSB) (Biocar Diagnostics,
Beauvais, France), or Tryptic Soy Broth with Yeast Extract
(TSBYE) (Biocar Diagnostics, Beauvais, France) in order,
that prepare the second subculture, which was incubated at
37°C for 18h to obtain the stationary phase culture. Then
10 mL of second subculture was added to fresh, sterile broth
(TSB or TSYEB) and incubated at 37°C for 18 h. The cultures
were then harvested by centrifugation (4000 x g, 10 min.,
4°C). The sedimented cells were aseptically resuspended
into phosphate-buffered saline (PBS, pH 7.4) and again
centrifuged. The washing procedure was repeated twice more.
Following this, the model of bacterial cells suspensions was
prepared in PBS. Just before HHP treatment, pasteurized
beetroot juice supplemented with 5% apple juice (Victoria
Cymes, pH 4.0-4.2) and carrot juice (Vital Fresh, pH 6.0-
6.7) were inoculated with bacterial suspensions, in an amount
of about 70 log CFU/mL, determined by spread plating
appropriate dilutions on to TSA/TSYEA, and transferred into
sterile polyethylene tubes (Sarstedt, Newton, USA) in 13 mL
portions in duplicate.

2.2. HHP Equipment. The samples were exposed to high
pressure treatment, with the use of U 4000/65 apparatus
(Unipress, Warsaw, Poland). The volume of the treatment
chamber was 0.95 L, and the maximum working pressure
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TaBLE 1: High hydrostatic pressure conditions.

Strains

beetroot juice

HHP parameters

pressure/time

carrot juice

Listeria innocua CIP 80.11T

Listeria innocua-wild type strain 23/13
Escherichia coli ATCC 7839
Escherichia coli-wild type strain 61/14

300 MPa/ 5 minutes

400 MPa/ 5 minutes

300 MPa/ 10 minutes 400 MPa/ 5 minutes
300 MPa/ 10 minutes 500 MPa/ 5 minutes
300 MPa/ 10 minutes 500 MPa/ 5 minutes

was 600 MPa. The pressure-transmitting fluid, that was used,
was distilled water and polypropylene glycol (1:1,v/v). The
working temperatures of the apparatus range from —10°C
to +80°C. Pressure of up to 400 MPa was generated in 70-
80, and the release time was 2-4s. Samples were subjected
to high hydrostatic pressure at various pressure, depending
on the strain and juice (300, 400, 500 MPa), at an ambient
temperature (i.e., approximately 20°C) and held for 5 or
10 min (Table 1). The use of different pressure parameters was
aimed at induction of the highest level of sublethal bacterial
injuries in the sample. These process conditions trigger the
highest level of sublethal injury of these cell strains and were
chosen based on our earlier studies [38, 39]. Temperature
increase, due to the adiabatic heating, was approximately
3°C per 400 MPa. The pressurization times reported do
not include the come-up and come-down time. For each
tested strain, juice, and storage temperature, the assays were
performed with usage of the two independent samples, which
were coming from the two independent processes. After the
treatment, the samples were stored at 5°C and 25°C up to 28
days and periodically analyzed. Unpressurized samples were
used as a control.

2.3. Plate Count Analytical Methods. The viability of each
strain was assayed by counting colony-forming units imme-
diately after HHP processing. Thereafter, both treated and
untreated juices were enumerated at regular intervals during
refrigerated storage. At each sampling time, a tube with
the sample was opened aseptically and analyzed. Further
decimal dilutions in Tryptone Salt Broth (Biokar Diagnostics,
Beauvais, France), of each sample, were prepared. Appro-
priate dilutions of samples were spread on agars. Counts of
total viable cells were determined by spread plate on TSA
or TSYEA. Selective agars, that were agars supplemented
with critical NaCl (POCh, Gliwice, Poland) concentration of
5% (w/v), were used to determine noninjured cells in the pop-
ulation. That was the maximum concentration of NaCl that
caused no reduction in the colony count of unstressed cells,
estimated in the preliminary trial. The number of sublethally
injured survivors was quantified by the difference, between
the viable and noninjured cells. Plates with nonselective
agars were incubated for 24 h/37°C and selective agars for
48h/37°C. The plates containing less than 300 CFU/mL were
selected for counting.

2.4. Statistical Analysis. Statistical analysis of the results
was performed by two-way ANOVA statistical model with

Tukey’s test, using Statistica version 13 (TIBCO Software
Inc., Palo Alto, CA, USA). The differences were considered
significant at p<0.05. Statistical comparison was made for
results, obtained for strains of the same species at the same
temperature and matrix.

3. Results and Discussion

3.1. Effect of Storage Temperature on E. coli and L. innocua
in Vegetable Juices. In the present study, two types of high
pressure treated-vegetable juices (beetroot and carrot) were
analyzed during four weeks of storage time to test their
microbiological safety. We tested if sublethally injured by
HHP bacterial cells would be able to regenerate and survive
in those vegetable juices. The second goal was to investigate
if storage at ambient temperature would support the growth
of HHP-treated bacteria in comparison to refrigerated con-
ditions. As a preliminary experiment, we studied the effect
of HHP on tested species, in both, previously mentioned
types of juices in a range of pressure 200-500 MPa up to
10 minutes. The next step that was done was the screen-
ing analysis to choose the parameters, which induce the
highest level of sublethal injury of those bacterial strains.
The results showed that in carrot juice pressure of 400 MPa
for 5 minutes triggers sublethal injuries of Listeria innocua
strains, while extending the parameters inactivates these
bacteria. In turn, Escherichia coli strains were sublethally
injured under pressure of 500 MPa for 5 minutes [data not
shown]. Induction of sublethal injuries of those bacterial
cells in beetroot juice needed milder parameters: 300 MPa
up to 10 minutes [38, 39]. Because of the aforementioned,
this experiment shows the results carried out only with the
use of thoseparameters, which prompted the highest level of
sublethal injuries (Table 1).

The survivability of strains, in untreated juice samples,
is shown in Figure 1. Despite the acid pH of beetroot juice,
significant decrease of population for all the tested strains was
not observed during storage at both temperatures (p>0.05).
Number of viable cells, of tested strains in beetroot juice at
both temperatures, decreased by less than 1.0 log CFU/mL
during all period of storage. Exclusively, number of L.
innocua wild type strain in beetroot juice, stored at 25°C,
reduced about 2.1 log CFU/mL. In carrot juice, stored at 5°C
number of viable cells of tested strains was between 7 and 10
log CFU/mL. During the entire period of storage, the viability
of E. coli was stable, while the propagation of L. innocua was
observed. Number of L. innocua in population had increased
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FIGURE 1: Survival of L. innocua strains: (@) CIP80.11T, (m) 23/13 and E. coli strains, (a) ATCC 7839IP80.11T, and (#) 61/14 in untreated juice
samples: (a) carrot juice stored at 5°C, (b) beetroot juice stored at 5°C, (c) carrot juice stored at 25°C, and (d) beetroot juice stored at 25°C, for

up to 28 days.

by 1.8 and 3.3 log depending on the strain. In turn, results
obtained at 25°C had shown that amount of viable E. coli cells
increased about 1.0 log CFU/mL, while significant differences
were found for L. innocua. Survival rates of both L. innocua
strains correlated negatively with temperature. The number
of these bacteria drastically decreased, between 14 and 21 days
of storage, at 25°C. Monitoring of carrot juice pH (suspended
with L. innocua strains) showed that this parameter decreased
from 6.2 to 4.2 during 28 days of storage, while pH of carrot
juice without bacteria was found stable for all time of storage
(6.18 + 0.04).

Patterson et al. (2012) have suggested that carrot juice is
inherently detrimental to the growth of L. monocytogenes.
They observed survivability of pathogenic bacteria in two
variants of carrot juice control samples, during 10 days
of storage at 4°C, 8°C, and 12°C. Both, heat and nonheat
sterilized, carrot juice control samples were inoculated by
cocktail of L. monocytogenes and then stored. Number of L.
monocytogenes, suspended in nonheat carrot juice, decreased
at refrigerated temperatures by 6.56 log CFU/mL to 5.06
log CFU/mL and 6.00 log CFU/mL, respectively. In case of
prior heat sterilized carrot juice, Listeria numbers increased
during storage at all temperatures. Presumably, these dif-
ferences are associated with thermal-sensitive properties of
antimicrobial compounds in carrot juice (carrot juice of our

studies was pasteurized). Additionally, authors had searched
for influence of carrot juice properties on E. coli. Their
results were similar to our findings. They observed that the
number of E. coli in carrot juice remained constant, while
juice was stored up to 14 days at 4°C; however it increased
during storage at 8°C and 12°C. Moreover, heat treating of
carrot juice prior to inoculation had no effect on growth on
E. coli. The same results were achieved by Gomez Aldapa
et al. (2013). It has been reported that the growth of the
cocktail of diarrheagenic E. coli pathotype in carrot juice was
inhibited at refrigerated temperature. After 24 h number of
all diarrheagenic E. coli pathotypes increased during storage
at 12°C, 20°C, 30°C, and 37°C. Some researchers had been
trying to answer, how long pathogens would survive in acid
juices if a contamination occurred [40-42]. Escherichia coli
O157:H7 survived in pineapple juice (pH 3.57) for 120 days
in refrigerated temperature, but during ambient temperature
storage, some decline in count was noted. In turn, avocado
juice (pH 6.2) supported growth of these bacteria at both
temperatures [40]. Significant number of Listeria monocyto-
genes suspended in tomato juice survived during storage at
5°C and 30°C for 12 days; however counts of those bacteria
slightly decreased in refrigerated temperature [41]. Oyarzabal
et al. (2003) showed that Escherichia coli O157:H7, Listeria
monocytogenes, and Salmonella were recoverable through 12
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FIGURE 3: Survival of E. coli strains in HHP treated carrot (—) and beetroot juice (----) stored at 5°C (a) and 25°C (b) for up to 28 days. E. coli
ATCC 78391P80.11T (A) and E. coli 61/14 (#). HHP sublethal treatment conditions for each strain are in Table 1. The error bars represent the
standard deviation of measurements for 2 samples in two separate sample runs. Limit of detection was 1 log CFU/mL.

weeks of storage at -23°C in apple, orange, pineapple, and
white grape juice concentrates (pH 3.6-3.7) and banana puree
(pH 5.5).

3.2. Effect of Long-Term Storage and Temperature on Survival
and Regeneration of HHP-Sublethally Injured E. coli and
L. innocua in Vegetable Juices. The impact of long-term
storage on the survival of HHP-injured bacterial strains, in
carrot and beetroot juices, is shown in Figures 2 and 3.
Survival rates of L. innocua in carrot juice during 4-week
refrigerated storage were similar to both collection and wild
type strain (Figure 2(a)). It was observed that the number
of the bacterial population significantly increased, by 3.64
log CFU/ml and 2.98 log CFU/ml, respectively, in reference
to initial HHP-treated viable cell counts. In beetroot juice,
the reduction of the L. innocua cells in the population was
noticed (Figure 2(a)). On the 21st day of storage, cells of the
wild type strain were not detected. A week later, the collection

strain was also below the detection level (1.0 log CFU/mL).
E. coli growth during long-term refrigerated storage was
not observed, neither in carrot juice nor in beetroot juice
(Figure 3(a)). However, the progress of the cell reduction in
the population was noticeably faster in beetroot juice during
4-week refrigerated storage. The number of the E. coli cells
of collection and wild type strain in populations decreased.
In the case of carrot juice, the decrease was 3.57 and 2.05
log CFU/ml. When it comes to beetroot juice, the decrease
was 5.42 and 3.19 log CFU/ml, in reference to initial microbial
counts, just after HHP treatment. The E. coli population in
beetroot juice accomplished nearly 1.0 log CFU/mL after 21
days of refrigerated storage. However, extending the storage
time to 4 weeks showed microbial growth of these bacteria.
The number of L. innocua in the population increased
by over 3.0 log CFU/mL during the 4 days of storage of
carrot juice at 25°C (Figure 2(b)). The subsequent storage
resulted in the rapid decrease of the amount of these bacteria
in samples. After the 3-week period, the growth was not
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TABLE 2: Results of the growth potential.
Type of sample Time [days of storage] log CFU/mL growth potential (8)
Listeria innocua T=0 5,16 365
CIP 80.11T T=28 8,82 ’
Listeria T=0 6,12
. innocua-wild type T=28 910 2,98
Carrot juice stored at 5°C strain 23/13 = >
Escherichia coli T=0 7,42 356
ATCC 7839 T=28 3,86 ’
Escherichia coli -wild T=0 7,48 205
type strain 61/14 T=28 5,43 ?
Listeria innocua T=0 5,37 537
CIP 80.11T T=28 0,00 ’
Listeria T=0 5,15
N innocua-wild type T=28 0.00 515
Beetroot juice stored at 5°C strain 23/13 = >
Escherichia coli T=0 6,53 435
ATCC 7839 T=28 2,18 ?
Escherichia coli -wild T=0 6,50 338
type strain 61/14 T=28 311 ?
Listeria innocua T=0 5,16 516
CIP 80.11T T=28 0,00 ’
Listeria T=0 6,12
. innocua-wild type T=28 0.00 -6,12
Carrot juice stored at 25°C strain 23/13 = >
Escherichia coli T=0 7,48 142
ATCC 7839 T=28 6,06 ’
Escherichia coli-wild T=0 7,48 0.46
type strain 61/14 T=28 7.94 ’
Listeria innocua T=0 5,37 106
CIP 80.11T T=28 4,31 ’
Listeria T=0 5,15
N innocua-wild type T=28 0.00 515
Beetroot juice stored at 5°C strain 23/13 = >
Escherichia coli T=0 6,53 653
ATCC 7839 T=28 0,00 ?
Escherichia coli-wild T=0 6,50 350
type strain 61/14 T=28 3,00 ?

The growth potential (3) is the difference between the log at the end of shelf life and the log of the initial concentration.

Criteria:
& > 0.5log CFU/mL, growth of bacteria possible.
8 <0.5log CFU/mL, growth of bacteria impossible.

observed. Growth of E. coli was noticed, only in the first
48th h of storage at 25°C (Figure 3(b)). During the next 12
days of storage, survival of E. coli strains in HHP, carrot juice
was found stable and reached about 9 log CFU/mL. However,
after that time, the population of the wild type strain slightly
decreased by 2.40 log CFU/mL (Figure 3(b)). The number
of L. innocua cells in the population decreased after 7 days
of beetroot juice storage at 25°C (Figure 2(b)). Extension of
the storage time caused unitary spoilage of this product. On
the last day of storage, the number of L. innocua collection
strain cells reached to 4.26 log CFU/mL, while the number of
wild type strains was under the detection limit. The opposite
phenomenon was observed with E. coli (Figure 3(b)). The
number of collection strains in HHP-beetroot juice was

under 1.0 log CFU/mL, at the end of the period of storage at
25°C. During the same storage conditions, E. coli wild type
strain increased and reached 3.0 log CFU/mL on the 28th day.
The results of the growth potential (&) are shown in Table 2.
Only in the case of L. innocua strains in carrot juice, stored
at 5°C, the growth potential was above 0.5 log CFU/mL. This
result means that the carrot juice supported growth of L.
innocua, which was stored at refrigerated conditions. In other
juice samples, the value of bacterial growth potential was less
than the critical value. Hence, these conditions retard the
propagation of tested strains.

The changes of sublethal injuries of bacterial cells in
vegetable juices, during long-term storage at 5°C and 25°C,
are shown in Tables 3 and 4, respectively. Initial levels
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of sublethal injury of the strains, after HHP treatment,
were 2.9-4.5 log CFU/ml. The regeneration of sublethally
injured cells suspended in carrot juice was observed. The
regeneration of L. innocua after the first day of storage at 5°C
(Table 3) and at 25°C (Table 4) was significant. The number of
injured cells of E.coli collection strain significantly decreased
(p<0.05), up to the 7th day of refrigerated storage. Thereafter,
some differences in the number of sublethally injured cells
were found, although they were not statistically significant
(p=0.05). Up to the first 7 days of storage, the regeneration of
sublethally injured cells of wild type E. coli was also observed.
Extending the storage time resulted in the gradual increase
in the number of injured cells of wild type E. coli. At the 28th
day of storage, the level of injured cells reached about doubled
(5.43 log CFU/mL). Decreasing tendency of sublethal injury
of E. coli, during storage of the HHP-carrot juice at 25°C,
was also observed. This phenomenon was much faster, than
at 5°C (Table 4). After 24 hours of storage, the number of
regenerated cells of collection strain was 0.48 log CFU/mL
at 5°C and 3.54 log CFU/mL at 25°C. In most instances,
there was no significant cells recovery, during long-term
refrigerated storage for all strains in beetroot juice (Table 3).
However, the number of sublethally injured cells decreased
with in view of bacterial population dying (Figures 2(a) and
3(a)). Long-term storage of beetroot juice at 25°C showed that
recovery of injured pathogen cells may occur, albeit spoiling
of this product intermittently occurred (Table 4, Figures 2(b)
and 3(b)).

Alkaline pH matrices have shown that it is incredibly
challenging, to achieve microbial decontamination by HHP
[20]. Despite the belief that HHP technology is intended for
acid products, scientific researchers are still searching for
the application of high pressure on this kind of matrices
[6, 24, 25, 43]. Similarly to our study, Patterson et al.
(2012) observed that the population of HHP-injured E. coli
(500 MPa, 1 min.) had decreased during subsequent storage
of carrot juice. Just after pressure treatment, inactivation
was 1.82 log CFU/mL, while by day 10, the number of these
bacteria reached undetectable levels, independent from the
storage temperature. The same HHP condition inactivated
cocktail of L. monocytogenes in carrot juice. During the 14
days of storage at any temperature, it remained below the
limit of detection. The study of injury induced by HHP in
microorganisms and subsequent recovery in fruit juices has
been reported by several groups of researchers [21, 22, 34,
44, 45]. So far, the pressure-induced injured microorganisms
in beetroot juice have been reported in few publications
[31, 46-48]. Unfortunately, there is small data about the
influence of storage. Buzrul et al. (2008) used mild HHP
(350 MPa for 5 min.) to inactivate Escherichia coli and Listeria
innocua in kiwifruit (pH 3.32) and pineapple juice (pH 3.77).
They investigate the effect of storage on the survival of
these microorganisms, in above mentioned juices, at different
temperatures (4°C, 20°C, 37°C). Inactivation increased more
than 1.0 log CFU/mL, during storage at 4°C for 24 h, for both
bacteria in both juices. During subsequent 3 weeks of storage,
at all tested temperatures, no injury recovery was detected in
both juices. The same phenomenon was observed by Jordan
et al. (2001) for E. coli in orange, tomato, and apple juices.

Lots of studies confirmed that natural microbiota of
HHP-treated vegetable juices may recover during storage.
Picouet et al. (2015) monitored that three microbial groups
were recovered, between 7th and 21st days of refrigerated stor-
age, in HHP-treated carrot juice under 600 MPa for 5 min.
Despite that, the total anaerobes bacteria remained below
the detection limit in the first week of storage. On day 21,
these bacteria reached 1.2 log CFU/mL in nonacidified (pH
6.48) and 4.3 log CFU/mL in acidified (pH 5.5) juice. In turn,
yeast and molds counts reached an amount equal to or below
3.0 log CFU/mL. The authors concluded that acidification
of carrot juice did not advantageously extend the shelf life
of the product. Zhang et al. (2016) showed that indigenous
microbiota of carrot juice, preserved by HHP (550 MPa,
6 min.), slightly increased after 20 days of storage at refrig-
erated temperature. Similarly to aforementioned, Patterson
et al. (2012) observed that HHP-injured natural microbiota
of carrot juice (500 and 600 MPa, 1 min) recovered faster at
12°C (7 log CFU/mL at the 10th day of storage), rather than
at 4°C (3 log CFU/mL at the 22nd day of storage). Moreover,
they noticed that pressure treatment, significantly delayed
the recovery and growth of the surviving microorganisms,
in reference to untreated juice sample. Sokolowska et al.
(2014a) observed that total count of spoilage microorganism
in HHP-beetroot juice (400 MPa, 10 min) was unchanged for
10 days of refrigerated storage. Then, there was an increase
of contamination to more than 3.0 log CFU/mL. In turn,
indigenous microbiota in fruit juices normally had been
not recovered during long-term storage, even if juice was
preserved by mild-HHP treatment [49, 50]. Kimura et al.
(2017) observed that the degree of damage by HHP may
differ cell-by-cell, and oxidative stress may continue after
HHP treatment. Depending on the storage environment,
resuscitation and recovered cells may multiply, before other
injured cells complete resuscitation. Microbial cells, surviving
pressurization, also became sublethally injured and devel-
oped sensitivity to environments, which the normal cells were
resistant to [51].

The new edition of ISO 11290-1:2017 Microbiology of the
food chain—Horizontal method for the detection and enu-
meration of Listeria monocytogenes and of Listeria spp.—Part
1: Detection method, does not take into consideration resus-
citation step. From human’s health safety point of view it may
be risky decision, especially due to the fact that systematic
(invasive) form of listeriosis is now recognized as occurring
more frequently in small outbreaks than previously recog-
nized [52]. Due to the fact that injured bacterial cells display
limited possibility, or even inability to grow on selective
agars, and due to the above-mentioned fact, sublethally
injured cells should require additional attention to quality
control sectors of food operators. This aspect needs especially
better understanding, in case if products are preserved by
nonthermal alternative technologies, by virtue of induction
of sublethal injuries. The Codex Alimentarius Commission
(CAC) proposed the following criterion to characterize food
products that support L. monocytogenes growth. As it was
written in CAC: “a RTE food in which there is a greater than
average of 0.5 log increase in the level of the organism, for at
least the expected shelf life (as labeled by the manufacturer)
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under reasonably foreseeable conditions of distribution, stor-
age and use to consumption, including a safety margin”
(CAC, 2009). Processed and ready-to-eat (RTE) foods with
a prolonged shelf life under refrigeration are at risk products
for listeriosis [40]. Uyttendaele et al. (2009) observed the
growth of L. monocytogenes in three types of ready-to-eat
products, stored under refrigerated temperature in challenge
testing. They suggest that whether a food supports the growth
of L. monocytogenes, or not is mainly determined by the
physicochemical factors (pH, a,,, packaging atmosphere) of
the food matrix, rather than being defined as such by the food

type.
4. Conclusion

The results of this study indicate that carrot juice supports
growth and regeneration of HHP-sublethally injured L.
innocua. Based on the above data, HHP-treated beetroot juice
can be classified as a safe product, while carrot juice may
be classified as a high risk food. Our results confirmed that
HHP-treated vegetable juices need to be kept in refrigerated
conditions. However, more scientific studies need to be con-
ducted to find an understanding of the bacterial mechanisms,
involved in cell recovery during storage in food matrices.

Predictive microbiology is a useful method to help esti-
mate food safety and shelf life of product, having established
the foods™ intrinsic and extrinsic characteristics. However,
good manufacturing practices (GMP), hygiene practices
(GHP), the development, and implementation of procedures,
based on HACCP, are fundamental in maintaining food
safety, the setting, and validating of food shelf life.
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The inactivation and sublethal injury of two strains of Listeria innocua (one collection strain and one wild strain isolated from beetroot juice)
suspended in beetroot juice and in model solutions, after high hydrostatic pressure (HHP) were investigated. Changes within the population assessed
by plating count methods of both L. innocua strains suspended in a buffer pH 4.0 were more noticeable than in the natural beetroot juice environment.
In beetroot juice the lethal effect was reported after 1 min of pressure treatment at 400 MPa for the collection strain. In the case of the wild type strain,
exposure to the maximal parameters of the compression process (400 MPa, 10 min) decreased the population number below 1 log (CFU/mL) but did
not cause complete injury. The collection strain of L. innocua was easier to inactivate in beetroot juice than the strain isolated from this environment.
The maximum level of sublethal injury was observed when the cells were suspended in a buffer pH 7.0. Structural damage in cell membranes after HHP

processing was observed using a transmission electron microscope (TEM).

INTRODUCTION

Beetroot is a traditional vegetable distributed in many
parts of the world and has been used commercially to pro-
duce juice and natural pigments. One of the leading red beet
producers is Poland, where fresh beetroot juice has nowadays
become increasingly popular because of its multiple health
benefits, such as anticancer activity and protection against
degenerative diseases [Clifford et al., 2015]. Beetroot con-
tains dietary fiber and carbohydrates of a moderate caloric
value. It is a rich source of minerals and important vitamins,
and therefore it can play an essential role in the composition
of a well-balanced diet [USDA Food Composition Database,
2018; Zielinska-Przyjemska et al., 2009]. Due to the fact that
edible parts of root vegetables have a direct contact with
soil, beetroot juice is one of the most contaminated among
the commercially available fresh juices and can be a source
of undesirable microbiota including pathogenic microorgan-
isms [Sapers, 2003; Sokotowska et al., 2011]. One of the most
virulent foodborne pathogens, widely distributed in the natu-
ral environment, is Listeria monocytogenes. It has been detect-
ed in fruit and vegetables that are contaminated by the soil
or by manure used as a fertilizer. Among the investigated
samples of unpasteurized commercial root vegetable and fruit
juices, 29% (n=17) have been reported to contain Listeria

* Corresponding Author: Tel.: +48 22 606 3605;
E-mail: nasilowska@ibprs.pl (J. Nasifowska)

monocytogenes [Sokotowska et al., 2011]. This pathogen can
survive short pasteurization or freezing, and can be resis-
tant to treatment with food preservatives. Moreover, it can
grow in acidic foods traditionally considered as of low risk
[Jordan et al., 2001]. The infective dose of L. monocytogenes
depends on the resistance of the individual host. Fresh fruit
and vegetables which are consumed without any further ther-
mal treatment, and are contaminated with L. monocytogens
at more than 100 CFU/g, are considered to pose a direct risk
to human health [Commission Regulation 2073/2005]. Ex-
ceeding this number is dangerous, especially for people with
compromised immunity, children, the elderly and pregnant
women, as it may induce listeriosis and even sepsis [Goulet
etal., 2008].

The High Hydrostatic Pressure (HHP) is a technology
used worldwide for the preservation of various commercial
products, including vegetable juices. However, this technology
has not yet been implemented on the industrial scale in Po-
land. HHP allowed reducing counts of microbes responsible
for spoilage and for shortening the shelf-life of beetroot juice
[Sokotowska et al., 2013, 2014, 2017], while not markedly
changing the sensory and nutritional attributes of the prod-
uct. Mild, non-thermal technologies used in food preserva-
tion, apart from the inactivation, trigger the sublethal injury
of bacterial cells. Injury caused by high hydrostatic pressure
has been observed in many bacterial cells [Patterson et al.,
1995; Yang et al., 2012; Sokotowska et al., 2014; Wang et al.,
2016]. The mechanism of microbial inactivation by HHP is re-
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lated to the morphological changes in the cell, modification
of the cytoplasmic membrane, damage to the genetic mecha-
nism, and adverse biochemical reaction [Hoover et al., 1989].
Changes in the bacterial cell can be reversible or irreversible de-
pending on the level of environmental stress and physiological
condition of the cell. Even though the membrane damage plays
a major role in HHP inactivation, the partial loss of its func-
tionality does not always lead to cell death. In a consequence,
some of the cells in the population will be sublethally injured
[Wesche er al., 2009]. However, the sublethally injured cells
may reveal increased sensitivity to inhibitors, which are ingre-
dients of selective agar media [Espina et al., 2016]. The injured
survivors are able to recover and resume growth if suitable envi-
ronmental conditions emerge, and therefore may become dan-
gerous to customers [Mackey et al., 2000]. This is the reason
why appropriate identification and quantification of the suble-
thally injured population play a key role in food safety. An in-
direct method for evaluating the number of sublethally injured
cells is the plating technique which utilizes a selective medium
with the addition of NaCl [Yuste ef al., 2004; Sokofowska et al.
2014], because immediately after HHP processing the dam-
aged cells have no, or a lower, ability to grow on this medium.

This work describes results of the investigation of the sur-
vival, sublethal injury, and diversity of the resistance of Liste-
ria innocua strains in pasteurized beetroot juice and in model
solutions: buffers pH 4.0 and 7.0, after high hydrostatic pres-
sure treatment.

MATERIALS AND METHODS

Microorganisms and growth conditions

Listeria innocua was used in this study. This bacteria
is physiologically very close to the previously mentioned
L. monocytogenes, and is frequently found in the same food
products, therefore it is often used for experiments [Escolar
etal, 2017].

Two strains of Listeria innocua were used in this study:
CIP80.11T obtained from the Culture Collection of the In-
stitut Pasteur (Paris, France) and 23/2013 (wild type strain)
isolated from unpasteurized Polish beetroot juice obtained
from the own collection of the Department of Fruit and Veg-
etable Product Technology at TAFB (Warsaw, Poland).
The strains were stored in Cryobank at a temperature below
-27°C=£3°C. Broth subcultures were prepared by inoculating
a tube containing 10 mL of sterile Brain Heart Infusion (BHI)
broth (BioMerieux, I'Etoile, France) with a pure culture im-
mobilized on sterile beads. After inoculation, the tubes were
incubated at 37°C for 24 h and then each overnight culture
was moved with a 0.1 mL loop on a Petri dish with Tryptic Soy
Yeast Extract (TSYE) agar (Biocar Diagnostics, Beauvais,
France). Next, the culture from the plate with a 0.1 mL loop
was added to 250 mL Erlenmeyer flasks containing 200 mL
of Tryptic Soy Broth with Yeast Extract (TSBYE) (Biocar Di-
agnostics, Beauvais, France) to prepare the second subculture,
which was incubated at 37°C for 18 h to obtain the stationary
phase culture. Then, 10 mL of the second subculture were
added to fresh sterile broth (TSB or TSYEB) and incubated
at 37°C for 18 h. The cultures were then harvested by cen-
trifugation (4000xg, 10 min, 4°C). The sedimented cells were

aseptically re-suspended in phosphate-buffered saline (PBS,
pH 7.2) and again centrifuged. The washing procedure was
repeated twice. After that, model suspensions of L. innocua
were prepared in PBS (1:9, v/v). Just before HHP treat-
ment, Mcllvain buffers (0.1 M citric acid, 0.2 M disodium
phosphate) in pH 4.0 and pH 7.0, and beetroot juice were
inoculated with L. innocua cells in a concentration of about
107 CFU/mL and transferred into sterile polyethylene tubes
(Sarstedt, Newton, USA) in 13 mL portions in duplicate.

Model suspensions and beetroot juice

Mcllvaine buffers pH 4.0 and pH 7.0, and pasteurized
beetroot juice, acidified with citric acid to pH from 3.98 to
4.17 (produced by Victoria Cymes, Poland) were used.

HHP treatment

High pressure treatment was performed using
a U 4000/65 device (Unipress, Warsaw, Poland). The appa-
ratus was capable of operating up to 600 MPa, at tempera-
tures ranging from —10°C to +80°C. The maximum volume
of the treatment chamber was 0.95 L. The pressure--trans-
mitting fluid was distilled water and polypropylene glycol
(1:1, v/v). Each two independent samples were treated in two
independent cycles. The treatment was performed at pres-
sures of 200 MPa, 300 MPa, and 400 MPa, at 20°C for 1, 5,
and 10 min. Pressure of up to 400 MPa was generated in 70—
80 s and the release time was 2-4 s. The total process time
did not include the come-up and come-down time of pres-
surization. After the treatment, the samples were removed
from the chamber and placed immediately on ice. The control
samples were unpressurized.

Plate count analytical methods

The HHP-treated samples were analyzed immediately
after processing. Ten-fold serial dilutions in Tryptone Salt
broth (Biokar Dignostics, Beauvais, France) of each sam-
ple were prepared. Appropriate dilutions of samples were
spread on agars. Counts of total viable cells were determined
by spread plate on TSYE agar, while TSYE agar supple-
mented with 5% NaCl (POCh, Gliwice, Poland) was used
to determine uninjured cells in the population [Yuste ef al.,
2004]. This concentration of NaCl was estimated in the labo-
ratory as the maximum concentration that did not change
the morphology and number of unstressed L. innocua cells.
The number of sublethally injured survivors was estimated
by the difference between the counts of total viable and unin-
jured cells in the population [Yuste et al., 2004; Espina et al.,
2016]. Plates with TSYE agar were incubated for 24 h/37°C,
and these with TSYE agar+5% NaCl for 48 h/37°C [Espina
et al., 2016]. The plates containing less than 300 CFU/mL
were selected for counting [Yuste ef al., 2004].

Cell morphology assessment by transmission electron
microscopy (TEM)

After exposure to 400 MPa for 5 min, the bacteria cells
in the PBS buffer (pH 7.2) were fixed with 2.5% glutaralde-
hyde cacodylic buffer and incubated for one hour, then washed
with 0.1 M cacodylic buffer. Next, they were postfixed in
1% Os0, in ddH,O for 1 h and washed three times in ddH,O. Af-
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ter postfixation, the samples were dehydrated through a graded
series of EtOH (30% — 10 min, 50% — 10 min, 70% — 24 h, 80% —
10 min, 90% — 10 min, 96% — 10 min, anhydrous EtOH — 10 min,
acetone — 10 min) and infiltrated with epon resin in acetone (1:3
—30 min, 1:1 — 30 min, 3:1 — 2h), infused twice for 24 h in pure
epon resin and polymerized at 60°C for 24 h. Next, 60 nm sec-
tions were prepared using RMC ultramicrotome MT-X (RMC
Boeckeler Instruments, Tucson, USA), contrasted with uranyl
acetate and lead citrate according to Reynolds [1983], and ex-
amined on LIBRA 120 electron microscope produced by Zeiss
(Oberkochen, Germany). Images were captured with the Slow-
-Scan CCD camera (Proscan) using EsiVision Pro 3.2 software
(Soft Imaging Systems GmbH). Measurements were performed
using the analySIS® 3.0 image-analytical software (Soft Imaging
Systems GmbH, Miinster, Germany).

Statistical analysis

The results of survival and sublethal injuries of bacteria
were analyzed by two-way ANOVA statistical model with
Scheffe’s test using Statistica version 13 (TIBCO Software
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Inc., Palo Alto, CA, USA). Statistical comparison was made
for results obtained at different times of the process. The dif-
ferences were considered significant at p<0.05.

RESULTS AND DISCUSSION

Effect of HHP on bacterial cells

The results of the experiment showed that the inactivation
and injury of L. innocua cells subjected to HHP depended on
the origin of the strain, as well as the medium and param-
eters of the process. Survival rates of the population under
the studied conditions and in all media tested are presented
in Figures 1-3.

For both strains suspended in beetroot juice, increasing
the pressurization time from 1 to 10 min under the pressure
of 200 MPa had no significant effect on their survival (p=0.05)
(Figure 1). The maximum reduction was less than 1.1 log
(CFU/mL). A higher reduction was achieved when the pres-
sure was increased up to 300 MPa. After 5 min of treatment,
the population of the collection strain suspended in beetroot

0300 MPa

@400 MPa

log (CFU/mL)

1 5 10

Time (min)

FIGURE 1. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in beetroot juice. The bars

with different letters are significantly different at p<0.05; Nd — not detected.
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FIGURE 2. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in buffer pH 4. The bars

with different letters are significantly different at p<0.05.
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FIGURE 3. Effect of high hydrostatic pressure on the survival of L. innocua CIP80.11T (a) and wild type strain 23/2013 (b) in buffer pH 7. The bars

with different letters are significantly different at p<0.05.

juice decreased by 2.3 log (CFU/mL), while under the same
conditions the reduction for the wild type strain was 0.9 log
(CFU/mL). When the treatment time was extended up to
10 min, the inactivation of both strains increased by 2.9 log
(CFU/mL). In the beetroot juice samples, after the applica-
tion of 400 MPa for 1 min the collection strain of L. innocua
was not detected, while the inactivation of the wild type strain
was 3.3 log (CFU/mL). Increasing the time of exposure up to
10 min resulted in a significant decrease (p<0.05) in the pop-
ulation number of the wild type strain but did not provide
its complete inactivation. Our previous studies have shown
that the HPP treatment at 400 MPa and 20°C for 10 min
of the same beetroot juice (pH 4.18, °Bx 12.35), resulted
in 6.2 log (CFU/mL) reduction of E. coli ATCC 7839, where-
as HPP treatment at 300 MPa and 20°C for 10 min caused
about 3.5 log (CFU/mL) reduction of Saccharomyces cerevi-
siae NCFB 3191 [Sokotowska et al., 2013, 2014].

Changes within the population of L. innocua suspend-
ed in buffer pH 4.0 were more noticeable (Figure 2) than
in a natural beetroot juice environment, however there were
no significant differences between both strains (p=0.05).
This was most probably due to the presence of molecules,
such as lipids and carbohydrates, in product. This modi-
fied the effect of HHP on microorganisms, which was con-
firmed in our previous study [Sokofowska et al., 2013]. Af-
ter 10 min of the treatment under 200 MPa, the population
numbers of the collection and wild type strains decreased
by 1.4 and 1.6 log (CFU/mL), respectively. When the samples
of the collection strain in an acid model solution were treated
under 300 MPa for 1 min, their inactivation reached 3.3 log
(CFU/mL). Under the same conditions, the level of reduction
of the wild type strain was only 1.6 log (CFU/mL). A decline
in the population numbers of both strains at the level of about
1 log (CFU/mL) was observed after 5 min of the treatment.
Further enhancement of the process parameters had no sig-
nificant effect on the studied bacterial populations (p>0.05).
Jofré et al. [2010] studied the inactivation of five strains of
L. monocytogenes of different origins suspended in a com-
plex medium (pH: 5.1; 6.3, 7.4). The results have demon-

strated that treatment at 400 MPa for 10 min greatly affected
the viability of each strain. We have shown similar findings
in an acid model solution. However, the results of bacterial
inactivation, in a near-neutral pH environment, were totally
different. In our study, the survival rates of L. innocua sus-
pended in buffer 7.0 under pressure reaching up to 400 MPa
for 5 min have shown no significant differences (p>0.05) (Fig-
ure 3). Maximum inactivation of both strains was observed
after the treatment at 400 MPa for 10 min and was below
1.5 log (CFU/mL). On the contrary to our results. Patterson
et al. [1995] showed 5 log (CFU/mL) reduction of L. mono-
cytogenes in a phosphate buffer (pH 7) after the treatment at
375 MPa for 15 min. In another study, it has been reported
that the treatment at 207 MPa for 10 min at 25°C, caused
a 0.7 log (CFU/mL) reduction in population numbers of two
strains of L. monocytogenes suspended in a peptone solution
(pH 7.2) [Alpas et al., 2000]. Stewart et al. [1997] described
the effect of HHP on the injury and destruction of two strains
of L. monocytogenes (Scott A and CA) in buffer suspensions.
They observed complete sterility in buffer pH 4.0 in the case
of the samples pressurized at 404 MPa for 10 min. However,
under the same HHP conditions in buffer 6.0, both strains were
reduced by 4.0 log (CFU/mL) and 6.0 log (CFU/mL), respec-
tively. On the other hand, the number of cells of both strains
decreased by 5.0 log (CFU/mL) in pH 4.0 and by 3.0 log
(CFU/mL) in pH 6.0 upon pressurization at 300 MPa, 25°C
for 10 min [Stewart et al., 1997].

Sublethal injury to bacterial cells

Microorganisms are said to be sublethally injured if they
survive an inactivation treatment. Some of the damages might
be repaired, especially while microorganisms are stored under
favorable conditions [Jofré ef al., 2010]. Pressure treatment
at 300-600 MPa, at ambient temperature for a few minutes
destroys pathogenic bacteria, such as Listeria, Escherichia,
Salmonella, as well as causes sublethal injuries [Patterson
et al., 1995]. However, under these conditions some bacteria
are sublethally injured. This phenomenon has been confirmed
in our study (Table 1). As aforementioned, survivors may re-
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TABLE 1. The level of sublethal injuries of L. innocua strains after HHP treatment.

Strains/HHP 200 MPa 300 MPa 400 MPa
parameters 1 min | 5 min | 10 min 1 min | 5 min | 10 min 1 min | 5 min | 10 min
Sublethal injuries in beetroot juice (log CFU/mL)

Listeria innocua . . . . . . . . .
CIP SOLIT 0.1120.26* 0.08+£0.23* 0.37£0.26* -0.0320.27+ 0.7220.26* 0.580.69 Nd Nd Nd
Listeria innocua =wild 05 0 00 0,0120.05° -0.09+0.09° 0.1320.04 0.10+0.00° 2.34+026" 0.83+0.13> -0.05+1.02 0.01=0.17
type strain 23/13

Sublethal injuries in Mcllvain buffer pH 4.0 (log CFU/mL)
é?{fggi’;’%“““ 0.06£027* 0.05£025 0.12+0.22¢ 0.54£0290 0.45+0.67¢ 0.54+0.00° 0.81=0.000 0.24+0.00* 0.15=0.00°
Listeria innocua —wild 19 350 00940241 0.07+026* 0422039 028+092¢ 045+021* 030+0.16* 030=1.01* 0.42=034
type strain 23/13

Sublethal injuries in Mcllvain buffer pH 7.0 (log CFU/mL)
é’f}ﬂeg’gi’{”{’wa 0.102021° 0092028 0.17+025 0144024 0.17+026° 0312027 0.67=025 2.64+034 3834032
Listeria innocua —wild ) 04 1 380 00820200 -0.01£025 0032023 005+022¢ 024027 028+024* 1214023 239+0.25°
type strain 23/13

All data were the mean = SD, n=2. Values in rows (a-d) denoted with different letter are significantly different at p<0.05. Nd: not detected.

veal increased sensitivity to inhibitors, such as sodium chlo-
ride [Mackey, 2000]. In our study, it has been observed that
the maximum level of sublethal injury occurred when the cells
were suspended in buffer pH 7.0 (Table 1) and exposed to
the pressure of 400 MPa for 10 min. The level of sublethal
injury was 3.83 log (CFU/mL) and 2.39 log (CFU/mL) for
the collection strain and wild type strain, respectively. Pressure
treatment at 200 MPa and 300 MPa in buffer pH 7.0 caused
no significant changes (p>0.05) in the levels of sublethal in-
jury of bacterial cells. The same observation was made in buf-
fer pH 4.0 (p>0.05) (Table 1). In turn, beetroot juice samples
exposure to 300 MPa for 10 min significantly (p<0.05) af-
fected the level of sublethal injury of the wild type strain com-
pared with the collection strain (Table 1). Sokolowska ef al.
[2014] confirmed that the pressure of 400 MPa triggered
sublethal injury of E. coli cells in PBS. After 5 and 10 min
of HHP treatment, 2.4 log (CFU/mL) and 2.7 log (CFU/
mL) of sublethally injured cells were observed, while in beet-
root juice the counts of injured cells reached 1.5 log (CFU/
mL) and 0.8 log (CFU/mL), respectively. On the other hand,
the application of 400 MPa for 10 min on five strains of
L. monocytogenes suspended in a complex medium caused
that the number of sublethally injured cells in population was
less than 1 log (CFU/mL) [Jofré et al., 2010]. The number
of sublethally injured survivors in the population depends on
high pressure treatment parameters, as well as on the type
of microbiota and medium. In some cases, the level of suble-
thally injured cells might be almost 100%. The adequate iden-
tification and quantification of the sublethally injured popula-
tion plays an important role in food safety.

TEM observations

The character of sublethal injuries of L. innocua triggered
by high hydrostatic pressure, was illustrated by TEM mi-
croscopy. Changes in L. innocua cells morphology are shown
in Figure 4. TEM images of untreated samples demonstrated
intact, characteristic rod-shaped L. innocua cells, single or

dividing. Cell membrane and walls were clearly defined with
centrally located genome surrounded by the integrated cy-
toplasmic area and tickly packed ribosomes (Figure 4 a,b).
The mechanisms of microbial inactivation by HHP have
been mostly associated with the damage of cell membrane,
as the major target of pressure treatment. Loss of membrane
integrity and swelling leads to the leakage of cellular materials
and nucleoid condensation [Hauben ef al., 1996; Maiias &
Mackey, 2004]. According to plate count results, the reduc-
tion of both strains suspended in buffer pH 7.0 after HHP
treatment at 400 MPa for 5 min was less than 1 log (CFU/
mL). The level of sublethal injury was 2.64 log (CFU/mL)
and 1.21 log (CFU/mL) for collection and wild type L. in-
nocua strain, respectively (Figure 3). It was coherent with
the results which we achieved using the transmission elec-
tron microscopy technique. Most of the cells in the popula-
tion observed by TEM had an intact cell membrane. Only
a few cells of L. innocua wild type strain have presented sur-
face damage (Figure 4 f). TEM observations confirmed ag-
gregation of cytoplasm. Disorganization of the genome area
containing fibrillar regions was observed in all populations
of both strains (Figure 4 c,d,e,f). Alterations in the appear-
ance of the interior of the Escherichia coli cells were reported
after HHP treatment at 300 and 600 MPa for 5 min [Prieto-
-Calvo et al., 2014] and of Listeria monocytogenes cells inte-
rior after the treatment at 450 MPa for 5 min [Huang et al.,
2015]. Monitoring of the cellular ultrastructure by TEM
showed the cellular enlargement, disruption of cellular mem-
branes, condensation of the cytoplasmic material and disor-
ganization of the genome area [Huang et al., 2015; Prieto-
Calvo et al., 2014]. Mackey et al. [1994] observed that cells
of L. monocytogenes treated under 250 MPa were character-
ized with unusual symmetrical areas in the cytoplasm. These
changes were related to the deprivation of ribosomes, resem-
bling gas bubbles, which could have been due to the osmotic
effects or phase changes in the membrane. Under the same
treatment conditions, amorphous compacted regions were
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FIGURE 4. TEM images of untreated L. innocua strains (a) CIP80.11T and (b) wild type strain 23/2013 and after exposure to 400 MPa for 5 min (c-d)
and (e-f) respectively. Scale bar, 200 nm. Representative images of the samples are shown.

noticed in Salmonella Thompson. It was probably induced
by denaturation of cytoplasmic protein [Mackey et al., 1994].
Increased pressure up to 500 MPa resulted in extreme con-
densation of the cytoplasm, whilst the outline of the cells was
intact [Mackey et al., 1994].

Variation in resistance to HHP

Numerous studies have demonstrated that variations
in the resistance of microorganisms to high pressure occurred
not only among the different species of bacteria, but also among
the strains belonging to the same species [Alpas et al., 1999;
Jordan et al., 2001; Boeijen et al., 2010; Huang et al., 2015].
It has been reported that some bacterial strains with very high
pressure resistance were isolated from the natural environment.
Because of biodiversity of microorganisms, the results that
were obtained in different studies varied significantly [Alpas
et al., 2000]. The studies that we have conducted on Listeria,
which was suspended in beetroot juice, showed a certain phe-
nomenon. The collection strain was easier to inactivate than
the strain isolated from the natural environment (Figure 1).
Moreover, the wild type strain was not completely inactivated
in an acidic medium, even being treated in a very harsh way
(Figure 2). Alpas et al. [1999] studied the variation in pressure
resistance among nine strains of L. monocytogenes. They ob-
served that after pressure treatment at 345 MPa for 5 min at
25°C, some strains were more resistant to pressure than others.
The viability loss of cells ranged from 0.9 to 3.5 log (CFU/mL).
In another work, all the survivors of two strains of L. mono-

cytogenes suspended in a peptone solution were completely
injured after being exposed to the aforementioned factors.
The diversity between 24 piezotolerant variants of L. monocy-
fogenes, which were resistant to pressure treatment at 350 MPa
was examined by Boeijen et al. [2010]. Those 24 strains were
compared with the wild type strain. In most cases the wild type
strain revealed greater sensitivity than the used variants. Most
of them were also resistant to other stresses besides HHP, such
as high temperature and low pH. Differences among the vari-
ants were observed in e.g. acid resistance, growth rate or motil-
ity. The authors suggested that this population diversity may
be essential to the persistence of pathogens such as L. monocy-
fogenes in a range of environments [Boeijen et al., 2010].

CONCLUSIONS

It has been confirmed in our study that high pressure can
result in the loss of viability of L. innocua cells. It was found
that the level of reduction by HHP treatment at 20°C in beet-
root juice and buffer solutions was strictly dependent on
a couple of factors, including: the pressure applied, the dura-
tion of the process, as well as the origin of the strain. In spite
of the fact that the pH of both media was similar, the sur-
vivability of both strains was greater in beetroot juice than
in the buffer. It can be explained by the content of organic
compounds which are known to be able to produce a pro-
tective layer for bacterial cells which could inhibit the effect
of pressure treatment.
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On an industrial scale, juices are exposed to pressures
of 300-600 MPa for a few minutes at 20°C or below. This
environment is sufficient to reduce the number of spoilage mi-
croorganisms such as: yeast, moulds, and lactic acid bacteria.
However, the results of this study have proved that the men-
tioned above factors are not always sufficient enough to inac-
tivate pathogens and ensure consumer safety.

To attain safe standards of high pressure processed foods,
particular attention should be paid to the potential presence
of sublethal injured cells. Moreover, baroresistance among
microbial species and strains should also be taken into con-
sideration. The conditions of pressure processing should
be properly selected for the type of product as well as the ex-
pected conditions and duration of storage. It should be par-
ticularly taken into account that the possibility of recovery
of sublethally injured cells may occur. Therefore, it is worth
considering the coupling of HHP and other treatments to
ensure microbiological stability and health safety of juices
and beverages from beetroots or other root vegetables.

RESEARCH FUNDING

This work was funded from statutory funds of prof.
Wactaw Dabrowski Institute of Agricultural and Food Bio-
technology, Warsaw, Poland.

CONFLICT OF INTEREST
Authors declare no conflict of interest.
REFERENCES

1. Alpas, H., Kalchayanand, N., Bozoglu, F, Ray, B. (2000). Inter-
actions of high hydrostatic pressure, pressurization temperature
and pH on death and injury of pressure — resistant and pressure
— sensitive strains of foodborne pathogens. International Journal
of Food Microbiology, 60, 33-42.

2. Alpas, H., Kalchayanand, N., Bozoglu, E, Sikes, A., Dunne, C.P.
(1999). Variation in resistance to hydrostatic pressure among
strains of food — borne pathogens. Applied and Environmental
Microbiology, 65(9), 4248-4251.

3. Boeijen, I.LK.H. van, Chavaroche, A.A.E., Valderrama, W.B.,
Moezelaar, R., Zweitering, M.H., Abee, T. (2010). Population di-
versity of Listeria monocytogenes 1LO28: phenotypic and genotyp-
ic characterization of variants resistant to high hydrostatic pres-
sure. Applied and Environmental Microbiology, 76(7), 2225-2233.

4. Clifford, T., Howatson, G., West, D.J., Stevenson, E.J. (2015).
The potential benefits of red beetroot supplementation in health
and disease. Nutrients, 7(4), 2801-2822

5. Commission Regulation (EC) No 2073/2005 of 15 November
2005 on microbiological criteria for foodstuffs

6. Escolar, C., Gémez, D., Ruiz-Garcia, M.D.R., Conchello, P,
Herrera, A. (2017) Antimicrobial resistance profiles of Listeria
monocytogenes and Listeria innocua isolated from ready-to-eat
products of animal origin in Spain. Foodborne Pathogens and Dis-
eases, 14(6), 357-363.

7. Espina, L., Garcia—Gonzalo, D., Pagan, R. (2016). Detection
of thermal sublethal injury in Escherichia coli via the selective

20.

21.

medium plating technique: mechanisms and improvements.
Frontiers in Microbiology, 7, art. no. 1376.

. Goulet, V., Hedberg, C., Le Monnier, A., de Valk, H. (2008). In-

creasing incidence of listeriosis in France and other European
countries. Emerging Infectious Diseases, 14(5), 734 — 740.

. Hauben, K.J.A., Bartlett, D.H., Soontjens, C.C.E, Cornelis, K.,

Wauytack, E.Y., Michiels, C.W. (1997). Escherichia coli mutants
resistant to inactivation by high hydrostatic pressure. Applied
and Environmental Microbiology, 63(3), 945-950.

. Hoover, D.G., Metrick, C., Papineau, A.M., Farkas, D.E, Knorr,

D. (1989). Biological effects of high hydrostatic pressure on food
microorganisms. Food Technology, 43(3), 99-107.

. Huang, HW,, Lung, HM., Chang, Y.H., Yang, B.B., Wang,

Ch.Y. (2015). Inactivation of pathogenic Listeria monocytogenes
in raw milk by high hydrostatic pressure. Foodborne Pathogens
and Diseases, 12(2), 139-144.

. Jofré, A., Aymerich, T., Bover-Cid, S., Garriga, M. (2010). Inacti-

vation and recovery of Listeria monocytogenes, Salmonella enteri-
ca and Staphylococcus aureus after high hydrostatic treatments
up to 900 MPa. International Microbiology, 13(3), 105-112.

. Jordan, S.L., Pascual, C., Bracey, E., Mackey, B.M. (2001). Inac-

tivation and injury of pressure — resistant strains of Escherichia
coli O157 and Listeria monocytogenes in fruit juice. Journal of Ap-
plied Microbiology, 91(3), 463-469.

. Mackey, B.M., Forestiére, K., Issaacs, N.S., Stenning, R., Brook-

er, B. (1994). The effect of high hydrostatic pressure on Salmo-
nella thompson and Listeria monocytogenes examined by electron
microscopy. Letters in Applied Microbiology, 19(6), 429-432.

. Mackey. B.M., Injured bacteria (2000). In B.M. Lund, T.C. Baird-

-Parker, G.W. Gould (eds). The Microbial Safety and Quality
of Food, vol. 1. Aspen Publisher Inc., Gaithersburg, Maryland,
USA, pp. 315-341.

. Maifias, P, Mackey, B.M. (2004). Morphological and physiologi-

cal changes induced by high hydrostatic pressure in exponen-
tial and stationary phase cells of Escherichia coli: relationship
with cell death. Applied and Environmental Microbiology, 70(3),
1545-1554.

. Patterson, M.E Quinn, M., Simpson, R., Gilmour, A. (1995).

Sensitivity of vegetative pathogens to high hydrostatic pressure
treatments in phosphate — buffered saline and foods. Journal
of Food Protection,58(5), 524-529.

. Prieto-Calvo, M., Prieto, M, Lopez, M., Alvarez-Ordoéfiez, A.

(2014). Effects of high hydrostatic pressure on Escherichia coli
ultrastructure, membrane integrity and molecular composition
as assessed by FTIR spectroscopy and microscopic imaging
techniques. Molecules, 19,21310-21323.

. Reynolds, E.S. (1963). The use of lead citrate at high pH as

electron-opaque stain for electron microscopy. Journal of Cell
Biology, 17, 208-213.

Sapers, G.M. (2003). Washing and sanitizing raw materials for
minimally processed fruit and vegetable products. In J.S. Novak,
G. M. Sapers, VK. Juneja (eds.). Microbial Safety of Minimally
Processed Foods. CRC Press, Boca Raton, Florida, USA, pp.
221-253.

Sokotowska, B., Wozniak, L., Skapska, S., Porgbska, I.,
Nasitowska, J., Rzoska, S.J. (2017). Evaluation of quality chang-
es of beetroot juice after high hydrostatic pressure processing.
High Pressure Research, 37(2), 214-222.



52

Listeria innocua Injury after High Hydrostatic Pressure Treatment

22.

23.

24.

25.

26.

Sokotowska, B., Skapska, S., Niezgoda, J., Rutkowska, M.,
Dekowska, A., Rzoska, S.J. (2014). Inactivation and sublethal
injury of Escherichia coli and Listeria innocua by high hydrostatic
pressure in model suspensions and beetroot juice. High Pressure
Research, 34(1), 147-155.

Sokotowska, B., Skapska, S., Fonberg-Broczek, M., Niezgoda,
J., Rutkowska, M., Chotkiewicz, M., Dekowska, A., Rzoska, S.J.
(2013). The effect of high hydrostatic pressure on the survival
of Saccharomyces cerevisiae in model suspensions and beetroot
juice. High Pressure Research 33(1), 165-171.

Sokotowska, B., Chotkiewicz, M., Niezgoda, J., Dekowska, A.
(2011). Evaluation of microbial contamination of commercially
available unpasteurized, freshly squeezed fruity and vegetable
juice. Zesgyty Problemowe Postegpow Nauk Rolniczych, 569, 219-
-228 (in Polish; English abstract).

Stewart, C.M., Jewett, EE, Dunne, C.P, Hoover, D.G. (1997).
Effect of concurrent high hydrostatic pressure, acidity and heat
on the injury and destruction of Listeria monocytogenes. Journal
of Food Safety, 17(1), 23-36.

USDA Food Composition Databases [https://ndb.nal.usda.gov/
ndb/search/list_28.02.2018].

27.

28.

29.

30.

31

Wang, C.Y., Huang, HW,, Hsu, C.P, Yang, B.B. (2016). Recent
advances in food processing using high hydrostatic pressure
technology. Critical Reviews in Food Science and Nutrition, 56(4),
527-540.

Wesche, A.M., Gurtler, J.B., Marks, B.P, Ryser, E.T. (2009). Stress,
sublethal injury, resuscitation and virulence of bacterial foodborne
pathogens. Journal of Food Protection, 72(5), 1121-1138.

Yang, B.W, Shi, Y., Xia, X.D., Xi, M.L., Wang, X., Ji, B.Y., Meng,
J.H. (2012). Inactivation of foodborne pathogens in raw milk us-
ing high hydrostatic pressure. Food Control, 28(2), 273-278
Yuste, J., Capellas, M., Fung, D.Y.C., Mor-Mur, M. (2004). In-
activation and sublethal injury of foodborne pathogens by high
pressure processing: Evaluation with conventional media
and thin agar layer method. Food Research International, 37(9),
861 - 866.

Zielinska-Przyjemska, M, Olejnik, A., Dobrowolska-Zachwieja,
A., Grajek, W. (2009). In vitro effects of beetroot juice and chips
on oxidative metabolism and apoptosis in neutrophils from
obese individuals. Phytotherapy Research, 23(1), 49-55.

Submitted: 1 March 2018. Revised: 17 July 2018. Accepted:

17 October 2018. Published on-line: 22 January 2019.



dr hab. inz. Barbara Sokotowska, prof. IBPRS Warszawa, dn. 30.06.2023
Zaktad Mikrobiologii

Instytut Biotechnologii Przemystu Rolno-Spozywczego

im. prof. Wactawa Dgbrowskiego - PIB

ul. Rakowiecka 36, 02-532 Warszawa

OSWIADCZENIE

Oswiadczam, ze w pracy:

Justyna Nasitowska, Barbara Sokotowska, Monika Fonberg-Broczek, 2019, Behavior of
Listeria innocua strains under pressure treatment — in-activation and sublethal injury,
Pol. J. Food Nutr. Sci., 69(1), 45-52, m6j wkiad w powstanie pracy polegal na petnieniu
funkcji promotora pracy doktorskiej, wsparciu merytorycznym oraz wspéludziale przy

planowaniu badan i przygotowaniu manuskryptu. Méj udzial procentowy szacuje na 10%.

é’yolﬂa(pu\’v@/






dr Monika Fonberg-Broczek Warszawa, dn. 02.03.2023
Instytut Wysokich Cisnien PAN
ul. Sokotowska 29/37, 01-142 Warszawa

OSWIADCZENIE

Oswiadczam, ze w pracy:

Justyna Nasitowska, Barbara Sokotowska, Monika Fonberg-Broczek, 2019, Behavior of
Listeria innocua strains under pressure treatment — in-activation and sublethal injury,
Pol. J. Food Nutr. Sci., 69(1), 45-52, mdj wktad w powstanie pracy polegat na udostgpnieniu
aparatury do wykonania do$wiadczen zwigzanych z wykorzystaniem wysokiego ciénienia

hydrostatycznego. M6j udziat procentowy szacuj¢ na 5%.

\ /(/ : 7//() U //g,g — /O C‘C)()/z7






Publikacja 4

Nasilowska J., Kocot A., Osuchowska P. N., Sokotowska B. (2021)
High-pressure-induced sublethal injuries of food pathogens—microscopic

assessment. Foods, 10(12)






(O]l foods

Article

High-Pressure-Induced Sublethal Injuries of Food
Pathogens—Microscopic Assessment

Justyna Nasilowska L*(, Aleksandra Kocot 29, Paulina Natalia Osuchowska 3

check for

updates
Citation: Nasitowska, J.; Kocot, A.;
Osuchowska, P.N.; Sokotowska, B.
High-Pressure-Induced Sublethal
Injuries of Food Pathogens—
Microscopic Assessment. Foods 2021,
10,2940. https://doi.org/10.3390/
foods10122940

Academic Editor: Marek Kieliszek

Received: 25 October 2021
Accepted: 23 November 2021
Published: 30 November 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Barbara Sokotowska 1/

Wactaw Dabrowski Institute of Agricultural and Food Biotechnology—State Research Institute,

01-142 Warsaw, Poland; barbara.sokolowska@ibprs.pl

Department of Immunology and Food Microbiology, Institute of Animal Reproduction and Food Research of
the Polish Academy of Sciences, 10-748 Olsztyn, Poland; a.kocot@pan.olsztyn.pl

Biomedical Engineering Centre, Institute of Optoelectronics, Military University of Technology,

01-142 Warsaw, Poland; paulina.osuchowska@wat.edu.pl

Institute of High Pressure Physics, Polish Academy of Sciences, Laboratory of Biological Materials,

29/37 Sokotowska str., 01-142 Warsaw, Poland

*  Correspondence: justyna.nasilowska@ibprs.pl; Tel.: +48-22-606-37-49

Abstract: High Hydrostatic Pressure (HHP) technology is considered an alternative method of
food preservation. Nevertheless, the current dogma is that HHP might be insufficient to preserve
food lastingly against some pathogens. Incompletely damaged cells can resuscitate under favor-
able conditions, and they may proliferate in food during storage. This study was undertaken to
characterize the extent of sublethal injuries induced by HHP (300-500 MPa) on Escherichia coli and
Listeria inncua strains. The morphological changes were evaluated using microscopy methods such as
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and Epifluorescence
Microscopy (EFM). The overall assessment of the physiological state of tested bacteria through TEM
and SEM showed that the action of pressure on the structure of the bacterial membrane was almost
minor or unnoticeable, beyond the L. innocua wild-type strain. However, alterations were observed in
subcellular structures such as the cytoplasm and nucleoid for both L. innocua and E. coli strains. More
significant changes after the HHP of internal structures were reported in the case of wild-type strains
isolated from raw juice. Extreme condensation of the cytoplasm was observed, while the outline of
cells was intact. The percentage ratio between alive and injured cells in the population was assessed
by fluorescent microscopy. The results of HHP-treated samples showed a heterogeneous population,
and red cell aggregates were observed. The percentage ratio of live and dead cells (L/D) in the
L. innocua collection strain population was higher than in the case of the wild-type strain (69%/31%
and 55%/45%, respectively). In turn, E. coli populations were characterized with a similar L/D ratio.
Half of the cells in the populations were distinguished as visibly fluorescing red. The results obtained
in this study confirmed sublethal HHP reaction on pathogens cells.

Keywords: HHP; foodborne pathogens; SEM; TEM; EFM

1. Introduction

In recent years, the development of microscopic methods has revolutionized the world
of science. Microscopic techniques have started to be used for bacterial observation as a
complement to scientific research and conventional diagnostic tests [1]. Nowadays, they
are applied in the areas of clinical pathology, food, and water quality, where biological
detection and quantification are significantly important [2,3]. Moreover, they are widely
used to analyze the physiological state of microorganisms involved in biotechnological
processes carried out on an industrial scale, where stress factors often appear [4]. Stress fac-
tors interfere with the growth and proper metabolism of bacteria, which causes a decrease
in vitality and the inhibition of metabolic pathways [5]. The routine detection performed
by counting CFU [colony forming unit] started to be replaced by instrumental techniques,
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such as microscopy, flow cytometry, optical methods, and bioluminescence [3]. In the
world of biological science, Electron Microscopy (EM) has played the key role. The rapid
improvement of EM has enabled advances in research into cell morphology and has pro-
vided detailed structural information and cell components such as membranes, genomes,
and ribosomes. Until recently, it was believed that the bacterial cell is an amorphous
structure composed of various macroparticles [6]. EM has demonstrated that the bacterial
cell has a precisely defined organization. The enlargement of the limit of resolution in
EM has allowed one to observe bacteria in detail. EM demonstrated that bacteria have
a cytoskeletal structure with a circular nucleoid with no nuclear envelope [7]. Moreover,
EM provides information on topography, morphology, including pathological alterations
of the ultrastructure, and composition of the sample. The first images of bacteria were
published after the transmission electron microscope (TEM) was introduced. SEM offers
the possibility to inspect the cell surface and confirm morphological damage to the cell
wall [8]. In turn, TEM gives opportunities to visualize the cellular ultrastructure, which is
crucial in understanding of how cells and tissues function in both normal physiological
and pathological states. In addition, in biological science, both of them are often used for
identifying new bacteria and virulent strains, uncovering new species, the study of bacterial
adhesion [8,9], performance the bacterial membrane injury test after high-pressure treat-
ment [10,11], pulsed electric fields [12], and others treatments [13]. SEM is also compatible
with immunolabeling techniques to label specific features on the surface of cells [8].
Epifluorescence microscopy (EFM) is another useful type of microscopy. It allows
the assessment of the activity of numerous determinants of cellular activity, and not just
the ability to multiply and grow on culture media [14,15]. EFM is commonly used in the
study of the physiological state of bacterial cells. Various parameters of the physiological
state of bacterial cells can be labeled, depending on the used indicators [16]. These indi-
cators are fluorescent dyes, known as fluorochromes or fluorophores [17]. Various types
of fluorescent dyes are ascertained and inform about cell activity determinants such as
membrane integrity, pump activity, membrane potential, or metabolic activity [18]. There
are also commercial kits that contain selected dyes. These dyes allow the quick labeling and
differentiation of cells in terms of selected parameters. An example of such a dye system
is the Backlight LIVE/DEAD vitality kit (Termo Fisher Scientific, Walham, MA, USA).
The abovementioned kit contains two dyes—Syto® 9 (Termo Fisher Scientific, Walham,
MA, USA) and propidium iodide (PI) (Termo Fisher Scientific, Walham, MA, USA). Both
dyes are markers of nucleic acids; however, they have a different molecular weight. They
differentiate cells into living or dead cells, based on the intact or damaged cytoplasmic
membranes. The Syto® 9 has a low molecular weight and penetrates both living and dead
cells, emitting green fluorescence. On the other hand, PI has a high molecular weight and
penetrates cells only with damaged cytoplasmic membranes, giving red fluorescence [19].
Hence, in the microscopic image, green and red cells can be observed, corresponding
to living and dead cells, respectively. Previous studies have shown the effectiveness of
fluorescent staining combined with microscopic analysis (EFM). They can be noticed in
assessing the physiological condition of bacterial cells, subjected to stress conditions, such
as osmotic stress [20], heat stress [21], the use of disinfectants [22], or high pressures [23].
Microscopic analytical methods might be important especially for testing new alterna-
tive preservation treatments, such as High Hydrostatic Pressure (HHP). HHP has become a
widely used way of food preservation in many countries in the world. Nowadays, it belongs
to the group of leading innovative technologies, which guarantee food assets desired by
consumers [24-28]. Food and nutrition scientists have shown that HHP preservation brings
various benefits regarding food quality and safety. HHP maintains physical-chemical food
properties that guarantee flavor, color, and product composition [29-32]. Moreover, it
provides high microbiological safety, such as thermal sterilization [33-35]. Despite the
above benefits, HHP technology is still the subject of research interest, especially for mi-
crobiologists. HHP can result not only in the significant inactivation of microorganisms,
but also induces a wide range of sublethal injuries in the cell population [36,37]. The
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magnitude of these phenomena may be diverse depending on the genus or even species
of microorganism. Additionally, the range of injuries depends on both the physiological
condition of the bacterial strain and pressure process parameters, as well as on the intrinsic
properties of the preserved food [36,38]. It was determined that the most likely first target
of pressure is cytoplasmic membranes. As a result, there is a loss of plasma integrity,
deformation of the membrane structure, and disruption of ion exchange in the bacterial
cell. Moreover, pressure may influence the spatial organization of the cell. It damages the
genetic mechanism and leads to unfavorable biochemical reactions, changes in ribosome
conformation [39-41]. HHP-sublethal injury incurs cell functional disorders, which may
be transient or permanent. On the one hand, the sublethally injured cell is characterized
by the reduction in growth rate or the inability of growth in standard laboratory media.
On the other hand, adaptations of microorganisms to sublethal stress initiate a range of
responsive strategies within the bacterial cells [42]. Cells remain alive but undetectable.
Moreover, they can repair themselves and proliferate in foods under appropriate conditions.
As a consequence, it can result in a potential hazard that endangers food safety [28,43].
Therefore, the existence of sublethal damage of bacterial cells is the key issue that may
compromise the efficiency of food preservation technologies. Thus far, extensive research
on the effectiveness of HHP on bacteria has already been carried out. However, detailed
descriptions of the responses of HHP-sublethally injured bacteria have not been available
until now [28,37,38]. Scientists have suggested that both cell injury and the tailing effect
are some of the factors that should be elucidated for improving the efficiency of new tech-
nologies. Moreover, the role of cell structure, physiology, and gene regulation in microbial
resistance to alternative preservation technologies should also be investigated [43].

This study aimed to focus on the detection of sublethal injuries of Escherichia coli
and Listeria innocua strains, triggered by HHP. For this purpose, various microscopy tech-
niques were used. A detailed analysis of sublethal injuries cell-by-cell was carried out.
The visualization of changes in cell morphology features was performed with electron
microscopies—SEM and TEM. The second step of this work was to evaluate the physiologi-
cal state, regarding the whole population using EFM and the LIVE/DEAD Bacterial Vitality
Kit. This comprehensive approach enabled the evaluation of several parameters, which
indicate sublethal injuries. The results correlation obtained with all methods was evaluated.
Moreover, the abovementioned analysis was carried out to obtain a better understanding
of the bacterial cells’ response to mild HHP.

2. Materials and Methods
2.1. Preparation of Bacterial Suspensions and Culture Conditions

Listeria innocua (CIP80.11T) obtained from the Culture Collection of the Institute Pas-
teur (Paris, France), Escherichia coli (ATCC 7839) obtained from American Type Culture
Collection (Manassas, VA, USA), and two wild isolates (wild-type strains) from unpas-
teurized commercial Polish beetroot juice Listeria innocua 23/13 and Escherichia coli 61/14,
obtained from our own culture collection of the Department of Fruit and Vegetable Product
Technology at IAFB (Warsaw, Poland), were used in this study. Each strain was stored
before use in a Cryobank (temperature below—27 °C £ 3 °C). A pure culture in the form
of immobilized sterile beads was added to a tube containing 10 mL of Brain Heart Infusion
(BHI) broth (BioMerieux, I'Etoile, France). Then, bacterial subcultures were incubated
under static conditions at 37 °C for 24 h. To prepare the second subculture, each overnight
culture was moved with a 10 uL loop on a Petri dish, using plate count analytical methods
with appropriate agar, and incubated. For each kind of species, E. coli and L. innocua Tryptic
Soy (TSA) agar (Biocar Diagnostics, Beauvais, France) or Tryptic Soy Yeast Extract (TSYE)
agar (Biocar Diagnostics, Beauvais, France) were used, respectively. After that, grown
colonies were moved from the plate by the 10 uL loop to 250 mL Erlenmeyer flasks contain-
ing 200 mL of the appropriate broth: Tryptic Soy Broth (TSB) (Biocar Diagnostics, Beauvais,
France), or Tryptic Soy Broth with Yeast Extract (TSBYE) (Biocar Diagnostics, Beauvais,
France), respectively. Subcultures were incubated under the same abovementioned con-
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ditions until the time of obtaining the stationary phase. Consecutive subcultures were
prepared by the addition of 10 mL of the previously mentioned subculture into fresh 200 mL
broth. Finally, 200 mL aliquots were taken from the cultures and centrifuged (4000x g,
10 min, 4 °C) (Rotina 380R Hettich Instruments, Tottlingen, Germany). Subsequently, su-
pernatants were removed. The sedimented cells were resuspended in phosphate-buffered
saline (PBS, pH 7.2) and centrifuged one more time. The washing procedure was repeated
threefold. Model suspensions of tested bacteria were prepared in PBS in 1:9 (v/v). The
initial concentration of inoculum was about 7 log CFU/mL.

2.2. HHP Device and Parameters

Tested samples were transferred into sterile polyethylene tubes (Sarstedt, Newton,
MA, USA) in 13 mL portions in duplicate. Then, samples were exposed to high hydrostatic
pressures using a U 4000/65 device (Unipress, Warsaw, Poland). The maximum volume of
the treatment chamber was 0.95 L, and the maximum working pressure was 600 MPa. The
HHP device worked in the range of temperatures from —10 °C to +80 °C. The pressure-
transmitting fluid that was used was distilled water and polypropylene glycol (1:1, v/v).
The time needed to obtain the pressure up to 400 MPa was about 75 s. The release time
was 2—4 s. Due to the adiabatic heating, the temperature increased approximately 3 °C per
400 MPa. The pressurization times reported did not include the come-up and come-down
times. Samples were subjected to HHP at two variants of parameters: 400 MPa/5 min
for L. innocua strains and 500 MPa/5 min for E. coli strains, at an ambient temperature
(i.e., approximately 20 °C). The choice of process parameters for this study was deliberate.
The main aim of this study was the detection of sublethal injuries. Thus, we chose the
optimal pressure and time duration, based on our previous studies, to induce sublethal
injuries of tested strains and not to inactivate them. For instance, our previous data showed
that a pressure application of 400 MPa up to 10 min did not trigger significant injuries on
both tested E. coli strains, while L. innocua strains were not detected. Both results were
obtained with plate count analytical methods. The experiment in this study was performed
twice with two independent repetitions for each trial (n = 4). Unpressurized samples were
used as a control. After exposure to pressure, samples were analyzed with the usage of
microscopic methods.

2.3. Scanning Electron Microscope Protocol (SEM)

To visualize bacterial morphology, the 107 CFU/mL density suspension of bacteria
was filtered through 0.22 um PVDF membrane filters (IsoporeTM, Millipore, Ireland). After
that, bacteria on the membrane were fixed with 4% paraformaldehyde (MerckMillipore,
Burlington, MA, USA) and 2% glutaraldehyde (MerckMillipore, Burlington, MA, USA) in
PBS at 4 °C overnight. Thereafter, bacteria were washed three times with distilled water
and incubated in 1% osmium tetroxide (Sigma-Aldrich, St. Louis, MO, USA) at 4 °C for 16 h.
The specimens were dehydrated in consecutively increasing concentrations of ethanol (30,
50, 70, 90, 96, and 99%) and acetone (30%, 50%, and 100%). Bacteria on the filter were dried
in a critical point dryer (Leica EM CPD 300, Wetzlar, Germany) and were then coated with
platinum using a sputter coater (Leica EM ACE200, Wetzmar, Germany). The morphology
of bacteria was analyzed using a scanning electron microscope STEM (Quanta FEG450,
FEI OR, USA) at 10 kV (spot 3.5) in a high vacuum mode with an Everhart-Thornley
Detector (ETD).

2.4. Transmission Electron Microscopy Protocol (TEM)

Tested samples were fixed with 2.5% glutaraldehyde cacodylic buffer and incubated
for 1 h. After that, samples were washed with 0.1 M of cacodylic buffer. The next step
was to postfix the samples in 1% OsO, in ddH,O for 1 h and wash them three times in
ddH;O. After postfixation, the samples were dehydrated through a graded series of EtOH
(30%—10 min, 50%—10 min, 70%—24 h, 80%—10 min, 90%—10 min, 96%—10 min, anhy-
drous EtOH—10 min, acetone—10 min). After that, they were infiltrated with Epon resin
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in acetone (1:3—30 min, 1:1—30 min, 3:1—2 h). Moreover, they were infused twice for 24 h
in pure Epon resin and polymerized at 60 °C for 24 h. Next, 60 nm sections were prepared
using a RMC ultramicrotome MT-X (RMC Boeckeler Instruments, Tucson, AZ, USA) and
contrasted with uranyl acetate and lead citrate according to Reynolds (1963) [44] Samples
were examined on a LIBRA 120 electron microscope produced by Zeiss (Oberkochen,
Germany). Finally, images were captured with the Slow Scan CCD camera (Proscan) using
EsiVision Pro 3.2 software (Soft Imaging Systems GmbH, Miinster, Germany). Measure-
ments were performed using the analySIS® 3.0 image-analytical software (Soft Imaging
Systems GmbH, Miinster, Germany).

2.5. Epifluorescent Microscopy (EFM)

An amount of 1 mL of each sample was centrifuged, and the pellet was resuspended
in 1 mL of sterile phosphate-buffered saline (PBS, pH 7.2). Each sample was stained with a
Live/Dead BacLight™ viability kit (Termo Fisher Scientific, Walham, MA, USA) according
to the manufacturer’s recommendations [45], and incubated at ambient temperature for
15 min in darkness. After incubation, samples were filtered so that the cells settled on
the surface of the black polycarbonate filters (J 13 mm, 0.2 um; IsoporeTM, Millipore,
Darmstadt, Germany). The filtration set consisted of polypropylene Millipore Swinnex®
membrane filter holders (MerckMillipore, Burlington, MA, USA) and a sterile medical
needle and syringe. The filters were placed on microscopic slides, allowed to air-dry,
and covered by a coverslip with mounting oil (Termo Fisher Scientific, Walham, MA,
USA). The microscopic analysis was performed with an epifluorescence microscope Nikon
E800 (Nikon Instruments Europe BV, Amsterdam, The Netherlands). The set of filters for
green and red fluorescence were used. For green fluorescence, the following were used:
excitation filter 465-495 nm and emission filter 515-555 nm. For red fluorescence, the
following were used: excitation filter 540-580 nm and emission filter 600-660 nm. All of
them correspond to the colors emitted by the Syto® 9 and PI. Visualization was made with
the photo collecting software Lucia G version 4.82 (Laboratory Imaging, Prague, Czech
Republic). Then, representative images were merged with the usage of Image J software.
The calculation of the surface area of live and dead cells was made with the usage of
QuPath software 3.0.3 version (GitHub, San Francisco, CA, USA).

2.6. Statistical Analysis

Statistical analysis of the results was performed by the two-way ANOVA statisti-
cal model with Tukey’s test, using Statistica version 13 (TIBCO Software Inc., Palo Alto,
CA, USA). The differences were considered significant at p < 0.05. A statistical compar-
ison was made for the results, obtained for live and dead cells for L. innocua and E. coli
strains separately.

3. Results and Discussion
3.1. Escherichia coli EMs Observations

The spatial organization of E. coli strains, collection, and wild-type strain, before and
after HHP, is demonstrated by the TEM and SEM images in Figures 1 and 2, respectively.
The micrographs of both untreated samples showed characteristic rod-shaped E. coli cells,
single or dividing. Morphologically, E. coli has a double cell wall, with a thin inner
wall of peptidoglycan and an outer wall of carbohydrates, proteins, and lipids. TEM
and SEM images confirmed a clearly defined, intact cell membrane and cell wall with a
rough surface. Cells contained centrally located genomes surrounded by the integrated
cytoplasmic area and tightly packed ribosomes. The application of pressure resulted in
morphological differences in the appearance of both tested strains. In some bacterial cells,
a loss of the general cellular shape was spotted by SEM. Individual cells were collapsed
or even gutted and were characterized with squeezed envelopes. However, there was no
significant membrane damage observed. Internal structural cell changes were visualized
by TEM. The compression of interior regions and the expansion of nucleoid regions were
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observed in the whole population. This indicates an aggregation of cytoplasm in the
amorphous region and disorganization of the genome area containing fibrillar regions.
The abovementioned intracellular disruption was significantly more extensive in cells of
the wild-type strains. Moreover, blank spaces in the cytoplasm were observed (Figure 2).
A similar effect of the internal cell disruption of E. coli strains, visualized by TEM, was
reported by Prieto-Calvo et al. [11]. Two strains, pathogenic E. coli VTEC O157:H7 and
nonpathogenic E. coli, were treated by HHP for 5 min under 300 MPa and 600 MPa. The
changes in the molecular composition occurred within the cytoplasm and genome area.
However, contrary to these findings, we observed neither cellular enlargement nor winding
shapes. The same ultrastructural modification profile of E. coli K-12TG1 induced by HHP
(150 MPa, 250 MPA, and 350 MPa at 25 °C) was detected. The condensed nucleoids and
aggregated proteins occurred in the whole population; however, the intensity of structural
changes increased along with the extension of pressure [46]. Other scientists demonstrated
that a pressure below 300 MPa had no impact on the spatial organization of E. coli ATCC
25922 cells. The cell, assessed by TEM, maintained a distinct membrane and cell wall.
The most visible changes were noticed when the pressure increased to 500 MPa. The
aggregation of cytoplasmic material, enlargement of electron-transparent ranges in the
cell cytoplasm, and disruption of cell membrane appearance, including the breakdown of
the peptidoglycan layer, occurred. After 30 min of pressure treatment, expanded nucleoid
regions and compacted interior regions were observed, which correspond to our findings
obtained after 5 min of treatment [47]. A similar phenomenon was observed under TEM
for Salmonella enterica serovar Thompson. Salmonella was characterized with amorphous
compacted regions, probably representing denatured cytoplasmic proteins after 250 MPa
for 10 min. The increasing pressure up to 500 MPa resulted in extreme condensation of
the cytoplasm, whereas the outline of the cells was intact [10]. Hsu et al. [48] investigated
six strains of E. coli “Big Six” non-0O157 STECs and five strains of E. coli O157:H7 in fresh
strawberry puree under HHP. The results showed the rapture of cell structures for tested
bacteria. SEM micrographs showed that pressurization at 350 MPa for 15 min contributed to
the envelopes” damage and collapsed off the edge of E. coli cells. The extension of pressure
up to 550 MPa resulted in the severe injury of bacterial cells. It is known that Gram-negative
bacteria are more sensitive to pressure than Gram-positive cells are. However, variations
in pressure resistance occur even among strains belonging to the same species [49]. In
this study, we analyzed the response of Gram-negative bacteria to pressure treatment
below 600 MPa in ambient temperature. In most instances of quoted data, the type of
morphological changes of Gram-negative bacterial cells induced by pressure was similar.
However, the extension of injuries depends on the strain, suspension medium, and device’s
technical parameters.
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Control sample

Sample after HHP

Figure 1. Representative images of E. coli ATCC 7839 before and after HHP treatment (500 MPa
for 5 min). TEM micrographs scale bar, 0.5 pm. SEM micrograph shows bacteria at 10,000 times
magnification. Images were made at an accelerating voltage of 10.0 kV with the use of an ETD.
Uptake of Syto® 9 (emission of green fluorescence) and PI (emission of red fluorescence) included in
Live/Dead BacLightTM viability kit visualized by EFM.

TEM SEM EFM

Control sample

Sample after HHP

Figure 2. Representative images of E. coli 61/14 before and after HHP treatment (500 MPa for 5 min).
TEM micrographs scale bar, 0.5 um. SEM micrograph shows bacteria at 10,000 times magnification.
Images were made at an accelerating voltage of 10.0 kV with the use of an ETD. Uptake of Syto®
9 (emission of green fluorescence) and PI (emission of red fluorescence) included in Live/Dead
BacLightTM viability kit visualized by EFM.
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3.2. Listeria innocua EMs Observations

TEM and SEM snapshots of both strains of L. innocua, before and after HHP, are
presented in Figures 3 and 4, respectively. Morphologically, Listeria sp. has a thick cell
wall made of peptidoglycan. Images of control samples showed the regular, rod-shaped
cells with the continued, smooth, distinct cell membrane and uniform cell cytoplasm. The
interior of the cells was properly organized with a centrally located genome and tightly
packed ribosomes. Some cells were divided into both populations of L. innocua. Pressure
application triggered minor and major changes in internal cell organization in both strains,
visualized by TEM. The most notable changes were observed for the genome area. The
significant disorganization of nucleic acid was confirmed. Contrary to E. coli strains, cyto-
plasm aggregation was reported not in the whole population, but exclusively for several
cells of the tested L. innocua wild-type strain. Moreover, membrane permeabilization was
also observed. In turn, the collection strain was characterized with an intact cell mem-
brane. However, both L. innocua visualized by SEM were distorted and dilacerated. The
deprivation of the membrane integrity revealed a discontinuous and distorted appearance
and released its intracellular contents. Presumably, the disjunction between SEM and
TEM visualization of the L. innocua collection strain could have been caused, not due to
pressure, but probably because of sample preparation. Scientists claimed that the drying
step is a common problem, especially for wet biological specimens [2]. Complementary
observations by TEM in the spatial organization of Listeria monocytogenes NCTC 7973 sus-
pended in TSB were reported by Mackey et al. [10]. Pressure application under 250 MPa at
ambient temperature triggered significant changes. The interior of the cell was disrupted.
Clear unusual symmetrical areas within the cytoplasm, which resembled gas bubbles,
were spotted. Moreover, the cytoplasm was devoided by ribosomes. It was suggested
that membrane invaginations might have been caused due to the osmotic effects or phase
changes in the membrane [10]. In turn, exposure to a pressure of 500 MPa caused an
increase in the number of cells with clear vacuolar regions, additionally containing fibrillar
regions of DNA. Another study conducted by Huang et al. [49] with Listeria monocytogenes
BCRC 15354 in milk was carried out with the usage of both electron microscopies, SEM
and TEM. The results showed that after treatment with 450 MPa for 5 min, there were
apparent damages visualized by SEM. The authors compared the alteration in the cell
appearance to the cellular twist of cells. After HHP treatment, crushed and disintegrated
cells were observed. Moreover, a progressive increase in the number of pimplelike lesions
and swellings occurred. The results obtained through TEM also confirmed intracellular
damages of L. monocytogenes cells. However, these changes appeared to be significantly
different than those spotted in our experiment. The opposite phenomenon was achieved
by Basaran-Akgul et al. [50] for a cocktail of three L. innocua strains visualized by SEM.
Pressurization under 414 MPa and 517 MPa at 20 °C did not affect L. innocua cells. The
same observations were confirmed by Ritz et al. [51]. They reported that the application
of 400 MPa for 10 min did not disturb significantly membranes of L. monocytogenes CIP
103575 suspended in citrate buffer, visualized by SEM. Individual spotted changes were
the bud scars on the cell surface. In the past couple years, different species and strains
of Listeria sp., as a Gram-positive bacteria representative, were analyzed regarding the
response to pressure treatment. The type of morphological changes differed among the
Listeria genus in the mentioned publications. Although Gram-positive bacteria are known
to be more resistant to pressure, the extent of triggered cell injuries may vary significantly.
This phenomenon should be taken into account with the choice of pressure processing
conditions, especially for products that carry a high risk of Listeria sp.
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Control samples

Samples after HHP

Figure 3. Representative images of L. innocua CIP80.11T before and after HHP treatment (400 MPa
for 5 min). TEM micrographs scale bar, 0.5 pum. SEM micrograph shows bacteria at 10,000 times
magnification. Images were made at an accelerating voltage of 10.0 kV with the use of an ETD.
Uptake of Syto® 9 (emission of green fluorescence) and PI (emission of red fluorescence) included in
Live/Dead BacLightTM viability kit visualized by EFM.

TEM SEM EFM

Control samples

Samples after HHP

Figure 4. Representative images of L. innocua 23/13 before and after HHP treatment (400 MPa
for 5 min). TEM micrographs scale bar, 0.5 pum. SEM micrograph shows bacteria at 10,000 times
magnification. Images were made at an accelerating voltage of 10.0 kV with the use of an ETD.
Uptake of Syt0® 9 (emission of green fluorescence) and PI (emission of red fluorescence) included in
Live/Dead BacLightTM viability kit visualized by EFM.
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3.3. Physiological State of Cells Assessed by EFM

The physiological state observation of tested strains, evaluated by EFM, is shown
in Figures 1-4. Images obtained for all control samples demonstrated homogeneous
fluorescing green populations of cells (SYTO9-stained). That is the evidence for the cells’
viability and their unaffected cell envelopes. As expected, cells occurred single-handedly,
not in conglomerates. Staining HHP-treated samples showed a heterogeneous population.
Both fluorescent green and fluorescent red cells were detected in all populations of tested
strains. Opposite to control samples, cell aggregates were observed. The presence of red
cell staining confirmed cell wall deterioration. Presumably, red cell aggregates represented
a mixture of dead and injured cells. Due to the fact that cell conglomerates occurred,
distinguishing single cells was impossible. Therefore, the calculation of the surface area
of live and dead cells separately was carried out. The percentage ratio of live and dead
(L/D) cells is shown in Figure 5 In the case of the L. innocua-tested strains, the L/D ratio
was significantly higher for a collection strain (p < 0.05). There were 69% of viable cells and
31% of injured cells. In turn, the L. innocua wild-type strain characterized 55% and 45% of
viable and injured cells, respectively. No significant differences between L/D ratios were
reported for E. coli strains. There were around 40% and 60% of viable and injured cells in
the populations, respectively. Prieto-Calvo et al. [11] analyzed the membrane integrity of
two E. coli strains after the application of pressure (300 MPa and 600 MPa for 5 min) by
EFM. They reported that the vast majority of HHP-treated cells were stained when exposed
to PI, for both strains and both pressure levels. These results correspond to their TEM
observations, in which the disruption and detachment of cellular envelopes were spotted.
In turn, Huang et al. [49] examined cell membrane damages of L. monocytogenes BCRC
15354 after pressure application in a range from 250 MPa to 450 MPa. The increased uptake
of PI corresponded to the increased value of pressure. In a sample treated with 450 MPa,
the PI uptake increased 4.8 times in comparison with a control sample. Kimura et al. [52]
detected injuries of E. coli ATCC25922 after HHP (400 MPa, 500 MPa, and 600 MPa after
5 min in 25 °C) by flow cytometry with the usage of set fluorescent dyes: propidium
iodide and SYTOO. Just after pressure application, the profile of the population indicated
only death and injured cells. However, the recovery of sublethally injured cells was
perceived, after 24 and 48 h of incubation. The increase in cells in the living cell region
emerged. Moreover, the PI/SYTO® 9 emission signal of the injured cells was stronger
than that of dead cells. Additionally, they reported that the population of the living cells
detected in FCM analysis mostly corresponded to the results obtained for the plate assay.
The abovementioned observation is similar to our study. Ritz et al. [51] showed results
obtained for L. monocytogenes CIP 103575 after HHP treatment (400 MPa). The membrane
integrity of tested bacteria was investigated with a PI fluorochrome by flow cytometry. A
heterogeneous population after staining was observed. As a consequence of high-pressure
treatment, a significant portion of cells was injured, which suggests that their membranes
were seriously damaged. In this experiment, we proved that HHP’s effect on microbes is
the appearance of internal structural damages. Although membrane permeabilization has
been postulated as a major factor in the HHP-induced inactivation of microbes, the cell
membrane of tested strains seems to remain intact beyond the L. innocua wild-type strain.
Nevertheless, pressure triggered some physical damages. This was confirmed by EFM with
staining analysis. PI can only enter cells via the membranes of injured or dead cells, which
results in red fluorescence emission. Different types of staining analysis were performed in
the abovementioned studies for the evaluation of the physiological state of HHP-injured
bacteria. During this study, we tested the Backlight LIVE/DEAD vitality kit, as a quick
method for injured cells. EFM analysis corresponds to observations obtained by TEM and
SEM. Both the percentage ratio as well as the type and extent of morphological changes
in the case of both E. coli strains were similar. In turn, the L. innocua wild-type strain,
induced by pressure, was characterized with greater changes in internal cell organization
than the L. innocua collection strain. It correlates with the results obtained by EFM, where
the percentage of Listeria strain viable cells differed significantly.
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Figure 5. The percentage ratio of live and dead cells (with membrane permeabilization) after HHP
process (E. coli strains—500 MPa/5 min and L. innocua strains—400 MPa/5 min). Results were
calculated for 10 photographs of each strain. All experiments were performed twice. a, b values: live
or dead cells denoted with the same letter are significantly different (p < 0.05).

4. Conclusions

The development of HHP technology has increased in recent years, and the extended
diversity among food products has been reported. Nevertheless, this nonthermal treatment
still has limitations. It has been demonstrated that changes in the cell morphology after
pressure treatments were dependent upon the species [47], and the degree of damage
may differ cell-by-cell [52]. To attain the quality and safety standards of high-pressure-
processed foods, particular attention should be paid to the potential presence of sublethally
injured cells. Research efforts have been made to clarify the relationship between sublethal
injuries and products spoilage during long-term storage [53]. However, further studies
are crucial to understanding the characteristics of HHP-injured bacteria and physiological
changes of individual cells. The zone between lethal and sublethal injuries is probably a
thin line. Moreover, the physiological state after treatment is commonly assessed only at
the population level, while the presence of any subpopulation remains undetected. The
microscopic approach enabled the analysis of both single cells and the whole population in
terms of sublethal injuries. That mentioned above may support international standards in
quality control laboratories.
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Abstract: The effect of High Hydrostatic Pressure (HHP) on Escherichia coli and Listeria innocua in
carrot juice was evaluated just after pressurization and during refrigerated storage for 14 days. Samples
were processed with different variants of pressure (300, 400, 500) and time (1 min, 5 min, and 10 min).
The number of bacteria in the populations was analyzed using plating count methods. Required 5 log
reduction was achieved only for L. innocua strains starting from 400 MPa for 5 min. E. coli strains
displayed resistance to pressure, and the maximum reduction achieved was 2 log CFU/mL for the
harshest process parameters. Sublethal injuries in the bacterial population were observed for all tested
strains. According to two standardized 1ISO methods, selective conventional agars, TBX, and ALOA
were used in the storage test. Additionally, the Thin Agar Layer (TAL) method was applied. In both
used methods, the possibilities of recovery were provided. The regeneration was observed exclusively
for L. innocua strains. The recovery of sublethally injured cells on ALOA and TAL did not differ
statistically in every strain. In turn, results obtained for E. coli suggest that TBX may underestimate
the number of HHP-injured bacteria.

Keywords: carrot juice; high hydrostatic pressure; microbial stability; refrigerated storage

1. Introduction

Consumers demand safe and natural products without additives such as preservatives and
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humectants. Therefore, unpasteurized juices are becoming more and more popular among users
however, their production poses a lot of challenges for both producers and stockists. Most freshly
squeezed vegetable juices characterize by numerous bioactive substances, that provide health benefits
and support the fight against many civilization diseases. Moreover, vegetable juice consumption
prevents the deficiency of many micronutrients in the human body. The most popular and frequently
used component in many juices is the carrot. Carrot juice contains a large concentration of carotenoids,
vitamins C, E, B, and phenolic acids, such as p-coumarin and caffeic acid [1-3]. Regrettably, fresh
vegetable juices are a reservoir of natural microflora reaching from 10° to 10° CFU/mL [6]. They may
be a fomite of pathogenic microorganisms such as some serotypes of Escherichia coli, Salmonella sp.,
Listeria monocytogenes, and the intestinal protozoan Cryptosporidium [4]. Therefore, are not
recommended for consumers with reduced immunity systems. While due to the high amount of
spoilage microorganisms, raw unpasteurized juices have limited market potential. The shelf life
declared by the producers commonly does not exceed 72 hours, depending on the type of juice.
Because of the abovementioned circumstances, food manufacturers were looking for new mild and
athermal technologies that extend the shelf life without changing its sensory and nutritional properties.
HHP technology complies with the above requirements. It has been widespread in the food industry
worldwide and has found applications in numerous products [5-7]. Nowadays, it is widely used in the
fruit and vegetable industry around the world. Moreover, HHP is recognized as a "clean label" because
no preservatives or additives are required. Although the HHP method was designed to eliminate all
undesired microbiota, high pressure may generate a heterogeneous population. The pressure acts on
various cellular components and triggers changes in cell morphology [8,9]. Cells with different health
statuses may subsist equally at the same time in the food matrix after preservation treatment, ranging
from intact to dead, including sublethally injured fractions and subpopulations [10]. The reversible cell
condition, determined as sublethal injury, may end variously. One possible option is that sublethally
injured cells will recover and repair. However, there is also the other possibility when sublethal injuries
result in cell death. The presence of injured microorganisms in food is a significant aspect, especially
in the case of products preserved by nonthermal technologies. Moreover, the fact that cells possibly
recover during storage may have a potential hazard in the food processing industry. The detection of
the whole cells in the population, both sublethally injured and healthy ones are important for correct
interpretations of achieved results in food quality and safety microbiological laboratories.
Microbiological methods, which detect foodborne pathogens, should be appropriate for detecting
normal and injured cells in the population. It was reported that sublethally injured bacterial cells have
a lower ability to multiply, extend lag phase, and cannot form a colony under selective conditions [11].
Moreover, not all cells can adopt new conditions at the same time or to the same extent. Supposedly,
the next subpopulation may be much more resistant to treatment. Therefore, they initiate resistance
mechanisms, and the recovery time may be shortened [10]. Many of the approved methods used for
the isolation and enumeration of microorganisms in foods (selective media) do not facilitate the
resuscitation of injured microorganisms and, in consequence, defeat their detection. Those selective
media such as TBX for E. coli and ALOA for Listeria sp. are recommended by International
Organization for Standardization (ISO) and used in the routine analysis in quality control laboratories.
The ideal method should provide for the occurrence of sublethally injured cells in a food sample, and
admit estimating whole microorganisms with different health statuses [12]. Kang and Fung [13] have
proposed a suitable agar method that meets the abovementioned criteria. The Thin Agar Layer
method (TAL) consists of two-layer of the solid medium on a Petri dish (Figure 1). The first bottom
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layer is an appropriate selective agar for the enumeration of the target microorganism. While the
overhead layer is nonselective agar. The injured microorganisms are inoculated directly on
nonselective agar. In the first few hours of incubation, injured cells are possible to repair on the
nonselective medium. After that, selective agents diffuse through a nonselective agar and create a
selective environment. Those previously regenerated cells interact with selective agents and produce
a typical reaction while other microorganisms are inhibited. It has been confirmed that the TAL method
enables resuscitation of heat, cold, acid injured microorganisms, such as Escherichia coli
O157:H7, Listeria monocytogenes, Salmonella Typhimurium, Staphylococcus aureus, Yersinia
enterocolitica, [13-17] Campylobacter coli [18] or Vibrio parahaemolyticus [19].

Inoculation of injured

microorganisms directly
2x14 mL on noncelective thin agar
nonselective layer

medium
(TSA/TSYEA)\‘

&
. A

N

selective medium
TBX/ALOA

Figure 1. Thin Agar Layer (TAL) scheme.

Many quantitative studies on the high-pressure inactivation of microorganisms have been
conducted only with the usage of a nonselective medium. Nonselective agars allow the growth of both
non-injured and sublethally injured cells. However, they cannot differentiate target pathogens from a
mixed population [12]. Additionally, there is still insufficient knowledge about the behavior of
sublethally injured cells during storage in food matrices.

This study aimed to evaluate E. coli and L. innocua stability of pressurized carrot juice treated at
300, 400, and 500 MPa for three different pressure durations (1 min, 5 min, and 10 min) at ambient
temperature. The second purpose of this research was to evaluate the possibilities of regeneration of
HHP-sublethally injured cells on conventional selective mediums obligated for certificated
laboratories and the usage of the TAL method.

AIMS Agriculture and Food Volume 7, Issue 3, 623-636.
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2. Materials and methods
2.1. Tested microorganisms and inoculum culture

E. coli ATCC 7839 (obtained from American Type Culture Collection, Manassas, USA) and L.
innocua CIP80.11T (obtained from the Culture Collection of the Institute Pasteur, Paris, France) were
used in this investigation. Additionally, isolates from unpasteurized, commercial beetroot juice: L.
innocua 23/13 and E. coli 61/14 (obtained from the Department’s collection of Fruit and Vegetable
Product Technology at IAFB, Warsaw, Poland), were chosen as wild-type strains. Firstly, strains were
activated from Cryobanks stored at —27 + 3 °C and grown overnight at 37 °C in 10 mL of sterile Brain
Heart Infusion (BHI) broths (BioMerieux, I'Etoile, France). Next, cultures were moved with a 10 uL
loop on a Petri dish, through streak plate technique with Tryptic Soy (TSA) agar (Biocar Diagnostics,
Beauvais, France) for E. coli or Tryptic Soy Yeast Extract (TSYE) agar (Biocar Diagnostics, Beauvais,
France) for L. innocua. Then the culture was added to 250 mL Erlenmeyer flasks containing 200 mL
of Tryptic Soy Broth (TSB) (Biocar Diagnostics, Beauvais, France), or Tryptic Soy Broth with Yeast
Extract (TSBYE) (Biocar Diagnostics, Beauvais, France) using 10 uL loops to prepare the second
subculture. The next steps were as follows: incubation of cultures at 37 °C for 18 h; adding 10 mL of
the second subculture to the fresh, sterile broth (TSB or TSYEB); incubation of them under the
abovementioned conditions. The next process included: harvesting each strain by centrifugation at
4000 x g for 10 min at 4 °C; washing them three times with phosphate-buffered saline (PBS, pH 7.4), and
resuspending them in 10 mL of PBS. Shortly before HHP treatment, carrot juice (Vital Fresh, pH 6.0-6.7)
was inoculated with bacterial suspensions in PBS (final concentration was approximately 7 log CFU/mL)
and transferred into sterile polyethylene tubes (Sarstedt, Newton, USA) in 13 mL portions in duplicate.

2.2. HHP equipment and process parameters

Samples were pressurized using U 4000/65 device (Unipress, Warsaw, Poland). The detailed
description of the HHP device was as follows: maximum volume of treatment chamber—0.95 L;
maximum working pressure—600 MPa; working temperature from —10 °C to +80 °C; transmitting
fluid—a mixture of distilled water and polypropylene glycol (1:1, v/v); the time needed to obtain the
pressure up to 400 MPa—75 s; release time 2-4 s. Due to the adiabatic heating, the temperature
increased approximately 3 °C per 400 MPa. Nine different combinations including time (1 min, 5 min,
10 min) and pressure (300 MPa, 400 MPa, 500 MPa) were used for any of the tested strains. The
pressurization was carried out at temperatures in a range of 18 °C to 20 °C and reported times do not
include the come-up and come-down times. Afterward, two sets of the HHP parameters were selected
for further research concerning refrigerated storage as the sublethal high-pressure value: 400 MPa/5 min
for L. innocua strains and 500 MPa/5 min for E. coli strains. Different HHP parameters for species were
dictated by their different sensitivity to pressure. Samples were pressurized in two independent cycles.

2.3. Plate count methods
The number of bacterial survivals after HHP treatment was estimated using pure plate methods.

The number of all viable cells of E. coli and L. innocua populations was estimated using nonselective
agars, TSA, and TYEA, respectively. Simultaneously, the number of non-injured cells was analyzed
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on the same agars, however, they were supplemented with 5% NaCl (w/v). It was a critical
concentration of NaCl, that did not affect the number of tested strains [20]. Plates were incubated at
37 °C for 24 h or 48 h, and the results were expressed as a colony-forming unit (CFU)/mL. The number
of sublethally injured cells was calculated according to the following equation:

CFU nonselective
1)

sublethal injuy lognumber = LOG CFU selective(S%NaCT)

Equation 1. The number of sublethally injured cells log CFU/mL.

The number of bacterial cells suspended in carrot juice was enumerated at regular intervals during
refrigerated storage. The surface-plated method on conventional selective media was used. The
number of E. coli strains was estimated using TBX (BioRad, California, USA), according to the
procedure included in ISO 16649-2 [21]. The number of L. innocua strains was estimated using ALOA
(BioMerieux, I’Etoile, France) according to the procedure included in ISO 11290-2 [22]. Additionally,
TAL methods were used, and plates were incubated at 37 °C up to 48 h.

2.4. Statistical analysis

Statistical analysis of the results was performed by two-way ANOVA statistical model with
Tukey’s test, using Statistica version 13 (TIBCO Software Inc., Palo Alto, CA, USA). The differences
were considered significant at p < 0.05. Statistical comparison was made for results, obtained for
strains of the same species.

3. Results
3.1. HHP impact on the vitality and sublethal injuries of L. innocua and E. coli suspended in carrot juice

Changes in the E. coli and L. innocua strains population suspended in carrot juice after HHP MPa
up to 10 min. Significant changes (p < 0.05) were observed after pressure at 500 MPa for 10 min. The
inactivation of the wild-type strain was about 2.0 log CFU/mL, but in the case of collection, the strain
did not exceed 1.0 log CFU/mL. Results have shown that L. innocua strains were more sensitive to
HHP than E. coli. After pressurization at 300 MPa, up to 10 min, the reduction for both L. innocua
strains did not exceed 1.0 log CFU/mL. Above this pressure value changes in the cell number of L.
innocua populations were observed. Pressurization at 400 MPa for 5 min decreased the number of L.
innocua collection strains by 4.0 log CFU/mL. In turn, under these conditions inactivation of the wild-
type L. innocua strain was about 2.8 log CFU/mL. Extending treatment time up to 10 min resulted in
no growth of L. innocua collection strain. In turn, a further 3 log CFU/mL reduction was observed for
the wild-type strain. Exposure to 500 MPa for 1 min reduced the number of collection and wild-type
strains by 3.5 CFU/mL and 2.3 CFU/mL, respectively. Treatment time increase to 5 min resulted in an
additional c.a. 2.5 log reduction for both L. innocua strains. The most rigorous parameters (500 MPa, 10
min) affected no L. innocua growth on the plate. The pressure and time both correlated positively with
bacterial inactivation in carrot juice. The number of HHP-sublethal injured cells in the bacterial
population is shown in Table 1. There were no significant changes in the number of sublethally injured
cells within all populations after pressurization at 300 MPa up to 10 min. Pressurization at 400 MPa
for 1 min prompted major injuries, exclusively in L. innocua collection strains (p < 0.05) in the amount
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of 1.7 log CFU/mL. In the case of other strains, the number of sublethal injuries did not exceed 1.0 log
CFU/mL. A similar effect was observed after 400 MPa for 5 min, however, the number of sublethally
injured cells slightly increased for most strains. Extending treatment time to 10 min resulted in 1.0 log
CFU/mL and 2.2 number of sublethal injuries in E. coli collection and wild-type strain population,
respectively. The number of sublethally injured cells of the L. innocua wild-type strain was 0.4,
whereas the as collection strain was not detected. Pressure at 500 MPa resulted in a significant increase
in the level of E. coli cell damage which positively correlated with the extension of treatment time.
After 5 and 10 min treatment, it was approximately 3.1-3.5 log CFU/mL and 5.5-4.3 log CFU/mL for
collection and wild-type strain, respectively (p < 0.05) (Table 1). The application of 500 MPa for 1 min
induced a similar level of sublethal injures for L. innocua collection strain than after 400 MPa for 5 min.
Appropriately 1.3 log CFU/mL and 1,2 log CFU/mL was obtained. The same HHP parameters did not
significantly affect sublethal damages within the L. innocua wild-type strain population. The extension
of treatment time did not increase the number of sublethally injured cells, neither collection nor wild-
type strain of L. innocua. After 10 min treatment at 500 MPa, both L. innocua strains were below the
detection level (1.0 log CFU/mL).

Reduction log[CFU/mL]
L :

0 1 2 3 4 5 6 7 8 9 10
Time [minutes]

=@ 300 MPa i 400 MPa == 500 MPa

e @-° 300 MPa w-t eeofdee 400 MPa w-t ee @3-+ 500 MPa w-t

Figure 2. Reduction curves of HHP-treated E. coli strains suspended in carrot juice. Closed
symbols and continued lines indicate E. coli ATCC 7839. Open symbols and dotted lines
indicate the results obtained for E. coli 61/14 (wild-type).

AIMS Agriculture and Food Volume 7, Issue 3, 623-636.
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Figure 3. Reduction curves of HHP-treated L. innocua strains suspended in carrot juice. Closed symbols and continued lines indicate L.
innocua CIP80.11T. Open symbols and dotted lines indicate the results obtained for L. innocua 23/13 (wild-type).

Table 1. The number of sublethally injured cells of bacterial population suspended in carrot juice.

Strains/parameters HHP 300 MPa HHP 400 MPa HHP 500 MPa

1 min 5 min 10 min 1 min 5 min 10 min 1 min 5 min 10 min
E. coli ATCC 7839 0.15 +0.002 0.13 +£0.00? 0.17 +£0.012 0.19 +0.042 0.47 £0.00®  1.01 +0.00° 0.35 +0.02% 3.11 +0.18¢ 5.50 +0.00¢
E. coli 61/14 0.17 +0.062 0.13 +£0.01° 0.05 +0.002 0.12 +0.032 0.70 £0.04*  2.15 +0.00d 0.22 £0.11° 3.46 +0.38° 4.34 +0.00
L. innocua CIP80.11T 0.11+0.00®  0.25 £0.16%  0.14 +0.00*  1.68 +0.00f 1.34 +£0.30°F  Nd? 1.24 +0.00° 0.55 +0.00¢ Nd?
L. innocua 23/13 —-0.01 +£0.02¢  0.06 £0.04° 0.05 =0.00® 0.23 +0.21%d 053 £0.00¢ 0.37 +0.30%¢  0.36 £0.04%c  0.45 +0.00°¢  Nd?

All data were the mean =£SD, n = 2. Values in rows (a—g) denoted with a different letter are significantly different at p < 0.05, obtained for strains of the same species. Nd: not detected.

AIMS Agriculture and Food

Volume 7, Issue 3, 623-636.
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3.2. The comparison of conventional selective media and TAL for regeneration of HHP-sublethally injured
cells during refrigerated storage

The next aim of this study was to estimate the number of healthy and recovered cells obtained
with two different culturing procedures: ISO recommendations and the TAL method. The second
purpose was to compare which procedure enables better regeneration of sublethally injured cells. The
growth of tested bacteria on conventional selective media, TBX and ALOA, in comparison to TAL, is
shown in Figures 4 and 5. The cell number of the HHP-treated E. coli collection strain gradually
decreased during cold storage. Finally, after 14 days of storage, the decrease was 2.5 log CFU/mL in
reference to initial microbial counts, just after HHP treatment. In turn, the level of E. coli wild-type
strain did not decrease below 6.0 log CFU/mL (Figure 4). Significant differences were observed
between the growth of TBX and TAL. In most cases, the number of viable cells on TAL plates was
higher than on TBX. The differences between the log CFU/mL of E. coli collection strain on TAL and
TBX ranged from 0.05 to 0.88. Exclusively on the 14th day of storage, there was an opposite situation
in which the recovery was better on TBX. The distinction between colony numbers of E. coli wild-
type strain on both media ranged from 0.22 to 0.58 log CFU/mL. The number of L. innocua population
in carrot juice increased during 2-week storage in reference to initial microbial counts (Figure 5).
However, there were no significant changes between the results obtained on TAL and ALOA (p>0.05).
The growth of bacteria on both agars was comparable. The differences between the log CFU/mL on
TAL and ALOA did not exceed 0.16 log CFU/mL. Exclusively on day 14th the distinction between
colony numbers of L. innocua collection strain on TAL and ALOA was 0.71 log CFU/mL.

8
RN RS i

log CFU/mL
N w ~ (6)] »
|'|'|c—
———
1
e

0 1 4 7 14
storage time [days]

Figure 4. The growth of E. coli ATCC 7839, () 61/14 (™) in HHP treated (400 MPa/5
min) carrot juice stored at 5 °C for 14 days on different selective media: TBX (plain bars)
and TAL (texture bars).
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Figure 5. The growth of L. innocua CIP80.11T, (M) 23/13 (' ) in HHP treated (400 MPa/5
min) carrot juice stored at 5 °C for 14 days on different selective media: ALOA (plain bars)
and TAL (texture bars).

4. Discussion
4.1. HHP impact on the vitality and sublethal injuries of bacteria

Pokhrel et al. [23] described the effectiveness of HHP (200-500 MPa) on the inactivation of
L. innocua ATCC 51742 and E. coli ATCC 11755 in thermally pasteurized carrot juice (pH 6.4).
Similar to our results, pressurization up to 300 MPa was not effective in the inactivation of both
microorganisms. Application of pressure at 500 MPa for 2 min resulted in a 4 log CFU/mL reduction
of L. innocua, corresponding to our findings. However, opposite to our experiment, the 5 log CFU/mL
reduction for E. coli was observed in these HHP conditions. In another study, Pokhrel et al. [24]
showed that 400 MPa for 3 min decreased the number of L. innocua ATCC 51742 suspended in carrot-
orange juice (pH 6.0) by over 6 log CFU/mL. Similar results were presented by Patterson et al. [25],
in which numbers of L. monocytogenes decreased more than 6 log CFU/mL in carrot juice after
pressurization at 500 MPa for 1 min. Opstal et al. [26] studied the inactivation kinetics of E. coli
MG1655 in fresh carrot juice treated by HHP. They applied pressure in a range of 150-600 MPa at
different temperatures (5-45 °C). They observed that inactivation kinetics was described by the first-
order relationship, which means that all cells in the population have equivalent resistance to the lethal
treatment. They reported that 8.6 min HHP treatment is required to achieve a decimal reduction of E.
coliin carrot juice at 500 MPa at 20 °C and 15 min at 400 MPa. Resembling studies had been conducted
by Pilavtepe-Celik et al. [27]. Based on the 5 log reduction simulations, they suggested that carrot juice
(pH 6.22) had a protective effect on E. coli 0157:H7 933, treated by HHP at 300 MPa. This conclusion

AIMS Agriculture and Food Volume 7, Issue 3, 623-636.
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corresponds to our achievements in which, it has been demonstrated that there is no reduction of E.
coli in carrot juice just after HHP treatment at 300 MPa up to 10 min. Additionally, L. innocua turned
out more sensitive to pressure than E. coli. However, our findings do not correspond with the general
opinion that Gram-negative bacteria are more sensitive to physical stress than Gram-positive bacteria.
Numerous studies confirmed that HHP triggers sublethal injuries of vegetative cells [28,29]. However,
there is sparing data concerning this phenomenon in alkaline vegetable juices. The problem of
sublethal injuries is minimalized in acidic food matrices, while it occurs when the food matrices have
a neutral pH. According to the food legislation in the USA, a 5 log CFU/mL reduction of "pertinent
microorganisms" is sufficient to claim preservation treatment [30]. Full commercialization of HHP
technology to low acid foods has been realized much later than to acidic products due to a lack of
available scientific information concerning the process. Nowadays, according to Juice HACCP
Hazards and Controls Guidance, low acid juices, such as carrot juice, need to be distributed under
refrigeration [27]. Nevertheless, the sublethal injury phenomenon should be taken into account with
the choice of HHP conditions, notably for products that carry a high risk of dangerous pathogens.
Scientists suggest that survivability depends not only on the strain and the device’s parameters. Food
matrices have an impact on the result and exhibit either a protective or sensitizing effect on
microorganisms [27].

4.2. The influence of culture media and long-term storage on the regeneration of HHP-sublethally
injured bacterial cells

The study of pathogens injury induced by HHP and the effect of storage on their recovery has
been reported by several groups of researchers [25,31-33], however, most of them are concerned with
fruit juices. Carrot juice preserved by HHP has been well examined just after processing as well as
during storage, but in the most of research total, natural microbiota has been investigated, not strictly
pathogens. Patterson et al. [25] reported that the number of pressurized (500 MPa/1 min) E. coli cells
in carrot juice decreased during refrigerated storage, whereas after 10 days, it was under detectable
level. A similar observation has been made for a cocktail of L. monocytogenes under the same HHP
conditions, while bacteria reached an undetectable level in 14 days of subsequent refrigerated storage.
Contrary to the abovementioned studies, we observed propagation of L. innocua in pressurized (400 MPa,
5 min) carrot juice, stored at 5 °C for 2 weeks. This phenomenon was not observed for E. coli. The
number of E. coli strains slowly decreased or was stable during refrigerated storage of carrot juice,
referring to initial cell counts. Pokhrel et al. [23] carried out the shelf-life studies of freshly squeezed
carrot juice. The total plate counts were about 1 log CFU/mL in carrot juice after HHP (500 MPa,
20 °C). The number of microorganisms increased up to 3 logs CFU/mL after 28 days of refrigerated
storage. Szwajgier et al. [34] reported that pressurization at 500 MPa for 15 min at room temperature
was insufficient to eliminate psychrotrophic bacteria in beet/carrot (80/20 v/v) juice. Despite juice pH
being 4.0, the number of microorganisms increased by over 5.5 log CFU/mL after 3 weeks of
refrigerated storage. There are numerous studies in which pressure treatment of low pH products and
subsequent cold storage prevented the outgrowth and caused further inactivation of the sublethally
injured vegetative cells [32,35,36]. However, in our investigation pH of carrot juice did not decrease
below 6.0 during 14-days of refrigerated storage. It was measured at the same intervals as plate count
analysis was made. There are numerous accessible research data relating to TAL application for the
enumeration of pathogens preserved by physical and chemical treatments [13-18,37,38]. Those studies
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confirmed that TAL allowed for improved isolation of single colonies for pure and mixed cultures.
However, there are only a few data for the survivors' evaluation after HHP using TAL. Lavieri et al. [39]
studied the recovery of pressured and heat-inured cultures of mixture L. monocytogenes in TSYEB.
The obtained results demonstrated that the recovery of thermally injured cells was significantly better
on TAL than on selective medium (MOX). This phenomenon was not observed for pressure-injured
cells. It corresponds to our achievements for pressure-treated L. innocua strains. In turn, there was a
significant difference between colony numbers of E. coli strains on TAL and TBX in our study. The
abovementioned results demonstrated that selective media, used for microorganisms enumeration and
detection, might not be suitable for the recovery of HHP-injured cells for all types of microorganisms.
Selective media can underestimate its presence and be especially dangerous in the case of foodborne
pathogens. The essential point of previously mentioned studies is that the TAL method has been used
to recover injured cells after preservation treatment. Moreover, it provided typical colony
morphologies of target pathogens and color reactions on the respective agars. However, there is no
report of the TAL application in the storage investigation.

5. Conclusion

The results indicate the lethality of L. innocua bacteria in carrot juice after HHP treatment at
ambient temperature. In turn, the application of 500 MPa for 10 min on E. coli strains did not meet the
FDA'’s required inactivation criteria (>5-log CFU/mL reduction). Carrot juice is a complex matrix
because of its non-acid environment. Hence, numerous studies confirmed that unsupported HHP
treatment is unsuitable for carrot juice preservation and subsequent long-term storage. Only hurdle
technology or combining procedures with other treatments or others additives may bring the expected
effect. Second, a remarkable observation is that sublethally injured cells of L. innocua may resuscitate
in carrot juice during cold storage. TAL effectively recovered bacteria injured by HHP. However, the
effectiveness of the TAL method may be specific to the type of applied injury and species of
microorganism. In conclusion, this study will contribute to collecting the data on the regeneration of
HHP-sublethally injured cells on a conventional selective medium recommended by ISO versus TAL.
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16. Misiewicz A., Goncerzewicz A., Nasilowska J., Jaroszewska E., Polymorphisms of flo
genes in Saccharomyces cerevisiae brewers’ yeasts, XXXI Annual Meeting of the
European Culture Collections' Organisation, 2012, Braga, Portugalia

Komunikaty naukowe (doniesienia) w jezyku polskim:

1. Nasilowska J., Sokotowska B., XLII Sesja Naukowa Komitetu Nauk o Zywnoéci PAN,
,,Technika wysokich ci$nien hydrostatycznych w aspekcie inaktywacji bakterii z rodzaju
Listeria w soku z burakow ¢wiklowych.”, 25-26 czerwca 2015, Lublin

2. Nasilowska J., Sokotowska B, XLIII Sesja Naukowa Komitetu Nauk o Zywnosci
i Zywieniu Polskiej Akademii Nauk, ,,Ocena stanu fizjologicznego patogenéw w SOKU Z
marchwi po procesie utrwalania wysokimi ci$nieniami hydrostatycznymi.”, 4-5 lipca 2017,
Wroctaw

3. Nasilowska J., Sokotowska B. XXIII Sesja Naukowa Sekcji Mlodej Kadry Naukowej w
» Wpltyw warunkéw przechowywania sokow z warzyw korzeniowych utrwalanych
wysokim ci$nieniem hydrostatycznym na regeneracj¢ uszkodzonych komorek bakterii
patogennych.”, 24-25.05.2018, Lublin

Komunikaty naukowe (doniesienia) w jezyku angielskim:

1. Nasilowska J., Sokotowska B. Viability of pathogens in vegetable juices under high
hydrostatic pressure treatment. V11 International Session of Young Scientific Stuff. Polskie
Towarzystwo Technologdéw Zywnosci - Oddzial Olsztynski, 23-24 maja 2019

2. Bucka-Kolendo J., Woszczyk M., Nasilowska J., Sokotowska B. Heterogeneity between
Lactobacillus brevis strains exposed to high hydrostatic pressure. 56th European High
Pressures Research Group International Meeting. 2-8 wrzesnia 2018, Aveiro, Portugalia

3. Nasilowska J., Sokotowska B., Fonberg-Broczek M. 55 th EHPRG International Meeting,
High pressure processing of vegetable juices: evaluation of sublethal injured pathogen cells
during long term storage using plate count methods and microscopy methods, 3-8 wrzesnia
2017 Uniwersytet Adama Mickiewicza w Poznaniu.

Dzialalno$¢ popularno-naukowa: wyklad/prezentacja w mediach:

1. Nasilowska J. Uszkodzenia subletalne komoérek w procesach utrwalania Zywnosci,
Warszawa, Spotkanie robocze Grupy ANIMEX - bioMerieux, 20.05.2015,

2. Nasilowska J. Uszkodzenia subletalne drobnoustrojow wystepujacych w zywnosci-
przyczyny i metody wykrywania, Gdansk-Sobieszewo, MaaglLab-Gdanska Fundacja
Wody, 22-24.06.2015.

Wykaz projektéow krajowych i miedzynarodowych

1. PROMISEANG (Alternative PROteins from Microbial fermentation of non-conventional
SEA sources for Next-Generation food, feed and non-food bio-based applications)
HORIZON-JU-CBE-2022-R-04; okres trwania projektu: wrzesien 2023 - sierpien 2027

2. ,Nowe pochodne roslinnych kwasow karboksylowych jako aktywne sktadniki
biopreparatow bezpiecznych dla cztowieka 1 §rodowiska naturalnego.” NCN Program
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OPUS 16 w ramach umowy UMO-2018/31/B/NZ7/03083, okres trwania projektu:
28.06.2019-27.06.2022

IS_MIRRI21 (Implementation and Sustainability of Microbial Resource Research
Infrastructure for 21st Century) H2020-INFRADEV-2018-2020/H2020-INFRADEV-
2019-2; Grant Agreement nr: 871129; okres trwania projektu: -styczen 2020 - lipiec 2023
POIR.01.01.01-00-1584/15/15 Prace B+R nad stworzeniem trzech innowacyjnych
technologii ~w  branzy  przetwdrstva  owocowo-warzywnego. MARWIT
Sp. z 0.0./IBPRS 05.01.2017 - 30.06.2020

Prace naukowo-badawcze realizowane w IBPRS:

1.

Sokotowska B, Nasitowska J.,. Mikolajczuk-Szczyrba A., Wetoszka U., Dabrowska K.
Prowadzenie Kolekcji Kultur bakterii, drozdzy i grzybow strzepkowych oraz stworzenie
ich bazy danych. Temat BST o symbolu: ZM-119-01, czas realizacji: kwiecien 2019 -
marzec 2020

Nasilowska J., Sokotowska B. Ocena stanu fizjologicznego patogenow w sokach
z warzyw korzeniowych po procesie utrwalania wysokim ci$nieniem hydrostatycznym
(HHP) — badania prowadzone w ramach pracy doktorskiej (ostatni etap realizacji). Fundusz
Badan Wtasnych 510-01-ZM-02, kierownik, czas realizacji: sierpien 2018 - grudzien 2018
Nasilowska J., Sokotowska B., Duda M. Ocena stanu fizjologicznego komorek
Escherichia coli i Listeria innocua subletalnie uszkodzonych w wyniku dziatania
wysokiego cisnienia hydrostatycznego (HHP). Temat BST o symbolu: 500-01-Z0-02,
kierownik, czas realizacji: luty — grudzien 2017

Nasilowska J., Sokotowska B., Niezgoda J., Por¢bska 1., Dekowska A., Waldon-Wiewidra
E. Uszkodzenia subletalne Escherichia coli i Listeria innocua wywoltywane dziataniem
wysokiego ci$nienia hydrostatycznego (HHP) oraz mozliwosci ich regeneracji w trakcie
przechowywania. Temat BST o symbolu: 500-01-Z0-01, wspotautor/kierownik, czas
realizacji: kwiecien 2014- grudzien 2015.

Nasitowska J., Sokotowska B. Uszkodzenia subletalne mikroorganizméw w procesie
utrwalania sokéw metodami nietermicznymi - optymalizacja metody oznaczania. Temat
BST o symbolu: 500-01-Z0-07, wspotautor, czas realizacji: grudzien 2013 - lipiec 2014.
Zdziennicki F., Misiewicz A., Bryta M. Pietracha D., Nasilowska J. Zastosowanie metod
molekularnych do identyfikacji grzyboéw strzepkowych. Temat BST o symbolu: 500-01-
ZM-03, wspotautor, czas realizacji: styczen — grudzien 2013
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Wyrazam zgode na udostgpnienie mojej pracy w czytelni biblioteki Instytutu Biotechnologii
Przemystu Rolno-Spozywczego - PIB im. prof. Wactawa Dabrowskiego w Warszawie.

(czytelny podpis autora)



