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Streszczenie w jezyku polskim

Swieze schtodzone ryby oraz produkty rybne o minimalnym stopniu przetworzenia
fatwo ulegaja mikrobiologicznemu zepsuciu. Za ten proces odpowiadaja gléwnie
psychrotrofowe gatunki Pseudomonas spp., w tym Pseudomonas psychrophila, ktorych
aktywno$¢ metaboliczna jest zalezna od systemu quorum sensing. W tym systemie
czasteczki autoinduktorow (AIl) rozpoznawane sg przez bialka receptorowe bedace
regulatorami transkrypcyjnymi okreslonej grupy gendéw. Ingerencja w powyzszy
mechanizm olejkami eterycznymi i ich sktadnikami, moze wplyna¢ na synteze enzymow
i egzopolisacharydéw (EPS) oraz na proces degradacji tlhuszczu przez drobnoustroje.
Weryfikacja dziatania przeciw-quorum sensing w uktadach: in vitro, in silico oraz in situ
moze wspomoOc opracowywanie w przysztosci alternatywnych/uzupetniajacych
rozwigzan, zmierzajagcych do eliminacji lub/i wyraznego ograniczenia aktywnos$ci
fizjologicznej drobnoustrojow saprofitycznych w matrycy zywnosci.

Celem glownym niniejszej pracy byla ocena wpltywu olejku eterycznego
z estragonu (TEO) i pieprzu czarnego (BPEO) na system quorum sensing i aktywnos$¢
metaboliczng bakterii P. psychrophila KMO02 wyizolowanej z ryb.

W pracy TEO 1 BPEO otrzymano metoda hydrodestylacji, a ich sktad chemiczny
oceniono systemem GC-MS. Metodg szeregu seryjnych rozcienczen wyznaczono
stezenia subinhibicyjne (subMIC) olejkow eterycznych wzgledem Pseudomonas spp.
Systemem GC-FID oceniono zmiany w profilu kwaséw tluszczowych oston
komorkowych.  Potencjat  przeciw-quorum  sensing  testowanych  czynnikow
charakteryzowano poprzez: (i) oceng zmian syntezy Al systemem UHPLC-MS/MS oraz
(i1) komputerowa analiz¢ dokowania molekularnego glownych skladnikow olejkow
eterycznych do biatek receptorowych. Analiz¢ catego genomu oraz transkryptomu
przeprowadzono oceniajgc potencjat P. psychrophila KMO02 do wzrostu/aktywnos$ci
metabolicznej w matrycy zywnosci. Komputerowa analize dokowania molekularnego
oraz technik¢ RT-gPCR wykorzystano w ocenie wplywu badanych czynnikéw na
systemy: efflux 1 T2SS, zalezne od quorum sensing. Stopief inhibicji wtasciwosci
proteolitycznych i lipolitycznych oraz zmiany syntezy EPS przez TEO, BPEO i glowne
sktadniki olejkéw eterycznych u P. psychrophila KM02 oceniono prowadzgc analizy
spektrofotometryczne oraz RT-gPCR. Metodg plytkowa Kocha, scharakteryzowano
wzrost P. psychrophila KM02 w modelowym produkcie spozywczym, do ktorego
zaaplikowano stezenia SubMIC TEO i BPEO.



Na podstawie przeprowadzonych doswiadczen stwierdzono, iz ste¢zenia subMIC
TEO (70-75 uL/mL) i BPEO (100-135 plL/mL) ingeruja w system quorum sensing
1 zaburzaja aktywnos$¢ metaboliczng badanych drobnoustrojow. Ekspozycja komorek
Pseudomonas spp. na testowane czynniki skutkowata obnizeniem udziatu nienasyconych
kwasow thuszczowych oraz kwasow ttuszczowych o budowie rozgatezionej w ostonach
komorkowych. Pseudomonas spp. w warunkach in vitro syntezowaty autoinduktory (Al)
systemu quorum sensing nalezace do grupy AHL (tj. 3-okso-C12-HSL, 3-okso-C14-
HSL, 3-okso-C6-HSL, 3-okso-C8-HSL, C12-HSL, C4-HSL, C6-HSL) oraz zwigzek
chinolowy PQS. Stezenia subMIC TEO, BPEO oraz sktadnikow olejkow eterycznych
(tj. metyleugenolu (ME) 10-12 pL/mL, B-felandrenu (PHE), 8-10 uL/mL, limonenu
(LIM) 60-65 uL/mL i B-kariofilenu (CAR) 20-35 puL/mL) hamowaty syntez¢ czasteczek
Al Pseudomonas spp.. ME, PHE, LIM i CAR wigzaly si¢ z biatkami receptorowymi
LasR, RhIR, TraR oraz PgsR systemu quorum sensing oraz biatkami Mfs, MexB, MuxB
systemu efflux Pseudomonas spp. W genomie i transkryptomie P. psychrophila KMO02
odnotowano obecno$¢ czynnikéw §wiadczacych o zdolnosci bakterii do rozktadu biatek
1 thuszezu oraz sekrecji enzymow. W prezentowanej pracy, w zaproponowanych uktadach
doswiadczen, stgzenia subMIC: TEO, BPEO, ME, PHE, LIM i CAR obnizaty aktywno$¢
proteolitycznag, lipolityczng oraz syntez¢ EPS przez P. psychrophila KMO02. Badane
czynniki wprowadzone do marynaty octowo-olejowej hamowatly wzrost komorek
P. psychrophila KM02 w rybnym produkcie modelowym.

Niniejsza praca wykazala wplyw TEO 1 BPEO oraz ich gtownych sktadnikow,
tj. ME, PHE, CAR i1 LIM na system quorum sensing i aktywno$¢ metaboliczng
P. psychrophila KMO02. Powyzsza zalezno$¢ moze spowolni¢ proces psucia ryb
przechowywanych w warunkach chlodniczych, w ktéory zaangazowany jest
P. psychrophila KM02. Uzyskane w niniejszej pracy wyniki uzupetniaja rowniez wiedze
dotyczacg systemu quorum sensing U bakterii saprofitycznych wyizolowanych

Z Zywnosci.

Stowa Kkluczowe: quorum sensing, psucie ryb, system efflux, T2SS, dokowanie

molekularne, genom, transkryptom



Abstract

Fresh chilled fish and minimally processed fish-based products are prone to
microbiological spoilage. Psychrotrophic Pseudomonas spp. including Pseudomonas
psychrophila, whose metabolic activity is dependent on the quorum sensing system, are
mainly responsible for spoilage. In quorum sensing system, autoinducers (Al) are
recognized by receptor proteins that are transcriptional regulators of a specific group of
genes. Interference in the above mechanism with essential oils and their components may
affect the synthesis of enzymes and exopolysaccharides (EPS) or the process of lipids
degradation by microorganisms. Anti-quorum sensing verification in in vitro, in silico
and in situ systems may support the development of alternative/additional solutions in the
future, aimed at eliminating or/and reducing the physiological activities of saprotrophic
microorganisms in the food matrix.

The major aim of the current study was the assessment of the impact of tarragon
(TEO) and black pepper (BPEO) essential oils on quorum sensing system and metabolic
activity of P, psychrophila KMO2 isolated from fish.

In the work, TEO and BPEO were obtained by hydrodistilation, and their chemical
compositions were determined with the GC-MS system. Subinhibitory concentrations
(suMIC) of essential oils and their major compounds were estimated with the serial
dilutions method. GC-FID system was used for the assessment of the fatty acids profile
of cellular envelopes. Anti-quorum sensing potential of analyzed factors were
characterized by: (i) the estimation of the changes in Al synthesis with the UHPLC-
MS/MS system, and (ii) the molecular docking analysis of major compounds of essential
oils with receptor proteins.

The whole genome and transcriptome analyses were conducted in order to assess
the P. psychrophila KMO02 potential to grow/metabolic activity in the food matrix.
Molecular docking and RT-gPCR analyses were used to evaluate the impact of the
analyzed agents on quorum sensing-related efflux and T2SS systems. The degree of
inhibition of proteolytic and lipolytic properties, and the reduction of EPS synthesis were
verified with spectrophotometric and RT-gPCR analyses. The Koch plate method was
used to characterize the growth of P. psychrophila KMO02 in a model food product
containing subMIC of TEO and BPEO.

In the work, the subMICs of TEO (70-75 puL/mL) and BPEO (100-135 pL/mL)

interfered with the quorum sensing system and disturbed the metabolic activity of



examined microorganisms. The exposition of Pseudomonas spp. cells on tested agents
resulted in the reduction of unsaturated fatty acids and with branched structure in cellular
envelopes. Pseudomonas spp. synthesized Al belonging to AHL group (i.e. 3-0xo-C12-
HSL, 3-0x0-C14-HSL, 3-0x0-C6-HSL, 3-ox0-C8-HSL, C12-HSL, C4-HSL, C6-HSL)
and quinolone compound PQS in vitro. SubMICs of TEO, BPEO and their components
(i.e. methyl eugenol (ME) 10-12 pL/mL, B-phellandrene (PHE), 8-10 uL/mL, limonene
(LIM) 60-65 pL/mL and B-caryophyllene (CAR) 20-35 uL/mL) inhibited Al synthesis in
Pseudomonas spp. ME, PHE, LIM and CAR bonded with the receptor proteins LasR,
RhIR, TraR and PgsR of quorum sensing system and with proteins MFS, MexB and
MuxB of efflux system of Pseudomonas spp. The genome and transcriptome of P.
psychrophila KMO02 showed the presence of factors indicating the the ability of the
bacteria to decompose of proteins and lipids and secrete the enzymes. SubMIC of TEO,
BPEO, ME, PHE, LIM and CAR reduced the proteolytic and lipolytic activity and EPS
synthesis by P. psychrophila KMO02. Tested agents introduced into vinegar-oil marinade
inhibited P. psychrophila KMO02 growth in fish-based product.

The current work showed impact of TEO and BPEO and major components,
i.e. ME, PHE, LIM and CAR on quorum sensing system and metabolic activity of
P. psychrophila KMO02. The above relationship may delay the spoilage process of fish
stored under refrigeration, in which P. psychrophila KMO02 is involved. The results
obtained in this work introduce new information about the quorum sensing system in

saprotrophic bacteria isolated from foods

Key words: quorum sensing, fish spoilage, efflux system, molecular docking, genome,

transcriptome
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1. Wstep

Wysoka warto$¢ odzywcza ryb, a takze ich stosunkowo niska cena i dostepnosc,
determinuja ciagly wzrost produkcji, ktéra wedlug prognoz ma osiggna¢ 200 min ton
w 2029 roku. Rocznie okoto 44% catkowitej produkcji przemyshu rybnego to ryby $wieze
schtodzone i produkty o minimalnym stopniu przetworzenia, przechowywane
w warunkach chtodniczych (Food and Agriculture Organization of the United Nations,
FAO, 2018). Zastosowanie procesu chlodzenia nie gwarantuje zahamowania wzrostu
lub/i aktywno$ci metabolicznej specyficznej mikroflory ryb (Comi, 2017). Obecno$¢
biatek i tluszczow, pH w zakresie od 6,1 do 6,9 oraz aktywnos¢ wody powyzej 0,95
dodatkowo promujg wzrost mikroorganizméw W SUrowcu. Powyzsze wlasnosci
sprawiaja, ze ryby tatwo ulegaja mikrobiologicznemu zepsuciu.(Hassoun i Emir Coban,
2017).

Za mikrobiologiczne psucie si¢ $wiezych schtodzonych ryb i produktéw
0 minimalnym stopniu przetworzenia odpowiedzialne sg gtéwnie psychrotrofowe gatunki
bakterii z rodzaju Pseudomonas (Raposo i in., 2017). Powyzsze drobnoustroje sg zdolne
do rozktadu zwigzkoéw organicznych, co skutkuje zmiang tekstury oraz nieprzyjemnym
zapachem produktow (Xie i in., 2018). Pomimo wdrozenia programéw kontroli jakosci
w przemysle spozywczym, okoto 30% zlowionych ryb ulega utracie wskutek
przedwczesnego zepsucia. Zjawisko to jest przyczyna strat ekonomicznych i wizerunku
przedsigbiorstw (Ghaly i in., 2010). Dlatego konieczne jest wypracowanie nowych
rozwigzan zapobiegajacych psuciu si¢ produktéw na bazie ryb powodowanemu przez
Pseudomonas spp.

Aktywnos$¢ metaboliczna Pseudomonas spp. jest regulowana przez system
quorum sensing (Meliani i Bensoltane, 2015; Venturi, 2006), ktory szczegétowo zostat
omoéwiony w publikacji P-1. W tym systemie czasteczki sygnatowe (autoinduktory; Al)
syntezowane przez komorki drobnoustrojow oddziatuja z regulatorami transkrypcyjnymi,
co kontroluje ekspresje genéw w populacji (Papenfort i Bassler, 2016). Zgodnie
z doniesieniami literaturowymi, quorum sensing reguluje nawet 10% genow ulegajacych
ekspresji w komorkach P. aeruginosa i s3 to gltownie geny, ktorych produkty
zaangazowane sg w synteze toksyn i enzyméw oraz degradacje ttuszcezu (Schuster i in.,
2003; Smith i in., 2004). System quorum sensing warunkuje rowniez adaptacj¢ komorek

do zasiedlanego srodowiska (Schuster i Greenberg, 2006).
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U P. aeruginosa Al nalezg gtownie do grupy acylowanych laktonéw homoseryny
(AHL), ktore sa syntezowane przez biatka z rodziny LuxIl. Czasteczki AHL roznig si¢
liczbg atoméw wegla wehodzacych w sktad kwasu tluszczowego, stopniem utlenienia
i liczbg wigzan nienasyconych w nim wystepujagcych. W profilach Al u Pseudomonas
spp. dominuja: lakton N-3-okso-dodekanylo-homoseryny (3-okso-C12-HSL) oraz lakton
N-butanoylo-L-homoseryny (C4-HSL), syntezowane odpowiednio przez biatko Lasl
oraz Rhll (Skandamis i Nychas, 2012). Czasteczki 3-0kso-C12-HSL i C4-HSL tworzg
specyficzne uktady z biatkami nalezgcymi do rodziny LuxR: odpowiednio z receptorami
LasR oraz RhIR (Myszka i Czaczyk, 2010).

Do Al P. aeruginosa nalezg takze czasteczki chinolowe powstajace na skutek
kondensacji antranilanu i p-ketododekanu. Zidentyfikowano ponad 50 r6znych
homologow 2-alkilo-4-chinolonu, lecz gléwne znaczenie w fizjologii drobnoustrojow
maja 2-heptylo-3-hydroksy-4-chinolon (PQS) oraz jego prekursor 2-heptylo-4-chinolon
(HHQ) (Diggle i in., 2007). Powyzsze czasteczki rowniez oddziatuja z biatkami
receptorowymi. Opisane uklady tworzace System quorum sensing sa wzajemnie
powigzane i funkcjonujg wedtug okreslonej hierarchii (Lee i Zhang, 2015).

Rola quorum sensing w procesach wirulencji zostata bardzo dobrze opisana
w literaturze (Sonbol i in., 2022); niewiele badan wykonano celem okre§lenia wptywu
tego systemu na aktywno$¢ metaboliczng saprofitycznych gatunkéow Pseudomonas spp.
Obecnos¢ czasteczek Al zidentyfikowano w zepsutych rybach przechowywanych na
lodzie, produktach we¢dzonych na zimno oraz burgerach rybnych (Bai i Rai, 2011),
a stopien zepsucia skorelowano ze stezeniem Al (Li i in., 2016).

Pseudomonas spp. syntezujag metaloproteazy, ktore uczestniczg w degradacji
tkanki ryb. Proces ten prowadzi do wzrostu udziatu wolnych aminokwasow i lotnych
zwigzkow siarkowych oraz do zmiany tekstury produktu (Venugopal, 1990; SterniSa i in.,
2020b). Wykazano, ze w zywno$ci bogatej w biatko wystepuja czasteczki AHL, a ich
obecnos¢ jest powigzana z aktywnoscig proteolityczng mikroflory (Ammor
I in., 2008). Przyktadowo czasteczki AHL byly obecne w filetach pstraga teczowego,
z ktorego wyizolowano P. fluorescens i P. putida (Bai i Rai, 2011). Dodatek
syntetycznych C4-HSL oraz C14-HSL promowal aktywno$¢ proteolityczng
P. fluorescens w probach schtodzonego turbota. Odnotowano réwniez istotne zmiany
parametru catkowitego lotnego azotu zasadowego (TVB-N) do warto$ci przekraczajacej
dopuszczalny poziom (Li i in., 2018). Podobnie w pracy Liu i in. (2007) zauwazono,

ze czasteczki C4-HSL oraz 3-0kso-C8-HSL powodujg nadekspresje genu kodujgcego
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metaloproteazg aprX u P. fluorescens wyizolowanego z mleka. U mutantéw delecyjnych
P. fluorescens, Aluxl i AluxR, aktywnos$¢ proteolityczna byla wyraznie zredukowana
w stosunku do komorek niepoddanych mutagenezie (Tang i in., 2019).

Komoérki Pseudomonas spp. izolowane z ryb charakteryzuja si¢ roéwniez
zdolnoscia syntezy enzymow lipolitycznych, odpowiadajacych za hydrolizg tluszczu do
glicerolu i wolnych kwasow thuszczowych (Ge i in., 2017). Procesy degradacji thuszczu
w rybach skutkuja niekorzystng zmiang zapachu (Comi, 2017). Lipazy kodowane sg
przez geny lipA oraz lipB, ktorych ekspresja regulowana jest systemem quorum sensing
(Christensen i in., 2003). Powyzsza zalezno$¢ potwierdzity badania przeprowadzone
przez Myszka i in., (2021) oraz Bai i Rai (2014). Ponadto Riedel i in. (2001) wykazali,
ze system sekrecyjny Lip, odpowiedzialny za skuteczne wydzielanie lipaz rowniez jest
regulowany przez system quorum sensing. U P. fluorescens aktywnos¢ lipaz generuje
zmian¢ zapachu, ,,mydlany” posmak i inne wady jakosciowe ryb (Beven i in., 2001).
Wprowadzenie egzogennych czasteczek AHL do pozywek skutkowalo wzrostem
poziomu transkrypcji genow lipA oraz lipB w komoérkach Brukholderia cenocepacia
(Udine i in., 2013).

System quorum sensing reguluje proces tworzenia biofilmu bakteryjnego,
szczegolnie etap adhezji pojedynczych komorek do powierzchni statych 1 dojrzewanie
blon biologicznych (Warrier i in., 2021). Wplyw 3-okso-C12-HSL na dojrzewanie
biofilmu P. aeruginosa opisali Cherepushkina i in. (2021) oraz Davies i in. (1998).
W pracy Davies i in. (1998), szczepy P. aeruginosa, ktore nie produkowaty czasteczek
3-0kso-C12-HSL, nie byly zdolne do tworzenia tréjwymiarowej struktury biofilmu.
Biofilm utworzony przez mutanty delecyjne Alasl tatwo ulegal dyspersji w wyniku
dziatania dodecylosiarczanu sodu (Davies i in., 1998). Cherepushkina i in. (2021)
wykazali, ze wprowadzenie egzogennej czasteczki 3-0kso-C12-HSL do hodowli
P. aeruginosa promuje wzrost komorek i tworzenie biofilmu.

W procesie tworzenia biofilmu istotne znaczenie maja: mechanizmy ruchu,
warunkujace zblizanie si¢ komodrek do powierzchni docelowej oraz synteza
egzopolisacharydéw (EPS) i ramnolipidow (Rasamiravaka i in., 2015). Zadaniem EPS
jest utrzymywanie komorek w bliskim sgsiedztwie (Vetrivel i in., 2021). Produkcja
ramnolipidow wptywa na tworzenie mikrokolonii i utrzymywanie otwartej struktury
mikrokolonii  (Pamp 1 Tolker-Nielsen, 2007). Synteza EPS i ramnolipidow

u Pseudomonas spp. jest rowniez zalezna od systemu quorum sensing (Li i in. 2018).
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Powigzanie aktywnosci metabolicznych bakterii z quorum sensing wywotato
zainteresowanie poszukiwaniem zwigzkéw hamujacych/zaburzajacych ten system (Bai
i Rai, 2011). Ich zastosowanie w przetworstwie ryb znacznie pomogloby w wysitkach
podejmowanych na rzecz ograniczenia aktywnosci metabolicznej drobnoustrojow
psujacych zywno$¢ i ostatecznie wydtuzenie okresu przydatnosci do spozycia produktow.
Te podejscia w przeciwienstwie do zabiegow bakteriobdjczych wywieraja mniejsza
presje selekcyjng wobec drobnoustrojow i zmniejszaja prawdopodobienstwo rozwoju
zjawiska opornosci (Bai i Rai, 2014).

Szczegotowy opis sposobOw ingerencji w system quOrum sensing przedstawiono
w publikacji P-1. Ocena dziatania przeciw-quorum sensing polega przede wszystkim na
wykazaniu zdolno$ci badanego czynnika do zaburzania syntezy Al (Bouyahya i in.,
2022). Wsrod zwigzkow o dziataniu przeciw-quorum sensing wyrdznia si¢ enzymy
z klasy laktonaz, acylaz i oksydoreduktaz. Ich aktywno$¢ moze powodowac degradacje
Al, inaktywacje syntaz Al i/lub modyfikacj¢ Al (Fetzner, 2015). W pracach Rémy i in.
(2020) i Wahjudi i in. (2011), laktonazy i acylazy hamowaty synteze C4-HSL i 3-0xo-
C12-HSL u P. aeruginosa. Natomiast modyfikacje tancucha acylowego w wyniku
aktywnos$ci oksydoreduktaz zaburzaly wytworzenie kompleksu Al z biatkiem LasR
(Chen i in., 2013; Bijtenhoorn i in., 2011).

Zwigzki o dziataniu przeciw-quorum sensing mogg rowniez oddzialywaé
z biatkami receptorowymi (Zhou i in., 2020). Wraz z rozwojem technik komputerowych
mozliwa stata si¢ ocena potencjatu réznych zwigzkow do wigzania si¢ z biatkami LasR,
RhIR i innymi, kluczowymi w regulacji metabolizmu drobnoustrojow. Wykorzystanie
wirtualnego screeningu jest znacznie szybsze i efektywniejsze w stosunku do analiz
laboratoryjnych i pozwala na efektywng selekcje potencjalnych inhibitorow quorum
sensing (Sadiqg i in., 2020). Dokowanie molekularne w ocenie ingerencji w system
quorum sensing wykorzystywali m.in. Hong i in. (2021), Yu i in. (2022), Zhou i in.
(2020). Doswiadczenia te polegaly na poréwnaniu sity powinowactwa oraz sposobu
wigzania (konformacji oraz orientacji czasteczki w miejscu wigzania) badanych
zwigzkdéw z biatkami receptorowymi. Podobne podejscie analityczne mozna zastosowaé
w przypadku badania inhibicji systemu efflux oraz systemu sekrecyjnego typu Il (T2SS),
ktore sg $cisle powigzane z Systemem quorum sensing (Pena i in., 2019; Seukep i in.,
2019). Powyzsze systemy sa niezbedne W procesach wymiany czasteczek miedzy
komorka o srodowiskiem zewngtrznym (Sionov i Steinberg, 2022). Wykazano,

ze zwiazki begdace potencjalnymi inhibitorami systemu efflux sg zdolne do blokowania
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transportu komorkowego. W ten sposob zaburzona zostaje sekrecja Al oraz sekrecja
enzymoéw produkowanych przez komorki drobnoustrojow (Agreles i in., 2021).
Przyktadowo, naringenina konkurujac z czasteczka 3-0kso-C12-HSL o miejsce wigzania
biatka LasR, doprowadzita do inhibicji syntezy czynnikow wirulencji u Pseudomonas
spp. (Hernando-Amado i in., 2020).

W literaturze szczegdlng uwage zwrocono na olejki eteryczne w aspekcie
ingerencji w system quorum sensing drobnoustrojow (Deryabin i in., 2019). Ich aplikacja
w zywnosci pochodzenia morskiego Wpisuje si¢ w aktualny trend zainteresowania
zywnos$cig pozbawiong syntetycznych dodatkow (Hassoun i Emir Coban, 2017).
W sklad olejkow eterycznych wchodza gléwnie zwiazki terpenowe, odpowiadajace
zardbwno za intensywny zapach jak i dziatanie przeciwdrobnoustrojowe (Yu i in., 2020).
Aktywnosc¢ biologiczna olejku eterycznego jest Scisle zwigzana z jego stezeniem (Pandey
i in., 2017). Stezenia olejkow eterycznych wymagane do catkowitej inaktywacji komorek
mikroorganizmow w zywnosci moga powodowac niekorzystne zmiany organoleptyczne.
W zwigzku z tym proponuje si¢ stosowanie stezen subinhibicyjnych (subMIC), aby
zapewni¢ roéwnowage migdzy akceptowalno$cig sensoryczng a skuteczno$cia
przeciwdrobnoustrojowa (Leite de Souza, 2016). Istotny jest rowniez fakt wykorzystania
w zywnosci olejkow eterycznych pozyskanych z surowcow stosowanych jako przyprawy,
aby zachowa¢ naturalny charakter produktu (Kalia, 2013; Macwan i in., 2016).

Dziatanie przeciw-quorum sensing olejkéw eterycznych opiera si¢ gtownie na
ingerencji w syntez¢ czasteczek Al oraz inaktywacji biatek receptorowych na skutek
oddziatywania z miejscem wigzania wlasciwych Al. Powyzsze dziatanie wykazano dla
olejku eterycznego z mirtu, jatowca, oregano, majeranku, tymianku, szatwii czy
rozmarynu (Myszka i in., 2020; Myszka i in., 2021; Camele i in., 2019; Kerekes i in.,
2013). Natomiast niewiele badan wykonano celem okreslenia wptywu olejku eterycznego
z estragonu i pieprzu czarnego do hamowania aktywno$ci quorum sensing
u Pseudomonas spp.

Podsumowujac, olejki eteryczne stanowig naturalne zrodto zwigzkow o dziataniu
przeciwdrobnoustrojowym oraz przeciw-quorum sensing; moga z powodzeniem
zastgpowac chemiczne $rodki konserwujgce zywnos¢. Ograniczeniem ich wykorzystania
w zywno§ci jest silny aromat, ktory moze negatywnie wplywac na cechy organoleptyczne
produktu. Dlatego konieczne jest prowadzenie badan nad aktywno$cig biologiczng
olejkéw eterycznych zastosowanych w stezeniach subMIC wobec komorek

drobnoustrojéw psujacych zywnosé¢ (Kalia, 2013; Koh i in., 2013).
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2. Hipotezy badawcze i cele pracy

Celem gltownym niniejszej pracy byta ocena wpltywu TEO i BPEO na system
quorum sensing i aktywno$¢ metaboliczng bakterii P. psychrophila KMO02
wyizolowanej z ryb.

Cele szczegdtowe pracy obejmowaty:

C1. Oceng aktywnosci przeciwdrobnoustrojowej TEO i BPEO oraz ich sktadnikow
bioaktywnych wobec Pseudomonas spp. poprzez wyznaczenie stezen SUoMIC

oraz ocen¢ zmian w profilu kwasow tluszczowych oston komoérkowych;
C2. Oceng zdolnosci syntezy Al przez Pseudomonas spp.

C3. Okreslenie potencjatu przeciw-quorum sensing TEO i BPEO w oparciu
o analize¢ zmian syntezy Al oraz komputerowg ocen¢ stopnia wigzania
gtéwnych sktadnikow olejkéw eterycznych z biatkami receptorowymi

qguorum sensing Pseudomonas spp.;

C4. Analize catego genomu i calego transkryptomu P. psychrophila KMO02 pod
katem  obecnosci  czynnikow  determinujacych  wzrost/aktywnos¢

metaboliczng komorek w matrycy zywnosci,

C5. Oceng wpltywu TEO, BPEO oraz ich sktadnikow bioaktywnych na system
efflux i T2SS P. psychrophila KM02 w warunkach in situ;

C6. Ocene wptywu TEO, BPEO oraz ich sktadnikow bioaktywnych na wtasciwosci
proteolityczne, lipolityczne i syntez¢ EPS przez P. psychrophila KMO02
w warunkach in vitro oraz in situ;

C7. Oceng wzrostu P. psychrophila KM02 w modelowym produkcie spozywczym,
suplementowanym subMIC TEO i BPEO.

Niniejsza praca podejmuje probe wyjasnienia czy poprzez zaburzanie systemu
quorum sensing mozna wptyna¢ selekcyjnie na metabolizm komoérek Pseudomonas spp.
I ograniczy¢ procesy psucia si¢ zywno$ci? Zaplanowane zadania badawcze umozliwity

sformutowanie nastepujacych hipotez badawczych:
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H1. Stezenia subMIC TEO i BPEO ingeruja w system quorum sensing

u Pseudomonas spp. wyizolowanych z zywnosci.

H2. Skutkiem ingerencji w system quorum sensing przez TEO i BPEO jest
zaburzanie aktywno$ci metabolicznych komorek P. psychrophila KMO02,

odpowiedzialnych za psucie si¢ zywnosci.

H3. Zaburzanie aktywnos$ci metabolicznych komoérek P. psychrophila KMO02
ksztaltuje jakos¢ mikrobiologiczng ryb.
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Pozyskanie TEO i BPEO i charakterystyka chemiczna
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3. Cze$¢ doswiadczalna
3.1. Drobnoustroje wykorzystane w badaniach

W poczatkowych etapach pracy obejmujacych badanie aktywnoSci
przeciwdrobnoustrojowej i przeciw-quorum  sensing  olejkow  eterycznych
wykorzystano trzy gatunki bakterii nalezacych do rodzaju Pseudomonas spp. —
P. fluorescens KM148, P. orientalis KM249 oraz P. psychrophila KMO02.
Drobnoustroje wyizolowano z prob $wiezego tososia atlantyckiego (Salmo salar)
dostepnego w handlu. W procedurze izolacji wykorzystano pozywke Pseudomonas
CFC Agar zgodnie z Normg PN-EN ISO 13720:2010. Proces inkubacji prowadzono
w temperaturze 4 + 1°C przez 72 h. Uzyskane izolaty zidentyfikowano poprzez
sekwencjonowanie i analiz¢ polimorfizmu restrykcyjnych dlugosci amplikonu genu
16S rRNA. Drobnoustroje zdeponowano w Katedrze Biotechnologii i Mikrobiologii
Zywnosci Uniwersytetu Przyrodniczego w Poznaniu. Drobnoustrojem wykorzystanym

we wszystkich analizach byt szczep P. psychrophila KMO02.

3.2. Material roslinny

W badaniach wykorzystano wysuszone ziarna pieprzu czarnego (Piper nigrum L.)
oraz wysuszone liscie estragonu (Artemisia dracunculus L.) pochodzace odpowiednio
z upraw konwencjonalnych w Wietnamie i w Hiszpanii. Material zakupiono od

lokalnego dostawcy gwarantujacego jednorodnos$¢ materiatu.

3.3. Pozywki

W celu ozywiania szczepoéw, prowadzenia hodowli kontrolnych, wyznaczenia
indeksow subMIC oraz prowadzenia hodowli przeznaczonej do sekwencjonowania
genomu wykorzystywano bulion tryptozowo-sojowy (TSB) (BD Bioscences, USA)
o sktadzie: trzustkowy hydrolizat kazeiny 17,0 g/L, enzymatyczny hydrolizat sojowy
3,0 g/L, chlorek sodu 5,0 g/L, wodorofosforan (V) potasu 2,5 g/L oraz glukoza 2,5 g/L.
Wartos¢ pH pozywki wynosita 7,0.

Przy profilowaniu transkryptomu wykorzystano zmodyfikowang pozywke TSB
(zTSB), w ktorej zastapiono trzustkowy hydrolizat kazeiny oraz enzymatyczny
hydrolizat sojowy peptonem wytworzonym z ryby (HiMedia, Niemcy) w ilosci

20.0 g/L. Pozostate sktadniki pozywki: chlorek sodu, wodorofosforan (V) potasu oraz
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glukoze wprowadzono w ilo$ciach odpowiadajacych standardowemu sktadowi podtoza
TSB. Odczynniki zakupiono w Sigma-Aldrich (USA). W celu zbadania poziomu
mRNA gendéw kodujacych biatka systemu efflux oraz T2SS zmodyfikowang pozywke
TSB suplementowano kwasem nalidyksowym (NA) (Biomaxima, Polska) w stezeniu
30 pg/mL. Warto$¢ pH pozywki wynosita 7,0.

Do hodowli Pseudomonas spp majacych na celu odtworzenie ekosystemu
produktow z ryb, wykorzystano pozywke wg. Dalgaard, (1995) (FIM). Porcje ryby
0 masie 1000g pozbawiong czg¢sci statych zawieszano w 500 mL wody wodociggowe;j
I poddano homogenizacji w urzadzeniu Pulsifier (Microgen Bioproducts, Wielka
Brytania). Proby saczono przez jalowa gaze i suplementowano buforem fosforanowym
0,10 M, diwodorofosforanem (V) potasu 0,056 M i wodorofosforanem (V) potasu 0,044
M. Odczynniki zakupiono w POCH (Polska). Po wyjatowieniu (121°C, 15 min)
pozywke wzbogacono tlenkiem trimetyloaminy 1,6 g/L, L-cysteing 40 mg/L oraz
metioning 40 mg/L. Odczynniki zakupiono w Sigma-Aldrich (USA).

3.4. Warunki hodowli

Pobrane z depozytu zamrozone szczepy bakterii wprowadzano do probowek
typu eppendorf i wstepnie namnazano w podtozu TSB. Hodowle prowadzone na
podtozu TSB (warunki in vitro) oraz w FIM (warunki in situ) suplementowano TEO
i BPEO oraz sktadnikami bioaktywnymi: metyleugenolem (ME), B-felandrenem (PHE),
limonenem (LIM) oraz B-kariofilenem (CAR). Procedure otrzymywania olejkow
eterycznych opisano w podrozdziale 3.5.1. Roztwory olejkow eterycznych i ich
sktadnikoéw bioaktywnych przygotowywano w dimetylosulfotlenku (DMSO) (POCH,
Polska), ktorego udziat w hodowli Pseudomonas spp. nie przekraczat 1%. Wszystkie

hodowle inkubowano w 4 + 1°C przez 72 h.

3.5. Metody badan

3.5.1. Hydrodestylacja TEO i BPEO i charakterystyka skladu chemicznego
technikg GC-MS

Proces hydrodestylacji olejkow eterycznych prowadzono w aparacie
Clevengera. Mas¢ 100g materiatu roslinnego, rozdrobnionego w mozdzierzu,
umieszczano w kolbie okragtodennej o pojemnosci 1000 mL 1 nastgpnie uzupetniano

wodg destylowang do pojemno$ci 500 mL. Zawarto$¢ kolby aparatu Clevengera

20



utrzymywano w stanie wrzenia przez okoto 2-3 h. Otrzymane olejki eteryczne
z odbieralnika pobierano do fiolek z ciemnego szkla i szczelnie zamykano. Sktad
chemiczny pozyskanych olejkéw eterycznych oceniano technikg chromatografii
gazowej (Hewlett-Packard HP 7890A, USA) sprzezonej ze spektrometrig mas
(Agilent Technologies 5975C, USA). W pracy do rozdzialu chromatograficznego
wykorzystano kolumny kapilarne: Supelcowax-10 (30 mx0,25 mmx0,5 um) oraz
DB-5 (30 m x 0,25 mm x 0,25 um). Gazem no$nym byt hel o stalym przeptywie
wynoszagcym 0,8 mL/min. Do rozdzialu zastosowano nastepujacy program
temperaturowy: temperatura poczatkowa pieca 40°C (2 min.) podniesiona do 240°C
z szybkoscig 8°C/min i utrzymywana przez 6 min. Nastrzyk wykonano w trybie
podziatu strumienia 20:1 (split) w temperaturze 220°C. Temperatura zrodla jonow
wynosita 220°C a widma masowe rejestrowano w zakresie skanowania m/z 30-350.
Zwiazki identyfikowano, porownujac indeksy retencji (retention index, RI) i widma
masowe z RI i widmami masowymi wzorcéw. Dodatkowo przeprowadzono wstgpna
identyfikacje zwigzkow olejkéw eterycznych poprzez pordownanie ich widm
masowych z danymi spektralnymi oraz RI dostgpnymi w bazie NIST 05. RI dla
kazdego zwiazku oceniano na podstawie szeregu homologicznego n-alkanéw C6-C16.
Oznaczenia wykonano we wspotpracy z Zespotem Pracowni Badania Zwigzkow

Lotnych i Aktywnych Sensorycznie Uniwersytetu Przyrodniczego w Poznaniu.

3.5.2. Wyznaczenie indekséw subMIC TEO, BPEO, ME, PHE, LIM i CAR
wzgledem Pseudomonas spp.

Wartoéci  indeksow subMIC olejkow eterycznych oraz sktadnikow
bioaktywnych wyznaczano metodg seryjnych rozcienczen zgodnie z rekomendacjami
The Clinical and Laboratory Standards Institute (CLSI, 2012). W oznaczeniach
wykorzystano zawiesiny Pseudomonas spp. o gestosciach odpowiadajgcych 0,5
McFarlanda. Jatlowe podloze TSB oraz jatowe podloze TSB suplementowane
wybranymi st¢zeniami olejkow eterycznych 1 skladnikami bioaktywnymi
wykorzystano jako proby kontrolne. Ocen¢ makroskopowa wzrostu drobnoustrojow

dokonano po procesie inkubacji prowadzonej w temperaturze 4°C przez 72h.
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3.5.3. Ekstrakcja kwasow tluszczowych i ich identyfikacja technikg GC-FID

Ekstrakcje kwasow thuszczowych z oston komoérkowych bakterii Pseudomonas
spp. eksponowanych na dziatanie SUbMIC olejkéw eterycznych prowadzono wedlug
metodyki opisanej w pracy Whittaker i in., (2005). Drobnoustroje zawieszano
w 3,75 N roztworze NaOH i ogrzewano przez 30 min. we wrzacej tazni wodne;j.
Po schlodzeniu, do prob wprowadzano 3,25 N roztwor HCIl i ogrzewano
w temperaturze 80°C przez 10 min. Kwasy tluszczowe ekstrahowano mieszaning
heksanu i eteru metylo-tert-butylowego. Do uzyskanej warstwy organicznej dodawano
3 mL roztworu NaOH.

Profil chemiczny kwasow ttuszczowych Pseudomonas spp. oceniono technika
chromatografii gazowej z detekcja ptomieniowo-jonizacyjna ((GC-FID) (Thermo
Scientific TRACE 1300, USA)). W badaniach wykorzystano kolumne kapilarng
HP-5MS 30 m x 0.25 mm x 0.25 um (Agilent Technologies, USA) i autosampler
AI/AS 1310 (Thermo Scientific, USA). Probki wstrzykiwano w trybie splitless,
a gazem no$nym byl wodér o staltym przeptywie 35 mL/min. Czasy retencji
porownywano z danymi uzyskanymi dla standardow bakteryjnych estréw metylowych
kwasow tluszczowych (BAME Mix; Sigma Aldrich, USA) w identycznych warunkach

rozdziahu.

3.5.4. Ekstrakcja Al systemu quorum sensing Pseudomonas spp. i ich
identyfikacja technika UHPLC-MS/MS

Czasteczki Al ekstrahowano z pltynow pohodowlanych Pseudomonas spp.
wedlug procedury opisanej przez Ravn i in., (2001). Po odwirowaniu (3000 g, 10 min)
hodowli, supernatant filtrowano przez sterylny filtr Millex-GP (Millipore, USA)
o $rednicy poréow 0,22 pum. Proby traktowano mieszaning octanu etylu i kwasu
mréwkowego w stosunku 99,5:0,5, a nastepnie odparowywano w wyparce
i przechowywano w temperaturze -20°C. Profile Al systemu quorum sensing nalezace
do grupy AHL i zwigzkow chinolowych oceniano przy pomocy wysokosprawnej
chromatografii cieczowej sprzgzonej ze spektrometria mas (UHPLC-MS/MS)
(Dionex UltiMate 3000 (Thermo Fisher Scientific, USA) z systemem gqTOF (maXis
impact Bruker Daltonic, Niemcy) w uktadzie odwréconych faz z kolumng Kinetex™
1,7 um C18 100 A 100 x 2,1 mm (Phenomenex Torrance, USA). Ekstrakty zawieszano

w 99,9% metanolu i wprowadzano do uktadu. Faza ruchoma byt 5 mM wodny roztwoér
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octanu amonu, zawierajacy 0,1 % kwas octowy (A) oraz 5 mM metanolowy roztwor
octanu amonu, zawierajacy 0,1 % kwas octowy. Zwiazki identyfikowano na podstawie
czasOw retencji standardow: 3-0x0-C12-HSL, 3-0x0-C14-HSL, 3-ox0-C6-HSL (LOD
0,005 pg/mL), 3-0x0-C8-HSL, C12-HSL, C4-HSL i C6-HSL (LOD 0,004 pg/mL),
HHQ (LOD 0.0002 pg/mL) i PQS (LOD 0.0001 pg/mL) oraz mas jonow
pseudomolekularnych.  Analiza strukturalna widm fragmentacyjnych byla
wspomagana narzedziami informatycznymi CSI:FingerID (Lehrstuhl Bioinformatik
Jena, Niemcy) oraz Met-Frag (Leibniz Institute of Plant Biochemistry, Halle,
Niemcy). Analizy ilo$ciowe prowadzono z wykorzystaniem krzywych kalibracyjnych.
Oznaczenia wykonano we wspolpracy z Zespotem Pracowni Fermentacji i Biosyntezy

Uniwersytetu Przyrodniczego w Poznaniu.

3.5.5. Modelowanie in silico dokowania ME, PHE, LIM i CAR do receptoréow

systemu quorum sensing u Pseudomonas spp. oraz bialek efflux

Analizy dokowania molekularnego przeprowadzono wedlug metody opisanej
przez Kumar i in., (2015). W pracy zastosowano program komputerowy Schrodinger
(wersja 11.7 i 12.6, Schrodinger, USA). Trojwymiarowe czgsteczki ligandow: Al:
3-0x0-C12-HSL (CID: 3246941), C4-HSL (CID: 10130163), 3-ox0-C8-HSL (CID:
4476497) oraz PQS (CID: 2763159); zwigzkoéw bioaktywnych olejkow eterycznych:
ME (CID: 7127), PHE (CID: 11142), CAR (CID: 5281515) oraz LIM (CID: 22311);
inhibitorow quorum sensing i systemu efflux: C30-furanon (CID:10131246),
3-amino-7-chloro-2-nonylochinazolin-4-onu  (CID:  71627415) oraz  3,7-
dimetyloksantyny (CID: 71627415) pobrano z bazy danych PubChem. Struktury
krystalograficzne receptorow LasR (PDB ID: 2UV0), TraR (PDB ID: 1HOM) oraz
PgsR (PDB ID: 4JVI) pozyskano bezposrednio z bazy Protein Data Bank (PDB).
Struktury bialek RhIR (ID: P54292), Mfs (WP_048352147.1) MexB
(WP_048351074.1) oraz MuxB (WP_019828952.1) modelowano przy uzyciu
programu I-Tasser (Roy i in., 2010; Yang i in., 2015; Zhang, 2008) wykorzystujac
sekwencje aminokwasowe pozyskane z bazy UniProt oraz NCBI. W zalezno$ci od
wariantu, do struktur krystalograficznych dodano atomy wodoru, okre§lano stany
protonacyjne aminokwasow (LYS, ARG, HIS, ASP, GLU), przypisano tadunki do
atoméw oraz przypisano brakujace tancuchy boczne (Madhavi Sastry i in., 2013).

Struktury biatek minimalizowano do domys$inej wartosci pola sitowego OPLS3e
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sredniego odchylenia kwadratowego (RMSD; Root Mean Square Deviation)
wynoszacego 0,30 A od hydrofobowych miejsc wigzacych (Harder i in., 2016).
Nastepnie generowano tzw. siatki dokowania: w przypadku biatek LasR, TraR i PqsR
byly to znane miejsca aktywne, natomiast dla biatek RhIR, Mfs, MexB i MuxB
wykorzystano analize optymalnych hydrofobowych miejsc wigzacych. Dokowanie
prowadzono z wykorzystaniem modu Extra Precision z elastycznym probkowaniem
w wyznaczonych siatkach dokujgcych (Friesner i in., 2006). Wyboru konformacji
danego ligandu wzgledem biatka dokonano na podstawie wartosci Emodel, natomiast

dla poréwnania sity wigzania ligand-receptor wykorzystano warto$ci XP GlideScore.

3.5.6. lzolacja genomowego DNA P. psychrophila KMO02 i sekwencjonowanie
WGS

Do izolacji genomowego DNA P. psychrophila KMO02 wykorzystano zestaw
odczynnikow Qlagen DNeasy Blood and Tissue (Qiagen, Niemcy) i postepowano
zgodnie z instrukcjag dostarczong przez producenta. Sekwencjonowanie
przeprowadzono w komercyjnym laboratorium Genomed S.A. w Warszawie.
Sekwencjonowanie przeprowadzono dwoma metodami: MiSeq (Illumina, USA) oraz
MinlON (Oxford Nanopore Technologies, Wielka Brytania). Przy sekwencjonowaniu
na urzadzeniu MiSeq (Illumina, USA) wykorzystano zestaw odczynnikow Nextera XT
DNA library 300-bp paired-end preparation kit (Ilumina, USA). Sekwencjonowanie
nanoporowe prowadzono na urzadzeniu MinlON (Oxford Nanopore Technologies,
Wielka Brytania) z zastosowaniem odczynnikow SQK-NSKO007 Rapid Sequencing
kit. Surowe dane sekwencjonowania analizowano przy uzyciu programu CLC
Genomics Workbench v. 20.0 i CLC Microbial Genomics Module v. 20.0 (Qiagen,
USA). Sktadanie de novo genomu P. psychrophila KM02 prowadzono z potaczonych
odczytow z platformy MiSeq i MinlON. Ztozong sekwencj¢ chromosomu
bakteryjnego wprowadzono do bazy NCBI GenBank pod numerem NZ_CP049044.1.
Poréwnanie catego genomu z sekwencjami pokrewnych gatunkéow wykonano przy
uzyciu Mauve 2.4.023 (Darling i in., 2004), a wizualizacj¢ genomu utworzono
za pomocg GView Server (Petkau i in., 2010). Analiz¢ pangenomu pod wzglgdem
rozktadu klastréw ortologicznych grup bialek (Clusters Of Orthologs, COG)
przeprowadzono przy uzyciu narzedzia BPGA 1.3 (Chaudhari i in., 2016). Sekwencje
kodujace biatka (CDS) przypisano do sekwencji catego genomu P. psychrophila
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KMO02 za pomocg narzedzia Find Procaryotic Genes w module CLC Microbial
Genomics. Adnotacje funkcjonalne uzyskanych CDS przypisano za pomocg narzgdzia
SwissPROT z anotacjami ontologii genowych (gene ontology; GO) oraz bazg rodzin
biatkowych Pfam. Rozktad COG genomu obliczono za pomocg serwisu WebMGA
(Wu i in., 2011). Dodatkowo przeprowadzano analiz¢ genomu za pomoca narzgdzia
bioinformatycznego CARD (The Comprehensive Antibiotic Resistance Database)
(Alcock i in., 2019) i RAST (Rapid Annotations using Subsystems Technology) (Aziz
i in., 2008) w celu okreslenia obecnosci gendéw systemu efflux i warunkujgcych
opornos¢ P. psychrophila KMO02 na srodki przeciwdrobnoustrojowe. Oznaczenia
wykonano we wspolpracy z Zespolem Katedry Biochemii i Biotechnologii

Uniwersytetu Przyrodniczego w Poznaniu.

3.5.7. lzolacja RNA P. psychrophila KM02 do profilowania transkryptomu
I sekwencjonowanie RNA-seq

Izolacje catkowitego komorkowego RNA z hodowli P. psychrophila KM02
przeprowadzono zestawem odczynnikdow RNAqueous Kit (Thermo Fisher Scientific,
USA) zgodnie z instrukcjg dostarczong przez producenta. RNA rybosomalne usunigto
z proby za pomocg Ribominus Transcriptome Isolation Kit (Invitrogen, USA).
Biblioteki przygotowano stosujac odczynnik Collibri Stranded RNA Library Prep Kit
(Invitrogen, USA). Uzyskane biblioteki przed sekwencjonowaniem szacowano
iloSciowo na podstawie pomiaru fluorymetrycznego na urzadzeniu Qubit (Thermo
Fisher Scientific, USA) i na elektroforegramie bioanalizatora DNA (Agilent
Technologies, USA).  Sekwencjonowanie  prowadzono w  technologii
sekwencjonowania przez synteze¢ na urzadzeniu MiSeq (Ilumina, USA) zestawem
odczynnikow MiSeq Reagent kit v3 (Ilumina, USA). Uzyskane dane analizowano
przy uzyciu programu CLC Genomics Workbench oraz zdeponowano w bazie NCBI
SRA (Bioproject: PRINA509367, Biosample: SRX9799402; SRA: SRR13376050).
Po zmapowaniu odczytow do genomu referencyjnego P. psychrophila KMO02
(NZ_CP049044.1), analizowano poziom transkrypcji gendéw, normalizujac
wspotczynnikiem RPKM (reads per kilobase per milion mapped reads). Bazg danych
Pfam wykorzystano przy klasyfikacji rodzin i domen biatek. Funkcj¢ transkryptow
okre$lono za pomocg adnotacji bazy danych GO. Oznaczenia wykonano
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we wspolpracy z Zespolem Katedry Biochemii i Biotechnologii Uniwersytetu

Przyrodniczego w Poznaniu.

3.5.8. Charakterystyka genow, izolacja RNA i oznaczenie ich wzglednej
ekspresji technikg RT-gPCR

Zmiany w poziomie mRNA wybranych gendéw analizowano za pomoca
techniki reakcji tancuchowej polimerazy z odwrotng transkrypcja w czasie
rzeczywistym (RT-qPCR). Startery do reakcji PCR zaprojektowano w programie CLC
Genomics Workbench (wersja 20.0, Qiagen USA) oraz narzedziem Primer-BLAST
(Yeiin., 2012) w serwerze NCBI na podstawie sekwencji genomu P. psychrophila
KMO02. Charakterystyke wszystkich analizowanych genow przedstawiono w Tabeli 1.

Hodowle traktowano odczynnikiem RNAprotect® Bacteria Reagent (Qiagen,
Niemcy). W procedurze izolacji mRNA wykorzystano zestaw odczynnikow
PureLink™ RNA Mini Kit (Thermo Fisher Scientific, USA). Uzyskane mRNA
oczyszczano zestawem odczynnikowym PureLink™ DNase Set (Invitrogen, USA)
zgodnie z protokotem dostarczonym przez producenta. Stgzenie oraz jakos¢
wyizolowanego mRNA oznaczono fluorymetrycznie stosujac odczynniki Qubit™ XR
RNA oraz Qubit™ [Q RNA (Thermo Fisher Scientific) na urzadzeniu Qubit 4
(Thermo Fisher Scientific, USA). Odwrotng transkrypcje przeprowadzono zestawem
odczynnikow High Capacity RNA-to-cDNA (Life Technologies, USA) zgodnie
z instrukcjg zatgczong przez producenta. Analizy RT-gPCR prowadzono w systemie
CFX96 (BioRad, USA) z wykorzystaniem zestawu odczynnikoéw GoTaq® Master
Mix (Promega, Niemcy). Wydajno$¢ amplifikacji okres§lano w programie
komputerowym LinRegPCR (Ruijter i in., 2009). Ekspresje badanych genow
normalizowano wzgledem genu referencyjnego kodujacego podjednostke 16S rRNA.

W obliczeniach wykorzystano metoda opisang przez Pfaffl (2001).
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Tabela 1. Charakterystyka genow analizowanych w pracy

Nazwa Definicia/orzewidvwana rola denu Sekwencja startera przedniego Sekwencja startera wstecznego Tm  Wielko$é¢

genu Jalpreewiey ‘ (53 (5-3) ) (p2)

:Sﬁl A mata podjednostka rybosomalnego RNA, gen referencyjny GGAGACTGCCGGTGACAAACT TGTAGCCCAGGCCGTAAGG 56 75

MUXA btonowe biatko infuzyjne nalezace do system efflux typu RND, czgs¢ GTGTACTTCAAGGCGCTG TTGACCATCTGCCCTTCC 57 110
kompleksu MuxABC-OpmB

opmB biatko e_fﬂux blony”zewnf;trzne_], Wspolrpre_lcujqce z systemem MuxABC w GGCAGAGGTGGATCGTAA CACCTTCAATTGCACCAT 54 112
wypltywie substancji na zewnatrz komorki

MexA btonowe biatko infuzyjne nalezace do system efflux typu RND, czgs¢ CCTTTTACCTTGACCACC TTTTACATCGCTGCCTTC 53 120
kompleksu MexAB-OprM

opriq  Diatko efflux blony zewnetrznej, wspolpracujace z systemem MexAB w AGAACTACTTTGCAACCGA GTTTCAGCAGCTCTTTGT 55 108
wypltywie substancji na zewnatrz komorki

tetR lokalny represor transkrypcyjny regulujacy funkcjonowanie systemu efflux TGTGTTTTCGCGCTTTCT GTAACTCTTCAAGGCTGGG 57 101

marR globalny represor transkrypcyjny regulujacy oporno$é na antybiotyki AAGGTGCTGATTATCATGG AGCTTTTTTTGCTCGAGG 54 119

tadB1  wewnatrzblonowe biatko nalezace do rodziny F T2SS CCCAGTACCAAAGCCGTCAT CAACGTTCAGATGGGGGTGA 60 231

tadC1 wewnatrzblonowe biatko nalezace do rodziny F T2SS transportuje biatka na TGCTGAAGAATCACGCAGGT AGAGACGGCAACAGGAAGTG 60 262
powierzchni¢ komorki/przestrzeni pozakomdrkowej

gspG glowna pseudopilina T2SS, transportuje toksyny i enzymy TTGGTGGTACTGGTGGTCCT CTGCAAGCCTTGTTCGGTTG 60 177

gspH1  Diatkonalezace do rodziny GspH, niezbedne do zaleznego od energii CGCTTTTGATGTCTGCCACC CGCTACTTCAACAGCCTGGA 60 244
wydzielania z peryplazmy

gspH2 b1a¥kc_> nale_:iqce do rodziny GspH, niezbgdne do zaleznego od energii TCCACCAGCACTTGCAGATT CCTCGCAACGTGGTTTTACS 60 244
wydzielania z peryplazmy

pulG biatko T2SS, pseudopilina PulG CCACTGACTGGGAAAGTCCG AAGACCTGTTGCAGGACGAG 60 179
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Tabela 1. Charakterystyka genow analizowanych w pracy (c.d.)

Bialko z rodziny F, nalezace do T2SS, transportuje toksyny i enzymy na

pulF powierzchnie komérki/przestrzeni pozakomorkowej TCAGCCAGGAACTGACAACC CACAAGTGCAACGTAGAGCG 60 200
Alga ;‘I‘gmgﬁi'l'P'g”a”y'y'O"a”Sfe’aza /mannoza-6-P-izomeraza, liaza TGGTGACCTTTGGCATTT CAAACCGCTCGACCTTAAA 55 102
algu wspotezynnik sigma o, aktywator operonu syntezy alginianu GTTGATCGTGCGTTTTGT CATGTGTAAAAGGCGCTG 56 117
mucA Wspotczynnik anti-sigma o; negatywny regulator genu algU GAAGCGGACGAACTGGAA GGAATCAACAGGTCCTTG 54 119
M22_1 metalopeptydaza zaangazowana w degradacje biatek CGTGCCTACCGAGATTGA CGGAATACCCCAGGCAAA 56 112
M3_2 metalopeptydaza zaangazowana w degradacj¢ biatek GGCGATGGATGAGCTGAA GAATAGGCGCTCAAGGCA 57 129
S11 3 peptydaza serynowa o szerokim zakresie aktywnosci peptydazy AGTCCTACGTTCTGATGG GTTTTCGCCGATCTGACC 55 146
lipA lipaza A, zaangazowana w hydroliz¢ estréw cholesterolu i triacylogliceroli GTGGGGCAATTGGTTTGA TGATTGACCATGCGCTGA 57 148
lipB lipaza B, zaangazowana w produkcj¢ aktywnej lipazy A CTACCTTTTTGTTACCCGTT ATCACGTCGTAGCATTTC 53 118
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3.5.9. Badanie wlasciwosci proteolitycznych P. psychrophila KM02

Zmiany w aktywnos$ci proteolitycznej P. psychrophila KMO02 po inkubacji
z olejkami eterycznymi i zwigzkami bioaktywnymi oceniano spektrofotometrycznie
wedlug metody opisanej przez Polychroniadou, (1988) z pewnymi modyfikacjami.
Hodowle wirowano (3000 g, 10 min.), a do otrzymanego supernatantu wprowadzano
0,5 mL buforu boranowego i 1 mL 1% kwasu 2,4,6-trinitrobenzenosulfonowego
(TNBS). Proby inkubowano w temperaturze 37°C przez 1 h, po czym wprowadzano
2 mL 0,1 M diwodorofosforanu sodu zawierajacego 1,5 mM siarczanu sodu.
Intensywnos¢ powstajacej zottopomaranczowej barwy 0znaczano
spektrofotometrycznie przy dtugosci fali 420 nm. Stopien inhibicji aktywnosci

proteolitycznej badanych drobnoustrojow wyliczano wedtug wzoru:

%PI =100 — (5 x 100)

gdzie:
A — wartos¢ absorbancji proby traktowane;j

A — warto$¢ absorbancji proby kontrolnej

3.5.10. Badanie wlasciwosci lipolitycznych P. psychrophila KM02

Zmiany w aktywnosci lipolitycznej P. psychrophila KM02 oceniano metoda
spektrofotometryczng zgodnie z procedurg zaproponowang przez Stuer i in., (1986).
W Dbadaniach zastosowano roztwor zawierajacy 10 mL izopropanolu, 30 mg
palmitynianu p-nitrofenylu oraz 90 mL 0,05 M buforu fosforowego Sorensena.
Roztwor ogrzewano w temperaturze 37°C. Roztwor w ilosci 2,4 mL wprowadzano do
0,1 mL ptynu pohodowlanego. Po 15-minutowej inkubacji w temperaturze 37°C
mierzono absorbancj¢ przy dilugosci fali 420 nm. Stopien inhibicji aktywnosci

lipolitycznej badanych drobnoustrojéw obliczano wedtug wzoru:

%LI =100 — (3¢ X 100)

gdzie:
A — warto$¢ absorbancji proby traktowanej

A — warto$¢ absorbancji proby kontrolnej

29



3.5.11. Badanie zdolnosci syntezy EPS przez P. psychrophila KM02

W pracy wykorzystano procedure ekstrakcji bakteryjnych EPS opisang przez
Forde i Fitzgerald (1999). Hodowle P. psychrophila KMO02 wirowano i zawieszano
w 1,5 mL 30% roztworu NaOH. Proby ogrzewano we wrzacej tazni wodnej przez
15 min. Po wirowaniu (10000 rpm/15 min.) do prob dodawano 60% roztworu etanolu,
1 mL sterylnej wody destylowanej oraz 7 mL 77% roztworu kwasu siarkowego. Po
zworteksowaniu i schtodzeniu, do préb dodawano 1 mL 1% roztworu tryptofanu. Po
inkubacji prob we wrzacej tazni wodnej prowadzono pomiar absorbancji przy dlugosci
fali 500 nm. Stezenie EPS obliczano z krzywej standardowej utworzonej na podstawie
znanych st¢zen alginianu sodu. Stopien inhibicji syntezy EPS u P. psychrophila KM02

obliczano na podstawie wzoru:

EPS;
EPS,

%EI = 100 — (= x 100)

gdzie:
EPS: — stezenie EPS (ug/10°® jtk) dla proby traktowanej
EPS. — stezenie EPS (ug/108 jtk) dla proby kontrolnej

3.5.12. Ocena in situ wzrostu P. psychrophila KMO02 w filetach swiezego lososia

atlantyckiego

Proby 10 g Swiezego tososia atlantyckiego inokulowano 1 mL hodowli
P. psychrophila KMO02 o gestosci 10* jtk/g. Marynate przygotowano z oliwy z oliwek
oraz octu winnego w uktadzie 95:5. TEO i BPEO wprowadzano do marynaty
w stezeniach subMIC. Préby tososia pakowano w sterylnej folii z polichlorku winylu;
w opakowaniach generowano warunki préozniowe (Multivac T200, Niemcy). Proby
przechowywano w 4 + 1°C przez 5 dni. Wzrost P. psychrophila KMO02 oceniano 1, 3
1 5 dnia stosujac metod¢ plytkowa Kocha. Proby otwierano w sterylnych warunkach
i zawieszano w 90 mL 0,1% sterylnej wody peptonowej (Oxoid, Wielka Brytania). Po
homogenizacji (Microgen Bioproducts, Wielka Brytania) wykonywano seri¢
rozcienczen 1 posiewano 0,1 mL materialu na agar z cefalorydyng, kwasem
fusydowym i cetrymidem (CFC) (Oxoid, Wielka Brytania). Ptytki Petriego
inkubowano w temperaturze 4 + 1°C przez 72 h i zliczano wyroste kolonie. Wynik

przeliczano w jednostce jtk/g produktu.
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3.5.13. Analiza statystyczna wynikéw

Wszystkie doswiadczenia wykonano w trzech niezaleznych powtoérzeniach, a
wyniki przedstawiono jako warto§¢ $rednig = odchylenie standardowe. Istotno$é
rdéznic pomigdzy probami Wyznaczono za pomocg jednokierunkowej analizy wariancji
(ANOVA) oraz testow wielokrotnych poréwnan Tukey’a (dla pozostatych
doswiadczen). Analize rozktadu normalnego oceniono testem Shapiro-Wilka,
natomiast jednorodno$§¢ wariancji testami Levene’a. Analizg statystyczng

przeprowadzono w programie komputerowym R Studio (wersja 4.0.5, 2021).
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4. Omowienie wynikow i dyskusja

4.1. Charakterystyka chemiczna TEO i BPEO

Potencjat aplikacyjny oraz aktywnos¢ biologiczna olejkoéw eterycznych zalezy od
ich sktadu chemicznego (Yu i in., 2020). Olejki eteryczne zawierajace glownie zwiazki
terpenowe hamujg aktywno$¢ metaboliczng drobnoustrojow i ingerujg w proliferacje
komorek bakteryjnych; mogg rowniez charakteryzowa¢ si¢ wlhasciwosciami
przeciwutleniajgcymi (Rao i in., 2019). Z powyzszych wzgledow, olejki eteryczne coraz
czesciej sa rozpatrywane w aspekcie alternatywnego/uzupelniajacego sktadnika
hamujacego rozwoj mikroflory w zywnosci, szczegélnie produktow na bazie ryb
0 minimalnym stopniu przetworzenia. (Sendra, 2016). Cechy fizykochemiczne ryb jak
wartos¢ pH, aktywno$¢ wody czy zawarto$¢ sktadnikow odzywcezych sprzyjaja
rozwojowi mikroflory (Comi, 2017). Liczne doniesienia literaturowe dowodza,
ze dodatek olejkow eterycznych do produktu zapobiega niekorzystnym zmianom
organoleptycznym $wiezych ryb, skutecznie wydluzajac termin przydatnosci do
spozycia (Farsanipour, 2020; Moosavi-Nasab i in., 2016; Shadman i in., 2017; Socaciu
iin., 2021; Vieiraiin., 2019; Vital i in., 2018).

W niniejszej pracy do pozyskania olejkow eterycznych wykorzystano jednorodny
surowiec roslinny, zagwarantowany przez dystrybutora. System GC-MS wykorzystano
do analizy jakosciowej i iloSciowej otrzymanych olejkow eterycznych. Wyniki
oznaczen sktadu chemicznego TEO i BPEO przedstawiono w Tabeli 2 oraz w publikacji
P-2 i P-3. W obu ocenianych olejkach eterycznych zidentyfikowano po 19 réznych
zwigzkow chemicznych. Dominujacymi zwigzkami bioaktywnymi w TEO byly ME
(24,5 %) oraz PHE (19,3%), natomiast w sktadzie BPEO najwigkszy procentowy udziat
odnotowano dla CAR (19,6 %) oraz LIM (19,1 %). Sktady obu badanych olejkow
eterycznych odpowiadaty migdzynarodowym normom, ktore okreSlaja minimalne
1 maksymalne stezenia LIM i CAR dla BPEO oraz ME i PHE dla TEO (ISO 3061:2008,
ISO 10115:2013). Jednoczesnie warto podkresli¢, ze dominujgce zwigzki danego olejku
eterycznego nie wystepowaty badz ich obecnos¢ w drugim badanym olejku eterycznym
odnotowana zostala w $ladowych ilosciach. Wynika to z réznic botanicznych oraz
warunkow uprawy.

Wzgledny udzial procentowy poszczegolnych klas zwigzkéw chemicznych
w TEO byt nastepujacy: fenylpropeny (52%), zwiazki monoterpenowe (44,5%) oraz

zwigzki seskwiterpenowe (3,5%).
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Tabela 2. Sktad chemiczny olejkéw eterycznych BPEO i TEO

Udziat [%]

Zwigzek chemiczny Wzor chemiczny Rl (Wax, DB-5)

BPEO TEO
a-pinen C10H16 1035, 939 8,7 1,8
Kamfen C10H16 1000, 953 0,8 -
B-pinen C10H16 1110, 980 8,4 -
y-caren C10H16 1148, - 2,3 -
B-mircen C10H16 1158, 990 11,4 -
a-felandren C10H16 1170, 1006 8,2 -
a-terpinen C10H16 1249, 1072 - 0,-5
Limonen C10H16 1208, 1030 19,1 1,2
1,8-cineol C10H180 1222, 1031 - 15
B-ocimen E C10H16 1235, 1042 - 3,5
p-felandren C10H16 1245, 1042 - 19,3
y-terpinen C10H16 1249, 1072 0,8 0,9
B-ocimen Z C10H16 1250, 1051 - 8,8
p-cymen C10H14 1274, 1026 29 -
a-terpinolen C10H16 1279, 1083 2,5 -
Elemen C15H24 1456. - 1,9 -
a-cubeben C15H24 1472, 1348 3,3 -
Linalol C10H180 1544, 1100 11 -
p-kariofilen C15H24 1594, 1414 19,6 0,9
terpinen-4-ol C10H180 1606, 1180 - 3,0
Metylchawikol C10H120 1657, 1199 - 11
a-humulen C15H24 1668, 1449 2,7 -
Germacren C15H24 1705, 1487 - 0,8
B-bisabolen C15H24 1736, - 15 -
B-adamantan C10H16 1741, - 1,3 -
A-kadinen C1HH24 1748, - 1,7 -
Octan geranylu C12H2002 1761, 1384 - 1,2
Elemycyna C12H1603 1862, 1514 - 14,4
I1zoelemycyna C12H1603 1944, 1596 - 11,3
Tlenek kariofilenu C15H240 1962, 1573 1,8 -
Metyl eugenol C11H1402 2001, 1404 - 245
Spatulenol C15H240 2108, 1578 - 1,8
Tymol C10H140 2179, 1283 - 1,7

1zoeugenol metylu C11H1402 2188, 1491 - 1,8




Wyniki uzyskane w ramach niniejszej pracy sa zblizone mi¢dzy innymi do rezultatow
Szczepanik i in., (2018), w ktérych ME byt dominujagcym zwigzkiem TEO. Jedynie
Verma i in., (2010) wykazali udziat ME w TEO na poziomie 0,7%.

Wigkszos¢ zwigzkow wchodzacych w sktad BPEO nalezata do monoterpenow
(66,2%), natomiast pozostata cze$¢ stanowily seskwiterpeny (33,8 %), co jest zgodne
z pracg Chen i Tawan, (2020), w ktorej wykazano, ze niezaleznie od pochodzenia
surowca, w BPEO dominujg zwigzki monoterpenowe i seskwiterpenowe w stosunku
okoto 2:1. Obecnos¢ LIM 1 CAR na poziomie 21 i 15% w BPEO odnotowatl réwniez
Sruthi 1 in., (2013). Zdaniem Dosoky i in., (2019) powyzsze zwiazki sa
charakterystyczne dla BPEO, niezaleznie od regionu geograficznego, z ktérego

pozyskano materiat ro$linny.

4.2. Wartosci indekséw subMIC TEO, BPEO, ME, PHE, LIM i CAR oraz wplyw
subMIC TEO i BPEO na profil kwaséw tluszczowych oslon komérkowych

Pseudomonas spp.

Aktywnos¢ przeciwdrobnoustrojowa olejkow eterycznych zalezy migdzy innymi
od zastosowanego st¢zenia danego czynnika. Zazwyczaj stezenia olejkow eterycznych,
ktore wykazujg dziatanie bojcze wobec komorek drobnoustrojéw moga zmienia¢ cechy
organoleptyczne zywnosci (Leite de Souza, 2016). Sposobem na ograniczenie
negatywnego wptywu olejkow eterycznych na jakos$¢ produktu jest ich zastosowanie
w stezeniach subMIC, wptywajacych na metabolizm komorki zalezny od quorum
sensing (Truchado i in., 2015). W niniejszej pracy indeksy subMIC olejkow eterycznych
TEO i BPEO oraz ich sktadnikow bioaktywnych (ME, PHE, CAR i LIM) wobec
komorek P. psychrophila KMO02, P. orientalis KM149 oraz P. fluorescens KM248
wyznaczano metoda szeregu seryjnych rozcienczen.

Wyznaczone wartosci indekséw subMIC TEO i BPEO, ME, PHE, LIM i CAR
zaprezentowano w Tabeli 3. Czgs¢ danych przedstawiono w publikacjach P-2 i P-3.
W niniejszej pracy odnotowano zblizong wrazliwo$¢ komorek Pseudomonas spp. na
testowane czynniki w badanym zakresie st¢zen. Wartos$ci indeksow subMIC TEO
i BPEO miescity sie¢ w zakresie 70 — 75 uL/mL i 100 — 135 pL/mL odpowiednio.
Wartosci indeksow subMIC ME, PHE, LIM i CAR wobec komorek Pseudomonas spp.
wynosity odpowiednio 10 — 12 uL/mL, 8 — 10 pL/mL, 60 — 65 pL/mL oraz 20 — 35

uL/mL. Istnieje trudno$¢ w interpretacji uzyskanych danych i poréwnania ich
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Z warto$ciami dostgpnymi w literaturze przedmiotu. Rozbiezno$ci indekséw subMIC
moga wynika¢ z warunkow prowadzenia eksperymentéw oraz wlasno$ci

drobnoustrojow wykorzystanych w do§wiadczeniach (Van de Vel i in., 2019).

Tabela 3. Wartosci indekséw subMIC TEO, BPEO, ME, PHE, LIM i CAR wobec
Pseudomonas spp. inkubowanych na pozywce TSB

Czynnik Warto$¢ indekséw subMIC [uL/mL]

przeciwdrobnoustrojowy P. psychrophila P. orientalis P. fluorescens
KMO02 KM249 KM148

TEO 75 70 75

ME 10 12 12

PHE 8 10 8
BPEO 135 120 100

LIM 65 60 60

CAR 35 20 20

Olejki eteryczne i pojedyncze zwigzki wchodzace w ich sklad, tatwo przenikajg
przez btony komoérkowe bakterii, zaburzajac ich integralnos¢ (Calo i in., 2015). Indukuja
rowniez zmiany w profilu kwasow tluszczowych bton komoérkowych drobnoustrojow (Di
Pasqua i in., 2006). Hodowla komoérek bakteryjnych na pozywkach suplementowanych
olejkami eterycznymi najczeSciej determinuje wzrost syntezy nasyconych kwasow
thuszczowych (Mrozik i in., 2004).

W niniejszej pracy oceniano wptyw SubMIC olejkow eterycznych na profil
estrow metylowych kwasoéw thuszczowych Pseudomonas spp.. Wyniki powyzszych
oznaczen przedstawiono w Tabeli 4 i na Rycinie 2 oraz w publikacjach P-2 i P-3.
Suplementacja pozywek SubMIC TEO i BPEO doprowadzita przede wszystkim do
istotnego obnizenia udziatu nienasyconych kwasow ttuszczowych (w zakresie od 4 % do
19 %) wraz ze wzrostem udzialu nasyconych kwasow thuszczowych (w zakresie od 9 %
do 15 %) u badanych szczepéw Pseudomonas spp. Wyjatek stanowit P. fluorescens
KM148, u ktorego powyzsza zmiana nie byta istotna statystycznie. Podobnie Di Pasqua

I in. (2006), wykazali brak istotnego wpltywu zwigzkow terpenowych na udziat

35



nasyconych kwasow ttuszczowych w btonach komorek P. fluorescens. W niniejszej
pracy, zastosowanie TEO i BPEO w hodowli komoérek P. fluorescens KM148 wptyngto
na istotne obnizenie udziatu kwaséw thuszczowych o rozgalezionej budowie. Zgodnie
z pracg Chao i in., (2010), powyzsze kwasy tluszczowe wptywaja na wiasciwos$ci btony
komorkowej podobnie jak kwasy tluszczowe zawierajace wigzanie podwojne:
determinujg odpowiednig plynno$¢ i potprzepuszczalnos¢. Natomiast u P. psychrophila
KMO02 oraz P. orientalis KM249 odnotowano istotnie zwiekszony udziat nasyconych
kwasow thuszczowych. Powyzsza prawidlowos¢ wpltywa na pobor przez komorke
substancji ze srodowiska zewnetrznego (Leite de Souza, 2016). Bioragc pod uwagg istotne
obnizenie stosunku nienasyconych do nasyconych kwasow tluszczowych w ostonach
komorkowych zaktada sig, ze subMIC TEO 1 BPEO wptywaja na aktywno$¢ enzymu
desaturazy (Di Pasqua i in., 2006).

Ekspozycja Pseudomonas spp. na stezenia subMIC TEO i BPEO indukowata
réwniez syntez¢ kwasu 2 hydroksydodekanowego (2-OH C12:0). W wariancie hodowli
prowadzonej na pozywce z dodatkiem stezenia SUbMIC TEO udziat kwasu 2-OH C12:0
w ostonach P. psychrophila KMO02 oszacowano na poziomie 8,3%; u P. orientalis
KM249 i P. fluorescens KM 148 byly to wartosci odpowiednio 6,9 1 11,0 %. Po inkubacji
komorek w pozywce suplementowanej stezeniem subMIC BPEO stwierdzono obecnosc¢
kwasu 2-OH C12:0 w ostonach komérkowych Pseudomonas spp. na poziomie 13,7%
u P. psychrophila KMO02, 2,3% u P. orientalis KM249 i 1,9% u P. fluorescens KM148.
Narazenie komorek P. psychrophila KMO2 na stezenia subMIC TEO nie wywotato zmian
w ogolnym udziale hydroksylowych kwasoéw tluszczowych w stosunku do proby
kontrolnej. W powyzszym wariancie doswiadczenia zaobserwowano spadek
procentowego udziatu kwasu 3-hydroksytetradekanowego (3-OH C14:0). Obecnosé
hydroksylowych kwasow tluszczowych w btonach komoérkowych zwigksza barierowo$é
bton komdrkowych na czynniki hydrofobowe (Sikkema i in., 1995). U P. psychrophila
KMO02 nie zaobserwowano réwniez istotnej zmiany ilo$ci kwasow cyklopropanowych
pod wplywem subMIC TEO i BPEO, podczas gdy w btonach komorkowych P. orientalis
KM249 i P. fluorescens KM148 doszto do ich istotnego obnizenia. Powyzsze moze by¢
wynikiem wptywu stezen subMIC TEO i1 BPEO na aktywno$¢ enzymu ATPazy,
niezbednej W wytwarzaniu energii  wykorzystywanej w syntezie kwasow

cyklopropanowych (Nazzaro i in., 2013).
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Tabela 4. Profil kwaséw ttuszczowych komoérek Pseudomonas spp. inkubowanych na pozywce TSB suplementowanej subMIC TEO i BPEO

P. psychrophila KM02 P. orientalis KM249 P. fluorescens KM148

Kwas thuszczowy TSB

Pozywka TSB TSB ;éuobMIC TSBI;-PSEJgMIC Pozywka TSB TSB -_:-_él(.lijIC SUbI\'/II'ISCI?gPEO Pozywka TSB TSB }-éléleC +§l;>bE'\g|C
C12:0 1,8(£0,4) 7,7 (+0,6) 9,0 (£0,4) 1,8(£0,2) 5,5(%=0,5) 2,2(+0,3) 5,7 (= 0,6) 6,4 (= 1,5) 3,1(=0,9)
2-OH-C12:0 BD 8,3 (+1,4) 13,7 (£ 1,0) BD 6,9 (+0,2) 2,3(+0,3) BD 11,0 (= 1,8) 1,9 (+0,2)
C14:0 23(*0,3) 33(x0,7) 1,8(=0,2) 2,0(x04) 4,7 (£0,6) 56 (£1,22) 2,1(x£0,3) 4,6 (£1,1) 4,3(£0,8)
Ante-C15:0 4,0 (£0,1) 2,0 (= 1,0) 3,5 (+0,6) 1,0 (0,9) 1,3 (£0,4) 1,9 (£0,4) 3,7(£0,3) 2,1 (£0,4) 2,6 (+0,3)
3-OH-C14:0 30,8 (£21) 21,7 (+0,7) 24,6 (+1,0) 15,9 (= 1,8) 22,6 (+1,2) 26,1 (x2,1) 6,4 (+0,8) 16,3 (+2,4) 25,7 (£2,7)
C16:1 cis-9 75 1,2) 13,2 (£2,2) 6,3 (+0,4) 14,4 (£1,2) 15,6 (+ 1,0) 18,1 (+1,7) 219 (+1,3) 19,5 (+2,6) 14,1 (£ 1,6)
C16:0 33(£0,7) 7,3 (+0,4) 3,1(+0,7) 3,5 (+0,4) 11,9 (£0,8) 8,8(£1,1) 13,9 (£ 0,5) 9,2 (+2,7) 10,9 (+2,9)
1S0-C17:0 6,1 (+0,3) 2,9 (+0,4) 51 (+0,8) 1,8 (+0,1) 2,7 (+0,5) 2,2(+£0,3) 5,7 (+0,8) 2,1 (x0,7) 3,1(£0,2)
C17:0 cyc 14 (0,2) 2,2 (+0,5) 0,3 (+0,3) 1,8 (0,2) 2,5(x0,2) 5,1 (+0,6) 6,8 (+ 0,4) 2,7(x0,7) 4,0 (£0,3)
C18:2 cis-9,12 24,5 (£1,0) 20,6 (£1,2) 17,2 (+1,1) 32,9 (£2,4) 11,7 (£0,8) 15,5 (+ 0,6) 22,8 (+1,2) 17,9 (+2,9) 16,6 (+0,9)
C18:1 trans-9 13,8 (£0,7) 72(+1,1) 10,6 (+0,9) 8,8(£2,2) 10,3 (£0,7) 8,7 (£21) 5,7(+0,9) 6,6 (+3,2) 10,5 (+0,7)
C19:0 cyc 4,5 (£0,6) 3,7 (£0,6) 4,9 (+£0,1) 16,2 (£ 2,5) 4,4 (£0,7) 35(=17) 5,5 (x£0,6) 1,6 (£ 0,5) 3,2(x0,6)

Udziat procentowy obliczono jako $rednig warto$¢ z trzech powtdrzen (+ odchylenie standardowe) na podstawie powierzchni pikow na chromatogramie; BD — brak detekcji



60 - mTSB HTSB +subMIC TEO  mTSB + subMIC BPEO A

0

Suma procentowego udziatu grup kwasow
thuszczowych
8

SUFA (p=0,000831) YSFA (p=5,18¢-06) ¥ HYDROXY (p= YCYCLOPROPANE YISO + ANTEISO (p
ok ok 0,0036) ** (p = 0.249) = 0.000356) ***

60 - mTSB mTSB + subMIC TEO uTSB + subMIC BPEO

Suma procentowego udziatu grup kwaséw
thuszczowych

SUFA (p=0,134)  YSFA (p=0,382) ¥ HYDROXY (p= YCYCLOPROPANE YISO + ANTEISO (p
0,00016) *** (p =0,000138) *** = 0,000906) ***

a ETSB =TSB+subMICTEO ®TSB +subMIC BPEO

Suma procentowego udziatu grup kwasow
thuszczowych

YUFA (p=0,00143) YSFA (p=0,000113) ¥ HYDROXY (p= YCYCLOPROPANE YISO +ANTEISO (p
o ok 0,00018) *** (p = 0,000487) *** =0,158)

Rycina 2. Suma procentowego udziatu poszczegolnych grup kwaséw tluszczowych wystepujacych w
ostonach komérkowych Pseudomonas spp. inkubowanych na pozywce TSB suplementowanej
subMIC TEO i BPEO (A — P. psychrophila KM02; B — P. orientalis KM249, C — P.
fluorescens KM148)
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4.3. Wplyw stezen subMIC TEO i BPEO, ME, PHE, LIM i CAR na synteze Al

quorum sensing Pseudomonas spp.

Czasteczki sygnalowe s3 jednym z gléwnych elementéw Systemu quorum
sensing. Laczac si¢ z odpowiednim receptorem, Al reguluja ckspresje genow
kodujacych biatka enzymatyczne czy bialka zaangazowane w wirulencj¢ komorek
(Chang i in., 2015; Papenfort i Bassler, 2016). Glowne strategie dziatania przeciw-
quorum sensing drobnoustrojow polegaja na ingerencji w synteze czasteczek Al oraz na
oddziatywaniu z biatkami receptorowymi (Gopu i in., 2018). Blokowaniu quorum
sensing towarzyszy redukcja aktywno$ci metabolicznych, w tym zmiana wlasciwosci
chorobotworczych drobnoustrojow (Venturi, 2006).

Profile Al quorum sensing u Pseudomonas spp. po inkubacji z subMIC TEO
i BPEO oraz ich sktadnikami bioaktywnymi przedstawiono w Tabeli 5. Wyniki
przedstawiono réwniez w publikacjach P-2 oraz P-3.

Na profil Al Pseudomonas spp. hodowanych na pozywce TSB skladaty si¢
nastepujace czasteczki AHL: 3-0kso-C12-HSL, 3-0kso-C14-HSL, 3-okso-C6-HSL, 3-
0kso-C8-HSL, C12-HSL, C4-HSL oraz C6-HSL. Najwyzsze udziaty odnotowano dla
czasteczek 3-0kso-C12-HSL, 3-okso-C8-HSL oraz C4-HSL. Wystgpowaly one
w zakresach odpowiednio od 1,908 do 2,028 ug/mL, od 1,119 do 1,953 pug/mL oraz od
1,217 do 1,312 pug/mL. Udziat pozostatych Al nie przekroczyt wartosci 0,03 ug/mL.
W ptynach pohodowlanych komorek P. psychrophila KM2 oraz P. fluorescens KM148
oznaczono zwiagzek PQS w ilosci odpowiednio 0,0076 i 0,0030 pg/mL. Obecnosé
BPEO, TEO 1 ich sktadnikow bioaktywnych w stezeniach subMIC w $§rodowisku
wzrostu Pseudomonas spp. wplyneto na wydajno$é procesu syntezy Al. W tych
wariantach do$wiadczenia, w ptynach pohodowlanych drobnoustrojow udzial AHL
1 PQS byl ponizej limitu detekcji. Powyzsza prawidlowos¢ wskazata na potencjat
przeciw-quorum sensing badanych czynnikoéw. Uzyskane wyniki sg zgodne z analizami
prowadzonymi wobec P. aeruginosa. Przyktadowo w pracy Luciardi i in., (2016)
stezenie SUODMIC olejku eterycznego z mandarynek (4 mg/mL), w sktadzie ktorego
dominowat LIM (okoto 90%) doprowadzito do obnizenia syntezy czgsteczek Al 0 50%
i zahamowania aktywnos¢ elastazy 0 77%. Zastosowanie ME w stezeniu subMIC (10
ug/mL) zredukowato syntez¢ Al 0 86% i wplyneto na fenotyp P. aeruginosa (Sybiya
Vasantha Packiavathy i in., 2012). Zdolnos¢ innych zwigzkoéw terpenowych oraz

fenylpropenow do inhibicji systemu quorum sensing przedstawiono w przegladzie
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literatury dokonanej przez Deryabin i in., (2019). Zastosowanie eugenolu w stezeniu 50
1 200 uM skutkowalo inhibicja czynnikow wirulencji regulowanych przez quorum
sensing u P. aeruginosa o 32 i 56% (Zhou i in., 2013). Seswkiterpen (salwipizon)
pozyskany z szatwii muszkatotowej, zastosowany w stezeniu 37,5 pg/mL redukowat
tworzenie biofilmu Staphylococcus aureus 0 85% (Kuzma i in., 2007).
Zaobserwowane w niniejszej pracy zmiany w profilu czasteczek Al komorek
Pseudomonas spp. potwierdzily potencjat analizowanych czynnikow w stezeniach

subMIC do ingerencji w system quorum sensing na etapie syntezy Al.
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Tabela 5. Profil Al systemu quorum sensing komorek Pseudomonas spp. inkubowanych na pozywce TSB suplementowanej subMIC TEO, BPEO, ME, PHE, LIM i CAR

Stezenie Al systemu quorum sensing [pg/mL (£SD)]

Wariant hodowli AHL zwigzki chinolowe
3-0kso-C12- 3-0kso-C14- 3-0kso-C6- 3-0kso-C8-
HSL HSL HSL HSL C12-HSL C4-HSL C6-HSL PQS
P, psychrophila KM02 1,908 (+0,031) 0,007 (£0,000) 0,015 (+0,000) 1,119 (+0,063) 0,136 (+0,004) 1,217 (+0,010) 0,017 (+0,000) 0,0076 (+0,0000)
TSB P. orientalis KM249 2,028 (£0,049) <LOD 0,022 (£0,001) 1,953 (+0,006) <LOD 1,312 (£0,021) 0,021 (+0,001) ND
P. fluorescens KM148 1,976 (+£0,099) <LOD 0,022 (£0,001) 1,853 (+0,006) 0,136 (£0,004) 1,302 (+0,005) 0,021 (£0,001) 0,0030 (0,0000)
P. psychrophila KM02 <LOD <LOD 0,012 (£0,000) <LOD <LOD <LOD <LOD 0,0003 (+0,0000)
TSB +
subMIC P. orientalis KM249 0,001 (+0,000) <LOD <LOD <LOD <LOD <LOD <LOD ND
TEO
P. fluorescens KM148 <LOD <LOD 0,011 (£0,001) <LOD <LOD <LOD <LOD ND
P, psychrophila KM02 <LOD <LOD 0,013 (£0,005) <LOD <LOD <LOD <LOD 0,0003 (+0,0000)
TSB +
subMIC P, orientalis KM249 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND
ME
P, fluorescens KM148 <LOD <LOD 0,011 (+0,001) 0,004 (+£0,002) <LOD <LOD <LOD ND
P. psychrophila KM02 <LOD <LOD 0,016 (+0,001) <LOD 0,051 (+0,004) <LOD <LOD ND
TSB +
subMIC P. orientalis KM249 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND
PHE
P. fluorescens KM148 <LOD <LOD 0,007 (£0,000) 0,004 (+0,002) <LOD <LOD <LOD ND
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Tabela 5. Profil Al systemu quorum sensing komorek Pseudomonas spp. inkubowanych na pozywce TSB suplementowanej subMIC TEO, BPEO, ME, PHE, LIM i CAR (c.d.)

P. psychrophila KM02 <LOD <LOD 0,008 (+£0,000) 0,003 (+0,000) <LOD <LOD <LOD (fdo(?(?o?11933)
TSB +
subMIC P. orientalis KM249 0,001 (£0,000) <LOD <LOD <LOD <LOD <LOD <LOD ND
BPEO
P. fluorescens KM148 <LOD <LOD 0,010 (+£0,001) <LOD <LOD <LOD <LOD ND
P. psychrophila KM02 <LOD <LOD 0,011 (+0,001) <LOD <LOD <LOD <LOD <LOD
TSB +
subMIC P. orientalis KM249 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND
LIM
P. fluorescens KM148 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND
P. psychrophila KM02 <LOD <LOD 0,008 (+£0,000) 0,002 (+0,000) <LOD <LOD <LOD <LOD
TSB +
subMIC P. orientalis KM249 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND
CAR
P. fluorescens KM148 <LOD <LOD <LOD <LOD <LOD <LOD <LOD ND

ND - brak detekcji; <LOD — mniej niz limit detekcji; LOD dla 3-0kso-C12-HSL, 3-okso-C14-HSL, 3-okso-C6-HSL: 0,005 pg/mL; dla 3-okso-C8-HSL, C12-HSL, C4-HSL i C6-HSL: 0,004 pg/mL;

dla PQS: 0.0001 pg/mL
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4.4. Ocena potencjalu ME, PHE, LIM i CAR do wiazania si¢ z receptorami

systemu quorum sensing Pseudomonas spp.

Sktadniki olejkow eterycznych moga réwniez wigza¢ si¢ w miejscu aktywnym
biatek receptorowych systemu quorum sensing (Kalia, 2013). Do weryfikacji
powyzszego zalozenia wykorzystano analizy in silico dokowania molekularnego
glownych zwigzkéw TEO 1 PBEO z receptorami quorum sensing Pseudomonas spp.
Receptory wytypowano na podstawie wynikéw analiz chromatograficznych.
Porownanie sposobu wigzania ME, PHE, LIM i CAR z natywnymi Al i znanymi
inhibitorami quorum sensing dato wglad w potencjalny mechanizm molekularny
dziatania olejkdéw eterycznych na system quorum sensing u Pseudomonas spp.

Wyniki dokowania molekularnego sktadnikéw TEO i BPEO z receptorami
systemu quorum sensing (LasR, RhIR, TraR i PgsR) przedstawiono w Tabeli 6 oraz
w publikacji P-2 i P-3. Przyktadowe wizualizacje kompleksow LasR-ME, RhIR-CAR,
TraR-CAR i PqgsR-PHE przedstawiono na Rycinie 3. Wartoéci dokowania
molekularnego pozwolity oszacowa¢ wolng energi¢ zwigzania liganda z biatkiem
receptorowym systemu quorum sensing i stuzyly do uszeregowania testowanych
zwigzkow pod wzgledem potencjatu wigzania z receptorami LasR, RhIR, TraR, PgsR.
Ujemne warto$ci parametru dokowania $wiadczg o stabilnosci kompleksu (Friesner
i in., 2004).

Pierwszym w hierarchii quorum sensing u Pseudomonas spp. jest biatko LasR,
ktore taczac si¢ z natywnym autoinduktorem, 3-0kso-C12-HSL reguluje syntezg
enzymOw 1 toksyn, tworzenie biofilmu oraz aktywnos¢ pozostatych uktadow systemu
quorum sensing (Lee i Zhang, 2015). W niniejszej pracy dla uktadu LasR-3-0x0-C12-
HSL odnotowano najwyzsza wartos¢ dokowania (-9,750 kcal/mol) oraz najnizsza
energie wigzania (-60,513 kcal/mol). Kompleks LasR-3-0x0-C12-HSL zostat
utworzony glownie przez 4 wigzania wodorowe z resztami TYR56, TRP60, ASP73
i ARG61. Zgodnie z Klebe (2013) wigzania wodorowe zapewniajg stabilnos¢ uktadu
1 odgrywaja istotng role¢ w rozpoznaniu molekularnym czasteczek. Te same reszty
aminokwasow byly zaangazowane w zwigzanie ME z LasR. Dla powyzszego uktadu
warto$¢ dokowania wynosilta -6,145 kcal/mol. Oprocz wigzanh wodorowych w tym
kompleksie wystgpowato wigzanie ,m-stacking” pomiedzy pierscieniem ME
a pierscieniem aromatycznym TYR56. Ten typ oddzialywania odgrywa istotng rolg

w rozpoznaniu biologicznym, organizacji struktury kompleksu oraz stanowi tzw.

43



kluczowy punkt kontaktu, wptywajac na energi¢ wigzania (Brylinski, 2018). Za
interakcj¢ PHE z biatkiem LasR odpowiadaty gtownie oddziatywania hydrofobowe
dajagce  warto§¢ dokowania -5,750 kcal/mol. Oddzialywania hydrofobowe
determinowaty rowniez utworzenie kompleksu biatka LasR-LIM (warto$¢ dokowania -
5,113 kcal/mol) i LasR-CAR (wartos¢ dokowania -5,831 kcal/mol). W powyzszych
oddzialywaniach uczestniczyty niepolarne reszty aminokwaséw: TYR47, ILES52,
LEU36, LEU39 i LEU40, obecne w miejscu aktywnym biatka LasR. W dost¢pnej
literaturze wykazano istotng rolg reszt ASP73, SER129 i TYR56 w stabilizacji ligandu
w biatku LasR (Sadiq i in., 2020). Analizowane zwigzki olejkow eterycznych miaty
wyzsze wartosci dokowania z biatkiem LasR (-4,563 kcal/mol) niz udokumentowany
syntetyczny inhibitor systemu quorum sensing, C30-Furanon, pomimo utworzenia
wigzania wodorowego z TRP60. Uzyskane wyniki sg zgodnie z pracg Annapoorani i in.
(2012), w ktorej wirtualne badanie przesiewowe 1920 potencjalnych inhibitoréw
quorum sensing do tego samego miejsca rozpoznania w biatku LasR, wykazato wplyw
oddzialywan hydrofobowych na stabilno$¢ uktadu ligand-LasR.

Biatko receptorowe RhIR tworzy kompleks z C4-HSL. U P. aeruginosa
utworzenie kompleksu RhIR-C4-HSL warunkuje glownie syntez¢ EPS i tworzenie
biofilmu (Lee i Zhang, 2015). W analizach dokowania z biatkiem receptorowym RhIR,
najwyzsza warto$¢ dokowania (-7,285 kcal/mol) otrzymano dla uktadu RhIR-CAR.
Kompleks ten zostal utworzony za pomoca oddziatywan hydrofobowych z resztami
TRP68, LEU69, TYR72 i TYR42. Wartosci dokowania dla pozostalych zwigzkoéw
bioaktywnych badanych olejkow eterycznych miescity si¢ w zakresie od -5,589
kcal/mol (RhIR-ME) do -6,566 kcal/mol (RhIR-PHE); zajmowaly to samo miejsce
aktywne biatka RhIR. Obecno$¢ wigzania wodorowego odnotowano przy utworzeniu
kompleksu C4-HSL-RhIR, ME-RhIR oraz C30-furanonu-RhIR. W tworzeniu wigzan
uczestniczyly reszty TRP68 wskazujgc na istotng role tego aminokwasu w miejscu
rozpoznania receptora RhIR (Pattnaik i in., 2018). W pracy Kumar i in. (2015) wigzanie
wodorowe z czasteczka C4-HSL bylo tworzone réwniez z reszta ASP81.
Zaobserwowane roznice mogg wynika¢ z réznej procedury opracowania przestrzennej
struktury biatka przed przystgpieniem do wizualizacji dokowania potencjalnych
inhibitorow quorum sensing do RhIR; w niniejszej pracy zastosowano inny rodzaj pola
sitowego OPLS3e. Pole to w poréwnaniu z zastosowanym przez Kumar i in. (2015)
polem OPLS 2005 warunkuje zwigkszong doktadno$¢ wptywajac na obnizenie

wzglednej swobodnej energii wigzania (Roos i in., 2019).
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Biatkiem receptorowym dla czasteczki sygnatowej 3-0kso-C8-HSL jest biatko
TraR, pierwotnie wyznaczone dla Agrobacterium tumefaciens (Lang i Faure, 2014).
Jednakze obecno$¢ czgsteczki 3-0kso-C18-HSL odnotowano réwniez jako jeden
z gtownych Al Aeromonas veronii, mikroflory psujacej produkty na bazie jesiotra (Gui
I in., 2018) czy bakterii Pseudoalteromonas ulvae (Mireille Ayé i in., 2015). W pracy
Xia i in., (2012) wykazano znaczenie 3-0kso-C8-HSL w tworzeniu biofilmu przez P.
aeruginosa. W niniejszej pracy uktad TraR-3-okso-C8-HSL powstal w oparciu
o wigzania wodorowe z resztami TRP57, ASP70 i TRP85, dajac wynik dokowania -
7,272 kcal/mol. Wartosci dokowania dla gtéwnych zwigzkow TEO 1 BPEO miescity si¢
w zakresie od -5,236 kcal/mol (dla TraR-LIM) do -6,811 kcal/mol (dla TraR-CAR).
Byly to warto$ci nizsze niz dla ukladu TraR-3-0x0-C8-HSL, ale jednocze$nie
przewyzszaly wynik wartosci dokowania okreslony dla uktadu TraR-C30-furanon
(-4,978 kcal/mol). Gtéowne zwiazki olejkow eterycznych (LIM, CAR i PHE)
oddziatywaty hydrofobowo z resztami TYR102, ALA38 i LEU40 biatka TraR.
Efektywne wigzanie danej czasteczki skutkuje zmiang konformacji biatka
receptorowego systemu quorum sensing, co w konsekwencji zaburza jego zdolnos¢ do
regulacji ekspresji gendw zaleznych od quorum sensing (Kumar i in., 2015).

Ostatnie analizowane biatko receptorowe systemu quorum sensing, PQsR,
wymaga do aktywacji Al — PQS (Lee i Zhang, 2015). U P. aeruginosa powyzszy uktad
reguluje wlasciwosci chorobotworcze drobnoustrojow (Lin i in., 2018). W niniejszej
pracy najwyzsza warto§¢ dokowania (-8,552 kcal/mol) odnotowano dla uktadu PQS-3-
NH2-7CI-C9-chinazolinon (QZN). Zwiazek ten o strukturze zblizonej do Al PQS
tworzyt stabilny kompleks wskutek utworzenia wigzania wodorowego z reszta LEU207
oraz obecnosci oddziatywan hydrofobowych z resztami TRP234 i ILE23, TYR258
i PRO238. Nizsze wartosci dokowania (od -4,626 kcal/mol do -5,263 kcal/mol)
otrzymane w pozostatych uktadach z biatkiem PqsR, wynikaty ze struktury sktadnikow
bioaktywnych olejkdéw eterycznych oraz liczby potencjalnych reszt aminokwasowych,
z ktorymi zwigzek moze wej$¢ w interakcje (Soheili i in., 2019). Zdaniem Soheili i in.
(2019) o utworzeniu stabilnego kompleksu ligand-PqgsR decyduje obecnos¢ akceptorow
elektronu, grupy karbonylowej oraz N, Oz lub NH.

Uzyskane wyniki wskazuja na potencjal glownych skladnikéw bioaktywnych
TEO i BPEO do ingerencji w system quorum sensing zidentyfikowany u badanych
szczepow Pseudomonas spp. Powyzsze zwiazki tworzyly stabilne kompleksy

z biatkami receptorowymi systemu quorum sensing.
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Tabela 6. Wyniki dokowania molekularnego Al, syntetycznych inhibitorow oraz ME, PHE, LIM i CAR

z receptorami systemu quorum sensing komoérek Pseudomonas spp.

. Wartos¢ Energia . Reszty Dlugos¢ . .
Wariant . aminokwasowe e Rodzaj wigzania
dokowania  kompleksu wigzan
kompleksu wchodzgce w
[kcal/mol]  [kcal/mol] ) . [A]
interakcje
TYR56 5,45 n-stacking
SER129 1,80 wodorowe
THR75 2,74 aromatyczne wodorowe
LasR -ME -6.145 31,765 ARG61 2,03, 1,91 wodorowe z Hz0
ARG61 2,35 wodorowe
TYR56 3,65 aromatyczne wodorowe
TYR64, TYR47,
ILE52, LEU36,
LasR —-PHE -5,750 -22,240 LEU39, LEUAO, - Hydrofobowe
VAL76,ALA127
TYR64, TYR47,
LasR -LIM -5,113 -19.315 ILE52, LEU36, - Hydrofobowe
LEU39, ALA50,
LEU36, LEU39,
LasR -CAR -5,831 -0,827 LEU40, ILE52, - Hydrofobowe
ALA70, TYR47
SER129 1,88 Halogenowe
';Zsringgg 4,563 21,048 TRP60 1,73 wodorowe
TRP60 3,32 aromatyczne wodorowe
ASP73 2,30 Wodorowe
TRP60 2,13 wodorowe
TYR56 1,80 wodorowe
LasR—3-oxo- 9,750 60,513 TYR56 2,73,2,52 aromatyczne wodorowe
C12-HSL ARG61 2,03, 1,99 wodorowe z H20
ARG61 2,35 wodorowe
TYR56 2,72 aromatyczne wodorowe
PHE101 2,65 aromatyczne wodorowe
TRP68 4,82 n-stacking
RIR -ME 5,589 -26,819 TRP68 1,85 wodorowe
VALG60, LEUG9,
RhIR -PHE -6,566 -18,968 TYR72. TYR77 - Hydrofobowe
TRP68, LEUGY,
RhIR —LIM -5,919 -17,917 TYR72, PROS2 - Hydrofobowe
TRP68, LEUG9,

RhIR -CAR -7,285 -23,616 TYR72, TYRA42 - Hydrofobowe
RhIR-C30 TRP68 2,04 aromatyczne wodorowe
Furanone 5,518 -18,285 TYR42, TYR64 - hydrofobowe

TRP68 2,62,1,99 Wodorowe
RhIR —~C4HSL -5,990 -25,471 TYRA42 2,61 aromatyczne wodorowe
ASP81 - elektrostatyczne
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Tabela 6. Wyniki dokowania molekularnego Al, syntetycznych inhibitorow oraz ME, PHE, LIM i CAR

z receptorami systemu quorum sensing komérek Pseudomonas spp. (c.d)

TRP57 3,52 Wodorowe
TraR -ME -6,101 -28,459 TYR53 2,61 n-stacking
TYR61 3,85 n-stacking
TYR102, ALA3S,
TraR —PHE -5,676 -22,051 ALA76, LEUA40, - Hydrofobowe
ALA105
TYR102, ALA3S,
TraR - LIM -5,236 -16,926 LEU40, ALAL05 - Hydrofobowe
TYR39, ALA38,
TraR — CAR -6,811 -10,892 TYR53, ALA76 - Hydrofobowe
THR115
TraR - C30 TRP57 2,12 aromatyczne wodorowe
Furanone 4,978 21,573 TYR61, VAL73 - hydrofobowe
TraR — 3-0x0- TRP57, ASP70 2,13,1,77 aromatyczne wodorowe
C8-HSL 1212 43,522 TRP85 3,27 wodorowe
LEU208, ILE236,
PgsR — ME -4,921 -27,292 ALA237. PRO238 - Hydrofobowe
ILE263, ILE236,
PgsR — PHE -5,263 -14,894 TRP234, TYR258 - Hydrofobowe
TYR258, TRP234,
PgsR — LIM -5,138 -13,713 LEU257, ILE236 - Hydrofobowe
TYR258, ILE186,
PgsR — CAR -4,626 -16,105 ALALS7 - Hydrofobowe
LEU207 1,70 aromatyczne wodorowe
PgsR — QZN -8,552 -41,223 TYR258, TRP234, - hydrofobowe
PRO238, ILE236
LEU207 1,73 Wodorowe
PgsR — PQS -1,772 -36,455 TRP234, ILE236, - hydrofobowe

LEU208, ALA237
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4.5. Charakterystyka pangenomu i transkryptomu P. psychrophila KMO02

W zwigzku z brakiem istotnych roznic pomiedzy badanymi gatunkami
Pseudomonas spp. w odpowiedzi na dziatanie przeciw-quorum sensing analizowanych
czynnikow, do dalszych doswiadczen wytypowano szczep P. psychrophila KMO2.
Powyzszy drobnoustroj jest stosunkowo mato poznany w aspekcie psucia ryb (Jiaiin.,
2019; Sterni$a i in., 2019; Sterni$a i in., 2020b). Dzi¢ki odczytaniu i ztozeniu de novo
calego genomu badanego drobnoustroju poznano jego potencjat fizjologiczny oraz
przypisano konkretne sekwencje nukleotydowe do wybranych gendéw zwigzanych
z systemem quorum sensing. Analiza catego transkryptomu komoérek hodowanych
w modelowych warunkach data wglad w rzeczywisty udziat P. psychrophila KMO02
w psuciu ryb. Wyniki powyzszych analiz przedstawiono odpowiednio w publikacji P-3
i P-4 oraz w Tabeli 7-9 i Rycinie 4-8.

Sekwencjonowanie catego genomu P. psychrophila KMO02 przeprowadzono
z uzyciem platform: MiSeq (Illumina, Szwajcaria) oraz MinlON (Oxford Nanopore
Technologies, Wielka Brytania). U P. psychrophila KM02 wyrézniono chromosom
zbudowany z 5 313 922 par zasad (pz) z udzialem par G+C na poziomie 57,4%. W
obrebie genomu zidentyfikowano 4813 potencjalnych gendéw, 4713 gendw kodujacych
biatka (protein coding DNA sequences; CDS) oraz 54 pseudogeny. W poréwnaniu do
wynikow uzyskanych dla P. psychrophila KMO02, genom
P. psychrophila HA-4 charakteryzowat si¢ obecnoscig 5 235 696 pz, 56,4% udziatem
par G+C oraz poziomem 4 721 CDS (Jiang i in., 2012). Genom P. psychrophila MTCC
12 324 obejmowat 5269 174 pz z zawartoscig G+C na poziomie 57,5% (Abraham
i Thomas, 2015). Brak istotnej zmiennos$ci pomiedzy uzyskanymi danymi a rezultatami
innych badaczy moze wynika¢ ze stosunkowo niewielkiej liczby zsekwencjonowanych
genomo6w P. psychrophila dostepnych do analizy (Rycina 4) (Land i in., 2015).

Do oceny podstawowych elementow pangenomu P. psychrophila wykorzystano
8 ztozonych sekwencji dostepnych w bazie danych GenBank NCBI (Tabela 7). Do
doswiadczen wytypowano pangenomy P. psychrophila wyizolowane z wody oraz
zywnosci. W genomie rdzeniowym P. psychrophila odnotowano obecno$¢ 3914 genow
kodujacych biatka metabolizmu podstawowego. U P. psychrophila KM02 dodatkowo
zidentyfikowano 548 geny pomocnicze ksztattujace cechy fenotypowe komorek
1 wspolne dla co najmniej 2 analizowanych szczepdw; 2 geny rdznity genom szczepu

KMO02 od innych poddanych ocenie. W ocenianym pangenomie P. psychrophila KM02
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w obrebie sekwencji unikalnych najwigkszy udzial wykazywata grupa COG

zwigzanych z ,replikacja, rekombinacjg i naprawg” oraz geny nalezace do kategorii

COG ,transport i metabolizm aminokwasow” (udzial powyzej 10%) (Rycina 5).

Podobne wyniki uzyskano oceniajgc pangenom patogennych szczepoéw Aeromonas

hydrophila wyizolowanych z ryb (Jin i in., 2020). Genom rdzeniowy powyzszego

gatunku byt reprezentowany przez 9,61% gendéw kategorii COG zwigzanych z funkcja

»transportu i metabolizmu aminokwasow”. Powyzsza grupa genéw odnotowana zostata

rébwniez w pangenomie P. fragi, odpowiedzialnego za psucie si¢ $wiezego mi¢sa i ryb

oraz mleka pasteryzowanego wskutek wydzielania lipaz i proteaz (Stanborough i in.,

2018). W niniejszej pracy, geny kategorii COG ,transport i metabolizm lipidow”

odnotowano w pangenomie P. psychrophila na poziomie 11%.

Tabela 7. Charakterystyka pangenomu P. psychrophila

. Liczba .
. . . Liczba ) Liczba
Poziom S .. Dtugosé¢ Dostep w bazie R genow R
Szczep L Zrodto izolacji . gendw . gendw
zlozenia sekwencji GenBank . pomocni .
rdzenia unikalnych
-czych
kmoz S Surowe filety 531397  GCA 0110404351 3014 548 2
Genom lososia -
BS3667  Chromosom  Nieznane 5,322,478 GCA_900106105.1 3914 554 42
DSM 126. . Chtodnia 5,334,010 GCF_001043005.1 3914 489 41
17535 kontigow
CCUG 36 . Chtodnia 5,269,270 GCA_008801485.1 3914 537 26
53877 kontigow
MF6762 77 ., Surowy kurczak 5,804,172 GCF_016405605.1 3914 427 574
kontigow
50 Hyporeiczna
CF149 Kontigd strefa rzeki 5,154,320 GCA_000416155.1 3914 382 219
ontigow Clark Fork
Wody
RGCB 150 powierzChniowe 5 55q 174 GCA 0010057651 3914 263 144
166 kontigéw fiordu
arktycznego
HA-4 Probkaosadu g o35 695 GCA_000282075.1 - - -
kontigow czynnego -
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pangenom catkowita liczba rodzin gendw
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Rycina 4. Wykres rdzen-pangenom dostepnych sekwencji genomowych P. psychrophila
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Rycina 5. Rozktad COG pangenomu P. psychrophila

[C] kontrola cyklu komorkowego, podziat komorek; [M] biogeneza $ciany komorkowej/blony
komorkowej/ostony komorkowej; [N] ruchliwo$¢ komorek; [O] modyfikacje potranslacyjne, synteza biatek
opiekuniczych; [T] mechanizm transdukcji sygnatu; [U] wymiana wewngtrzkomorkowa; [V] mechanizmy
obronne; [J] translacja, biogeneza i struktura rybosomalna; [K] transkrypcja; [L] replikacja, rekombinacja i
naprawa; [C] wytwarzanie i konwersja energii; [G] metabolizm i transport weglowodanéw; [E] metabolizm i
transport aminokwasow [F] metabolizm i transport nukleotydéw; [H] metabolizm i transport koenzymow; [I]
metabolizm i transport lipidow; [Q] biosynteza, transport i katabolizm metabolitow wtornych; [P] metabolizm i

transport jondow nieorganicznych; [R] prawdopodobna funkcja ogdlna; [S] funkcja nieznana.
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W niniejszej pracy, w genomie P. psychrophila KMO02 udziat genow
ortologicznych zwigzanych z metabolizmem i transportem aminokwasow i lipidow
wynosit 9 1 3% odpowiednio. Uzyskane wyniki sa zbiezne z rezultatami badan nad
Shewanella baltica, gdzie obecnos¢ genéw metabolizmu i transportu aminokwasow
i lipidow zostal odnotowany na poziomach odpowiednio 8,66 i 3,8% (Li i in., 2020).
Komorki Shewanella baltica nalezg do psychrotrofow i dominujg w procesie psucia ryb
przechowywanych w warunkach chtodniczych (Ge i in., 2017; Sternisa i in., 2020a).
Adnotacja genomu P. psychrophila KM02 umozliwita identyfikacj¢ genéw kodujacych
m.in. dehydrogenazy o roznej specyficznosci (COG1028) transport aminokwasow
typem sekrecyjnym ABC/systemu transdukcji sygnalu (COGO0834), oksydazy D-
aminokwasowe, glicyny (COG06685), przewidywane biatko wyptywowe treoniny
(COGO012), przewidywang peptydaze zalezng od cynku (COGO0016), aminopeptydaze
XAA — PRO (COGO0006), karboksypeptydazg D-alanylo-D-alaniny (COG1686) i
aminopetydaz¢ metioninnowa (COG0024). Na powyzsze czynniki zwrdcono
szczegOlng uwage, poniewaz determinujg aktywnos$ci metaboliczne komorek,
warunkujagce psucie si¢ zywno$ci. Podobnie w genomie P. fluorescens SRM1
wyizolowanego z zepsutego mleka, zidentyfikowano operon zaangazowany w rozktad
biatek i lipidow oraz sekrecje enzyméw za pomocg transportera btonowego ABC (Lo
i in., 2015).

W niniejszej pracy, system GO wykorzystano w adnotacji funkcjonalnej
transkryptow; genom/produktom gendéw przypisywano funkcje przy pomocy
terminologii GO. Wybrane wyniki przeprowadzonej analizy przedstawiono w Tabeli 8.
W genomie P. psychrophila KMO02 870 sekwencjom przypisano termin GO ,,proces
biologiczny”, 77 sekwencjom termin GO ,,sktadnik komorkowy” oraz 680 sekwencjom
termin GO ,.funkcja molekularna”. W obregbie terminu GO “proces biologiczny”
stwierdzono obecnos$¢ przede wszystkim gendéw zaangazowanych w metabolizm
(GO:0008152) oraz procesy komoérkowe (GO:0009987). W grupie terminu
GO0:1901575 ,,proces kataboliczny substancji organicznych” najwickszej liczbie
transkryptow przypisano role w reakcjach chemicznych i szlakach rozktadu
organicznych zwigzkéw azotowych, kwasow organicznych, organicznych zwigzkow
cyklicznych, weglowodandw, organicznych zwigzkow fosforanowych oraz rozktadu
bialek i lipidow. Terminy z kategorii GO ,komoérkowy proces kataboliczny”
obejmowaty gtdéwnie geny zwigzane ze szlakami degradacji zwigzkoéw aromatycznych,

zwigzkow azotowych, lekéw, neuroprzekaznikdw, makroczasteczek, peptydow czy
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zwigzkow siarki. Praca Liu i in. (2019) wskazuje, ze im wyzsza liczba terminow GO
w kategorii ,,proces biologiczny”, tym silniejsze zaangazowanie komodrek w procesy
psucia si¢ zywnosci. Takie prawidlowos$ci zaobserwowano przeprowadzajac adnotacje
funkcjonalng transkryptow P. fluorescens wyizolowanego z zywnosci oraz
P. fluorescens z delecja regulonu RpoS (czynnika zwigzanego z odpowiedzig komorek
na stres srodowiskowy) (Liu i in., 2019).

W niniejszej pracy, w kategorii GO ,sktadnik komorkowy” w genomie
P. psychrophila KM02 wyrézniono obecnos¢ kompleksu T2SS, natomiast w kategorii
GO ,funkcja molekularna” aktywno$¢ transportera transblonowego. Wséréd innych
termindw GO dotyczacych funkcji molekularnej, najbardziej rozpowszechniona
w genomie P. psychrophila KMO02 byta ,aktywno$¢ katalityczna”, ,aktywnosc
hydrolazy”, ,,aktywno$¢ katalityczna, dziatajaca na biatko™ oraz ,,aktywno$¢ hydrolazy
dzialajaca na wigzania estrowe”.

Bazg danych Pfam wykorzystano réwniez do przypisania odczytom
przypuszczalnych funkcji (EI-Gebali i in., 2019). W Tabeli 9 zaprezentowano wybrane
wyniki profilowania Pfam zwigzane z aktywnoS$cig hydrolazy, sekrecja bialek oraz
degradacjg lipidow. Powyzsze aktywnosci decydujg o zdolnosci P. psychrophila KM02
do psucia ryb. Uzyskane odczyty w ilo$ci odpowiednio 11828 i 7768 przypisano do
klanow Aminohydro 1 i Abhydrolase 1. Otrzymane rezultaty przypisano rowniez do
rodzin peptydaz (glownie Peptidase_M20, Peptidase_M24, Peptidase M23).
Wigkszos¢ z tych enzymow jest klasyfikowana jako metalopeptydazy. W obrgbie klanu
ELFV_dehydrog najwigcej odczytow przypisano do bialek dehydrogenaz
aminokwasow, katalizujacych przeniesienie grupy aminowej do ketokwasow.
Powyzsze zwiazki odpowiadaja za zmiany sensoryczne ryb (Zhuang i in., 2021).
U P. psychrophila KMO02 zidentyfikowano klany biatek zaangazowane w rozktad
tluszczu; byly to Lipase 3 1 Lipase GDSL, o warto$ciach odpowiednio 2131 1 1246.
Termostabilne lipazy uczestniczace w psuciu zywnosci kodowane sg przez geny lipA
i lipB. Powyzsze geny zidentyfikowano rowniez u P. fluorescens SRM1 (Lo i in., 2015).

Ocena catego genomu P. psychrophila KM02 wskazata potencjat fizjologiczny
drobnoustrojow do psucia ryb. Dane po sekwencjonowaniu zdeponowano w bazie
NCBI pod numerem NZ_CP049044. Powyzsze dane uznane zostaty przez Zespot NCBI

za materiat referencyjny.
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Tabela 8. Wybrane terminy GO genomu P. psychrophila KM02

Domena
biologiczna

Termin GO

Definicja wg bazy QuickGO
(https://www.ebi.ac.uk/QuickGO/)

Ilos¢
odczytow
(analiza
WGS)

Ilos¢
odczytow
(analiza
RNA-seq)

Sktadnik
molekularny
GO

1902494 //
kompleks
katalityczny

Biatka o aktywnosci katalitycznej

23765

86

0098796 //
kompleks biatka
btonowego

Biatka strukturalne btony komérkowej

20030

297

1902495 //
kompleks
transportu
transbtonowego

Kompleks biatek transbtonowych
pozwalajacych na transfer substancji

15286

24

Funkcja
molekularna
GO

0016787 //
aktywno$é
hydrolazy

Hydroliza wigzan C-O, C-N, C-C,
wigzan fosforowych.

284201

1809

0008233 //
aktywno$é
peptydazy

hydroliza wigzania peptydowego

39142

296

0022857 //
aktywno$é
transportera
transbtonowego

uczestnictwo w wymianie substancji

207467

927

0140096 //
aktywnos$é
katalityczna
wobec biatka

Modyfikacja biatka

85264

384

0016788 //
aktywnos$é
hydrolazy,
hydroliza wigzan
estrowych

hydroliza wigzania estrowego

44622

147
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Tabela 9. Wybrane klany biatek P. psychrophila KM02 zwigzane z procesem psucia ryb

Ilo$¢ Tlo$¢
odczytow  odczytow
(WGS) (RNA-seq)

Identyfikator

Pfam/Nazwa Opis/przewidywana funkcja

Amidohydro_1 Rodzina metalopeptydaz 11828 30
Rodzina enzyméw hydrolitycznych obejmujacych proteazy,

Abhydrolase_1 lipazy, peroksydazy, esterazy, hydrolazy epoksydowe i 7768 10
dehydrogenazy

AA_permease_2 Intf_:gralne b}alka blonowe zaangazowane w transport 6643 117
aminokwasow

Abhydrolase_6 Rodzina enzyméw hydrolitycznych alfa/beta, o szerokiej 6099 0
specyficznos$ci

MMPL Bialka struktl_lre_llnre btony komodrkowej zwigzane z 5848 2
transportem lipidow

Peptidase_M20 Rodzina metalopeptydaz wigzacych jony cynku 5763 10

CN_hydrolase Hydrolazy rozktadajace wigzania C-N 5612 16

Amidase Hydroliza wigzah amidowych 5466 6

T2SSE Rodzma_l zawierajaca komponenty T2SS oraz systemu 5142 0
sekrecyjnego typu IV

Hydrolase_4 Egzopeptydazy 4896 16

MotA_ExbB Biatka blonowe zaangazowane w sekrecj¢ enzymow 4393 23

Peptidase_M24 Rodzina metalopeptydaz nalezaca do rodziny MEROPS 3955 a
peptydaz M24

M20_dimer Rodzina peptydaz M20 3075 1

Peptidase_M23 Rodzina metalopeptydaz wigzacych jon cynku 2758 26

Lon_C Rodzina proteaz sklasyfikowanych jako S16 MEROPS 2446 11
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Tabela 9. Wybrane klany biatek P. psychrophila KM02 zwigzane z procesem psucia ryb (c.d.)

Zn_protease Proteazy wigzace jon cynku zalezne od ATP 2408 3

ELFV_dehydrog rod.zma biatek, ktore katal%zu]q deaminacj¢ oksydacyjna 2372 6
aminokwasu do ketokwasow

Peptidase_S11 egzopeptydazy, endopeptydazy, oligopeptydazy i omega- 2249 29
peptydazy
Obejmuje enzymy zaangazowane w metabolizm cysteiny i

Cys_Met_Meta_PP metioniny; koenzymy w reakcjach dekarboksylacji, 2191 18
deaminacji i transaminacji

Lipase_3 Hydroliza wigzan estrowych 2131 *

Amidohydro_2 Rod;lna obe]_mujqca deammazq gdemnowq hydrolizujaca 2066 0
adening do hipoksantyny i amoniaku

Peptidase_M3 grupa metalopeptydaz (oligopeptydaz) 1757 21

Ser_hydrolase hydrolazy seryny 1683 2

Peptidase_C13 rodzina proteaz cysteinowych hydrolizujaca wigzanie 1623 0
peptydowe

Peptidase_S9 rodzina peptydaz serynowych 1622 2

Aminopep rodzina peptydaz z zachowanym motywem HEXXH 1550 3

Abhydrolase 2 Rodzina fosfo_llpaz i karbok_syloesteraz 0 szerokiej 1527 4
specyficznosci substratowej

Lipase_GDSL Esterazy i lipazy GDSL 1246 2

FA_desaturase enzymy katalizujace insercj¢ podwdjnego wigzania w pozycji 1240 5

delta kwaséw thuszczowych

* — w zastosowanych warunkach hodowli dedykowanych analizie RNA-seq nie odnotowano transkrypcji CDS,

poniewaz tluszcz nie byt sktadnikiem pozywki
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Obecno$¢ gendw nie zawsze oznacza ich ekspresje w okreslonych warunkach
srodowiska (Camiade i in., 2020). Zastosowanie techniki RNA-seq umozliwito
dokonanie ilosciowego pomiaru transkryptow P. psychrophila KMO02. Hodowlg
badanych drobnoustrojéw prowadzono na zmodyfikowanej pozywce TSB z peptonem
z ryby. Zastgpienie hydrolizatu biatek roslinnych i kazeinowych peptonem z ryby
pozwolito na odwzorowanie zrodta zwigzkow azotowych wystepujacych w surowcu.
W celu normalizacji danych wykorzystano wspotczynnik RPKM. Wartosci RPKM
umozliwiajg porownanie poziomu transkrypcji gendw w obrebie jednej proby (Liuiin.,
2019).

W zastosowanych warunkach hodowli sposrod 4719 CDS ekspresji ulegto 1865
(okoto 40%). Najwyzszym poziomem transkrypcji odznaczaly si¢ geny metabolizmu
podstawowego, kodujace: biatka rybosomalne, regulatory translacji, biatka wigzace
DNA oraz biatka i lipoproteiny blony zewnegtrznej (Rycina 6). Wykorzystujac
informacje z bazy danych Pfam, otrzymanym odczytom przypisano przewidywane
funkcje, grupujac dane w klany biatek. W transkryptomie P. psychrophila KMO02
najwiecej odczytow uzyskano dla klanu CL0023, do ktorego naleza biatka wigzace
nukleotydy oraz dla klanu CL0063 obejmujacego biatka zawierajgce tzw. pofaldowanie
Rossmanna wigzace FAD/NAD(P) (Rycina 7). Zgodnie z praca Medvedev i in. (2021)
biatka z powyzszym motywem sa powszechne i pokrywaja 38% referencyjnych
szlakow metabolicznych. Na podstawie adnotacji z bazy danych GO, dominujagcym
odczytom przypisano petniong funkcje w komoérce. Wysoki udziat w transkryptomie
miaty produkty genow przypisanych do funkcji molekularnych — wigzania oraz
aktywnosci katalitycznej (Rycina 8). Poniewaz sg to terminy obejmujace szeroki zakres
funkcji komoérkowych, dla wyodrebnionych terminéw ontologii genow (Tabela 8) oraz
klanow biatek (Tabela 9) zwigzanych z metabolizmem biatek, lipidow oraz synteza EPS
przypisano poziomy transkrypcji w zastosowanych warunkach hodowli. Terminami
ontologii gendéw $cisle powigzanymi z ,,aktywnoscig katalityczng” sg m. in. aktywnos$¢
hydrolazy oraz aktywnos$¢ katalityczna wobec biatka. Dla powyzszych terminow
oznaczono odpowiednio 1809 i 384 odczyty. Wyniki profilowania Pfam wykazaly,
ze klany bialek zwigzane z aktywnoscia proteolityczng P. psychrophila KMO02 ulegaja
ekspresji w pozywce imitujacej produkt z ryb. Wysoka ilo$¢ odczytow otrzymano dla
czynnikow nalezacych do klanu Peptidase_M3 (21) oraz klanu Peptidase_S11 (29).

Przeprowadzona analiza catego transkryptomu P. psychrophila KMO02

hodowanych w warunkach imitujgcych produkt na bazie ryb, pozwolita na uzupeienie
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danych WGS. Do oznaczen RNA-seq zastosowano pepton z ryb, dlatego najwicksza

liczbe odczytow przypisano do CDS zwigzanych z metabolizmem biatek/substancji

azotowych.
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Rycina 6. Zidentyfikowane CDS o najwyzszym poziomie transkrypcji u P. psychrophila KM02

rplS, G5J76_RS10890, rplV, rpsN, rplJ, rplP, rpsQ, rpmC, rpsd, rplE, rplD, rpsC — biatko rybosomalne, tuf,
fusA — czynnik elongacyjny, pal — lipoproteina btony zewngtrznej, G5J76 RS22180, ihfA— biatko wiazace
DNA, rpoA — podjednostka alfa polimerazy RNA, G5J76_RS08970 — biatko blony zewngtrznej,
G5J76_RS02580 - biatko zawierajace domen¢ DUF1127; funkcja nieznana
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Rycina 7. Klany biatek o najwiekszej ilosci przyporzadkowanych odczytow transkryptomu P.
psychrophila KM02

CL0021 — biatka zwierajace domene wigzaca oligonukleotydy lub oligosacharydy; CL0023 — zawierajace
petle P hydrolazy trifosforanow nukleozydow; CL0036 — enzymy zwierajace strukturg barytki hydrolazy
triozofosforanowej wigzaca fosforany; CL0O063 — biatka zawierajace tzw. pofatldowanie Rossmanna wigzace
FAD/NAD(P); CL0108 — ATPazy aktynopodobne; CL0123 — biatka zawierajace motyw helisa-zwrot-helisa;
CL0193 — biatka blony zewng¢trznej zawierajace motyw beta-barytki
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Rycina 8. Funkcje produktow gendow o najwiekszej ilosci dopasowanych odczytow w

transkryptomie P. psychrophila KMO02

4.6. Wplyw subMIC TEO, BPEO, ME, PHE, LIM i CAR na system efflux oraz
T2SS u P. psychrophila KM02

Sposobem ingerencji w system quorum sensing jest rowniez dezaktywacja jego
czynnikow regulacyjnych, zwigzanymi z systemami efflux 1 T2SS. Biatka systemu
efflux uczestniczg w transporcie czasteczek Al; T2SS jest zaangazowany w proces
sekrecji enzymow i innych produktow regulowanych przez quorum sensing (Moradali
i in., 2017). System efflux, warunkujagc wydalanie czynnikow toksycznych
(antybiotykow, metali cigzkich, zwigzkéw organicznych, aktywnych sktadnikow
srodkow dezynfekcyjnych) z wnetrza komorek, ksztattuje opornos¢ drobnoustrojow na
powyzsze czynniki (Rampioni i in., 2017).

W niniejszej pracy w zlozonym de novo genomie P. psychrophila KMO02
zidentyfikowano sekwencje kodujace biatka systemu efflux oraz T2SS (publikacja P-3
i P-4). Do kolejnych etapow pracy wytypowano nastgpujace geny: mfs, mexAB-oprM,
muxABC-ompB (geny-operony systemu efflux) oraz tadB1, tadC1, gspH1, gspH2, pulG,
gspG, pulF2 (geny T2SS). Funkcje badanych genow opisano w Tabeli 1.

W niniejszej pracy wptyw olejkoéw eterycznych i ich pojedynczych sktadnikéw na

biatka systemu efflux P. psychrophila KMO02 weryfikowano dwuaspektowo; oceniajac
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zmiany poziomu ekspresji genow kodujacych biatka fuzyjne (mexA, muxA) i biatka
zewnatrzbtonowe (oprM, opmB) oraz analizujac potencjat ME, PHE, LIM i CAR do
aczenia si¢ w miejscu aktywnym biatek transportujgcych Mfs, MexB, MuxB.

Biatka Mfs, MexB i MuxB sg zwigzane z btong cytoplazmatyczng drobnoustrojow
I wigzg transportowany substrat (Li i Plésiat, 2016). Na podstawie sekwencji
aminokwasowych w serwerze I-Tasser (Roy i in., 2010) przygotowano modele biatek.
Zmiany w poziomie mMRNA badanych gendéw u P. psychrophila KM02 przedstawiono
na Rycinie 9 oraz w publikacji P-2. Indukcj¢ systemu efflux dokonano wprowadzajac
do hodowli komérek P. psychrophila KMO02 antybiotyk (kwas nalidyksowy) w stezeniu
30 pg/mL, wobec ktorego testowane drobnoustroje nie wykazujg wrazliwoSci.
Nastepnie do hodowli wprowadzano olejki eteryczne i ich zwigzki bioaktywne
w stezeniu subMIC. Po narazeniu komorek na wybrane stezenie kwasu nalidyksowego,
odnotowano wzrost poziomu mRNA genéw muxA, mexA i oprM. Powyzsza
prawidtowo$¢ jest spdjna z rezultatami uzyskanymi przez Takrami i in. (2017)
i wskazuje na udziat biatek MuxA, MexA i OprM w procesie opornosci Pseudomonas
spp. na kwas nalidyksowy. Inkubacja komoérek z subMIC TEO doprowadzita do
istotnego obnizenia poziomu mMRNA genow systemu efflux. Uzyskane wyniki
potwierdzaja zdolnos¢ TEO do ingerencji w system efflux. Zdolnos¢ stezen subMIC
ME, i PHE do zmian w poziomie mRNA gen6éw systemu efflux byta nizsza niz olejku
eterycznego. Podobng zalezno$¢ zauwazono w pracy Limaverde i in. (2017), gdzie
zastosowanie subMIC olejku eterycznego z Chenopodium ambrosioides (komosy
pizmowej) skutecznie hamowato dziatanie systemu efflux TetK u Staphylococcus
aureus, podczas gdy jego glowny zwigzek, o-terpinen nie wykazywal zadnej
aktywnosci. W niniejszej pracy wykazano, ze BPEO mniej efektywnie wptywa na
poziom MRNA genoéw systemu efflux u P. psychrophila KMO02 niz jeden z jego
gléwnych komponentow, CAR. Powyzsza prawidlowo$¢ moze wynika¢ z wptywu
drugiego gtownego sktadnika BPEO — LIM, ktérego zastosowanie nie skutkowato
redukcja poziomu mRNA genoéw systemu efflux u P. psychrophila KMO02. Odmienne
rezultaty uzyskali de Aragjo i in. (2021), udowadniajac wptyw LIM na syntezg biatka
MrsA i TetK u Staphylococcus aureus. Rozbiezno$ci te mogg wynika¢ z rdznic
W zastosowanym stezeniu LIM, ktory w prezentowanej pracy mogl by¢

niewystarczajacy do hamowania systemu efflux.
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Rycina 9. Zmiana poziomu ekspresji genow systemu efflux (F=2629; p < 2e-16 ***) w komorkach P.
psychrophila KM02 inkubowanych na pozywce zTSB z NA, suplementowanej subMIC
TEO, BPEO, ME, PHE, LIM i CAR
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Wyniki dokowania molekularnego sktadnikow bioaktywnych TEO i BPEO
z bialkami transportujacymi systemu efflux (Mfs, MexB, MuxB) przedstawiono
w Tabeli 10 oraz w publikacji P-3. Wizualizacje sposobu dokowania biatek efflux
z bioaktywnymi sktadnikami TEO w postaci rzutu kartonowego 2D oraz 3D
przedstawiono na Rycinie 10-12.

Biatko Mfs wplywa na ekspresje czynnikow wirulencji i odpowiada za
wrazliwo$¢ na antybiotyki P. aeruginosa. W niniejszej pracy oddziatywania
hydrofobowe z resztami ARG30 i ALA347 biatka Mfs warunkowaly tworzenie
kompleksoéw z bioaktywnymi sktadnikami TEO i BPEO. Wartosci dokowania wahaty
si¢ W zakresie od -2,332 kcal/mol (Mfs-LIM) do -4,170 kcal/mol (Mfs-PHE). Dla
kompleksu biatka Mfs z kemferolem (udokumentowanym inhibitorem systemu efflux
typu Mfs) warto$¢ dokowania wynosita -8,011 kcal/mol. Powyzszy kompleks
utworzony zostal za pomoca stabilizujgcego wigzania typu ,,n — stacking” z reszta
PHE120. W pracy Zarate i in. (2019) rowniez wykazano, ze decydujaca reszta wigzaca
ligandy w miejscu aktywnym biatka typu Mfs jest PHE. Z tg reszta aminokwasows,
naturalny inhibitor kapsaicyna rowniez tworzyla wigzanie typu ,,t — stacking”,
generujgc wartosci dokowania -7,19 kcal/mol.

Kolejnym analizowanym biatkiem systemu efflux byl MexB. Powyzsze biatko
bierze udziat w aktywnym transporcie 3-0kso-C12-HSL oraz reguluje dostep czasteczek
Al do receptora systemu quorum sensing (Minagawa i in., 2012). Spos$rod
analizowanych zwigzkéw olejkow eterycznych, najwyzsza wartos¢ dokowania
otrzymano dla uktadu MexB-CAR, co moglo wynika¢ z oddziatywan
elektrostatycznych z resztami ASN33 i PRO36. Wedtug Klebe (2013) oddziatywania
elektrostatyczne sg dominujagcym czynnikiem w wigzaniu biatko-ligand. Syntetyczny
inhibitor Phe-Arg-B-naftyloamidu (PapN) (Rampioni i in., 2017) wykazywat silng
interakcje (-6,414 kcal/mol) za posrednictwem reszt PHE388, GLU672, PRO36,
GLY296 i ASN33. Powyzsze wyniki sg zgodne z badaniami Aparna i in. (2014), ktore
wykazaly, ze miejscem aktywnym biatka MexB u P. aeruginosa sa reszty PRO36,
PHE388 i GLN46.

Biatko MuxB jest sktadnikiem kompleksu MuxABC-OpmB, odpowiedzialnego
za oporno$¢ drobnoustrojow na antybiotyki: gtownie nowobiocyne, tetracykline,
erytromycyne, kitasamycyne i rokitamycyne (Mima i in., 2007). Dezaktywacja systemu
efflux MuxABC-OpmB doprowadza do zmian w ekspresji sygnalow quorum sensing
i do akumulacji Al PQS i AHL (Adamiak i in., 2021).
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Tabela 10. Wyniki dokowania molekularnego inhibitorow oraz ME, PHE, LIM i CAR z biatkami efflux

komorek P. psychrophila KM02

. Wartosé Energia . Reszty p}ug0§C
Wariant . aminokwasowe wigzania/ . .
dokowania  kompleksu L, Typ interakcji
kompleksu [kealimol]  [keal/mol] wchodzace w odlegtos¢
interakcje [A]
ARG30 1,80; 2,48 Wodorowe
MFS - ME -3,585 -24,801 PHE119, PHE120, - hydrofobowe
PHE59, TYR62
TYR248, ILE144,
MFS — PHE -4,170 -15,217 PHE119, TRP350 - Hydrofobowe
MFS ARG30, ALA347,
CLIM -2,332 -12,689 TYR248 - Hydrofobowe
PHE120, - Polarne
MFS - CAR -4,092 -17,903 ARG30, ALA347 - Hydrofobowe
PHE120 4,75 n — stacking
MES _ ARG30 1,95 aromatyczne wodorowe
Kaemoferol -8,011 -39,001 ALA347 1,98 aromatyczne wodorowe
P ASN374 2,36 aromatyczne wodorowe
TYR248 2,73 wodorowe
TYR35 1,96 Wodorowe
MEXB - ME -4,369 -26,719 ILE38, ALA39 - hydrofobowe
GLU672 - polarne
ILE38, ALA39, - hydrofobowe
MEXB - PHE -3,604 -18,009 VALG670, LEU137
ASN33, SER297 - polarne
ASN33, PRO36, - Hydrofobowe
MEXB - LIM -3,034 -17,814 GLUGET72 i Polarne
AL39, VAL133 - Hydrofobowe
MEXB - CAR -4,434 -26,716 SER37, GLN34, - polarne
ASN33
PHE388 4,52 n — stacking
GLN469 2,70 wodorowe
GLY?296 2,77 wodorowe
GLY296 2,20 aromatyczne wodorowe
MEXB — PaiN -6,414 -7,131 ASN33 2,16 aromatyczne wodorowe
PRO36 2,27 aromatyczne wodorowe
GLU672 2,28 aromatyczne wodorowe
GLU672 2,05 aromatyczne wodorowe
GLU672 4,40 mostek solny
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Tabela 10. Wyniki dokowania molekularnego inhibitorow oraz ME, PHE, LIM i CAR z biatkami efflux
komorek P. psychrophila KMO02 (c.d.)

GLN563 3,85 Wodorowe
MUXB - ME -4,125 -23,186 SER663 - polarne
ASN284 - nalagdowane ujemnie
ARG323, THR657 - natadowane dodatnio
MUXB - PHE -3,442 -17,175 GLN563 i polarne
ARG323, THR657 - natadowane dodatnio
MUXB - LIM 3311 -13,627 ASP136 - natadowane ujemnie
GLNG654, ALA135, - Hydrofobowe
MUXB - CAR -2,826 -10,665 VALG653, PRO134,
THR137, SER663 - Polarne
MUXE — GLN654 1,68 aromatyczne wodorowe
theobromine -4,365 -27,255 GLN563 2,06 aromatyczne wodorowe
ARG323, THR657 - natadowane dodatnio

W niniejszej pracy najwyzsza warto$¢ dokowania odnotowano dla ME (-4,125
kcal/mol). Prawidtowo$¢ wynika z oddziatywan ME z resztami ARG323 i THR657 oraz
wigzania wodorowego z GLN563, ktore stabilizuje utworzony uktad. Poniewaz
w literaturze nie opisano dotad specyficznego inhibitora biatka MuxB, przeprowadzono
seri¢ eksperymentow dokowania molekularnego (Ghosh i in., 2020) i na ich podstawie
wybrano teobroming, dla ktorej wartos¢ dokowania wyniosta -4,365 kcal/mol.
Odnotowano obecno$¢ wigzan wodorowych z GLN654 1 GLN563 oraz oddziatywan
elektrostatycznych z dodatnio natadowanymi ARG323 i THR657.

Uzyskane wyniki analiz RT-gPCR oraz dokowania molekularnego potwierdzity
potencjat TEO i BPEO do modulowania aktywno$ci systemu efflux, ktory determinuje
zarowno dziatanie mechanizmu quorum sensing oraz opornos$¢ na dziatanie zwigzkow

toksycznych u P. psychrophila KMO02.
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W niniejszej pracy zweryfikowano réwniez wptyw TEO i BPEO na ekspresje
genoéw kodujacych biatka systemu T2SS. Wplyw ten oceniano jako zmiang poziomu
MRNA genéw po inkubacji z subMIC TEO, BPEO, ME, PHE, LIM i CAR. Rezultaty
analiz RT-gPCR przedstawiono na Rycinie 13 oraz w publikacji P-4. W genomie
P. psychrophila KMO02 zidentyfikowano geny zwigzane z T2SS: geny pulG i gspG
kodujace pseudopiliny PulG i GspG; tadB1 i tadC1 kodujace integralne biatka btony
wewngtrznej zaangazowane w ogolny szlak sekrecyjny (GSP); geny gspH2 i gspH1
kodujace biatka zaangazowane w proces wydzielania; i pulF gen kodujacy biatko
zaangazowane W eksport lipaz. Poziom ekspresji genéw T2SS po inkubacji
z analizowanymi czynnikami wahat si¢ od 0,9 do 0,02. Najwigksze redukcje poziomow
mRNA genow T2SS odnotowano po ekspozycji komoérek na TEO i jego pojedyncze
sktadniki (ME i PHE). Poziom mRNA genéw gspH1 oraz gspH2 wyni6st odpowiednio
0,05 1 0,02. Niniejsze wyniki sa zgodne z pracg Jain i in. (2018), w ktorej odpowiedz
komorek Pseudomonas spp. na $rodki przeciwdrobnoustrojowe pochodzenia
naturalnego oceniona zostalta na poziomie proteomu. Zastosowanie wodnych
ekstraktow katechin pozyskanych =z kwiatow Saraca asoca doprowadzito
u P. aeruginosa do obnizenia syntezy bialek zaangazowanych w uklady sekrecyjne
(np. xcp, PilS). Dodatkowo w pracy Singh i in. (2017) odnotowano role olejku
eterycznego tymianku w zwalczaniu czynnikow wirulencji regulowanych przez T2SS
u Xanthomonas oryzae. Ekspresja czynnikow wirulencji Xanthomonas spp. ulegla
nieznacznym zmianom, gdy bakterie byty traktowane samym tymolem.

Uzyskane wyniki potwierdzity zdolno$¢ badanych czynnikéw do dezaktywacji
systemu sekrecyjnego zidentyfikowanego w komorkach P. psychrophila KMO2.
Powyzsze zmiany zaburzajg funkcjonowanie systemu quorum sensing P. psychrophila
KMO2.

68



= FIM + subMIC TEO “FIM + subMIC ME FIJM + subMIC PHE

1.2 = FJM + subMIC BPEO = FIJM + subMIC LIM FIM + subMIC CAR
g
3 08 -
(5]
o
k=
: T
N
bed
04 - o
efgh == defg
=h__ fghi i
= ghij -~ N hij
hij - ghij ™ [ ghij hii B ghij
g o hij o T ohi hij ij fohifL
0~ j iy ) ij . i i i . i o
ij i i ij ij i

Rycina 13. Zmiana poziomu ekspresji genow systemu T2SS (F=41,32; p<2e-16 ***) w komorkach P. psychrophila KM02 inkubowanych na pozywce FIM suplementowanej
subMIC TEO, ME, PHE, BPEO, LIM i CAR
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4.7. Wplyw stezen subMIC TEO, BPEO, ME, PHE, LIM i CAR na aktywnos$¢
proteolityczna, lipolityczna oraz synteze EPS zaleznych od systemu quorum
sensing u P. psychrophila KMO02

Mikrobiologiczne psucie ryb objawia si¢ przede wszystkim zmianami
wilasciwosci fizykochemicznych tkanki, obecnoscia na jej powierzchni warstwy Sluzu
oraz wytworzeniem nieprzyjemnego zapachu (Comi, 2017). Objawy te sg wynikiem
rozktadu biatek i lipidow oraz syntezy EPS przez komorki bakteryjne. Powyzsze
aktywno$ci metaboliczne Pseudomonas spp. regulowane sg mechanizmem quorum
sensing (Ding i in., 2019). W niniejszej pracy zbadano wptyw stezen subMIC TEO
i BPEO oraz ich glownych sktadnikow na aktywnos¢ proteolityczng, lipolityczng oraz
synteze EPS przez P. psychrophila KM02 hodowanego w pozywce TSB i W pozywce
FIM. W tym celu przeprowadzono analizy spektrofotometryczne oraz analizy RT-
gPCR. Jako préby kontrolne zastosowano hodowle drobnoustrojéw prowadzone na
podtozach bez dodatku testowanego czynnika przeciw-quorum sensing.

Wyniki wptywu stezen subMIC TEO, BPEO i ich glownych sktadnikéw na
aktywnos¢ proteolityczng zawarto w publikacji P-2 i P-3 oraz przedstawiono na Rycinie
14-16. Zgodnie z wynikami doswiadczen spektrofotometrycznych, wszystkie
analizowane substancje istotnie obnizyly aktywno$¢ proteolityczng komorek
P. psychrophila KM02. Najwigksze obnizenie powyzszych wiasnosci (w zakresie od 36
do 41%) wywotat BPEO, LIM i CAR dodany do pozywki TSB. Podobng zaleznos¢
odnotowano u komorek hodowanych w pozywce imitujacej produkt z ryb. W danych
warunkach aktywno$¢ proteolityczna zostala obnizona w zakresie od 27 do 36%.
Testowane czynniki efektywniej ingerowalty we wlasnosci proteolityczne
P. psychrophila KM02 w warunkach in vitro niz in situ. Powyzsza zalezno$¢ moze by¢
rezultatem obecnosci gltdwnie wysokoczasteczkowych biatek w FIM (Burt, 2004).
Suplementacja pozywek stezeniami subMIC PHE skutkowata obnizeniem aktywnos$ci
proteolitycznej 0 20 % (hodowla komoérek na pozywce TSB) 10 16% (hodowla komoérek
na pozywce FIM). W profilu Al quorum sensing badanego mikroorganizmu
syntetyzowanych w tych warunkach odnotowano obecno$¢ czasteczek 3-0kso-C8-HSL.
Zalezno$¢ miedzy synteza Al quorum sensing a aktywnoscig proteolityczng
u Pseudomonas spp. oceniali rowniez Ding i in., (2019), Li i in. (2019), Pattnaik i in.

(2018) oraz Zhao i in. (2018). We wszystkich pracach ingerencja w mechanizm quorum
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sensing drobnoustrojow skutkowata zmianami wydajnoSci syntezy enzymow
proteolitycznych.

Wplyw analizowanych substancji na aktywnos$¢ proteolityczng P. psychrophila
KMO02 zbadano takze na poziomie molekularnym; oceniano zmiany w poziomie
ekspresji wybranych genéw kodujacych proteazy. Wyniki odnoszono do poziomoéw
mRNA  komoérek  hodowanych na  podlozu bez dodatku  czynnika
przeciwdrobnoustrojowego. W niniejszej pracy, stezenia subMIC badanych czynnikow
wplynely na poziom ekspresji genéw kodujgcych proteazy. Bylo to widoczne we
wszystkich wariantach dos§wiadczenia; szczegdlnie po narazeniu P. psychrophila KMO02
na stezenia subMIC BPEO i LIM. Rezultaty sa zgodne z wynikami przesiewowymi,
wykorzystujacymi metode spektrofotometryczng w ocenie zmian aktywnosci
proteolitycznej drobnoustrojow. Powyzszej zalezno$ci nie odnotowano dla wariantu

doswiadczenia subMIC ME-pozywka FJM oraz dla wariantu subMIC TEO i subMIC

PHE w obu pozywkach.
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Rycina 14. Zmiana aktywnosci proteolitycznej (F=1054; p<2e-16 ***) komorek P. psychrophila
KMO02 inkubowanych na pozywkach TSB i FIM suplementowanych subMIC TEO,
ME, PHE, BPEO, LIM i CAR
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Rycina 16. Zmiana poziomu ekspresji wybranych genow kodujacych proteazy (F=98.8; p<2e-16 ***) w

komoérkach P. psychrophila KM02 inkubowanych na pozywce FIM suplementowanej
subMIC TEO, ME, PHE, BPEO, LIM i CAR
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Wyniki wplywu analizowanych substancji na aktywno$¢ lipolityczng
przedstawiono w publikacji P-4 oraz na Ryc. 17-19. Wyniki oznaczen przesiewowych
wykorzystujacych metode spektrofotometryczng wykazaly wpltyw testowanych
czynnikow na aktywnos$¢ lipolityczng P. psychrophila KMO02; redukcja aktywnosci
lipolitycznej drobnoustrojow miescita si¢ w zakresie od 11 do 46% w zaleznosci od
zastosowanego uktadu. Znaczna inhibicja aktywnosci lipolitycznej P. psychrophila
KMO02 odnotowana zostata po narazeniu komorek na subMIC TEO i BPEO. Redukcje
aktywnosci lipolitycznej odnotowano réwniez u komorek hodowanych w obecnosci
subMIC ME, PHE, LIM i CAR. Przyktadowo suplementacja pozywki TSB przez
subMIC ME skutkowata obnizeniem lipolizy P. psychrophila KM02 o 17%. W podtozu
FIM redukcje aktywnosci lipolitycznej (o 11%) odnotowano dla wariantu z subMIC
CAR. Powyzsze obserwacje sa zgodne z rezultatami zmian aktywnosci lipolityczne;j
u P. fluorescens narazonego na dziatanie olejku eterycznego otrzymanego z jatlowca
(MyszKka i in., 2021). W cytowanej pracy, dla wariantow hodowli suplementowanych
olejkiem eterycznym z jalowca odnotowano zahamowanie produkcji lipaz o 45%,
podczas gdy jego gtowne zwiagzki, tj. a-pinen i sabinen, byly znacznie mniej skuteczne
w badanym zakresie. Powyzsza zalezno$¢ moze by¢ zwigzana z nizszg aktywnoS$cia
przeciwdrobnoustrojowg zwigzkow terpenowych w stosunku do roztworéow olejkow
eterycznych (Hyldgaard i in., 2012). Addytywne lub synergistyczne dziatanie
przeciwdrobnoustrojowe obserwuje si¢ podczas stosowania roztworéw dwoch lub
wigkszej liczby zwigzkow terpenowych (Bassolé i Juliani, 2012). Na przyktad w pracy
Vuuren i Viljoen (2007) hamujacy wplyw LIM na wzrost P. aeruginosa zostat
wzmocniony przez dodanie rownej objetosci eukaliptolu.

Dla wariantéw eksperymentow prowadzonych w pozywce FIM uzyskano istotnie
nizsze (p < 0,05) wyniki niz w warunkach in vitro, z wyjatkiem subMIC ME. Zgodnie
zpracg Myszkaiin., (2021), w pozywce pozyskanej z ryby odnotowano 1,8 mg/g biatka
oraz 0,0635 mg/g lipidow, co odwzorowuje produkt. Powyzsze sktadniki zmniejszaja
aktywno$¢ przeciwdrobnoustrojowa olejkéw  eterycznych  wobec  komorek
drobnoustrojow (Perricone i in., 2015). Podobnie Sternisa i in. (2020b) wykazali,
niewielkg wrazliwo$¢ komoérek P. psychrophila na dziatanie olejku eterycznego
z rozmarynu. W cytowanej pracy zastosowanie ekstraktu z rozmarynu w filetach
z karpia skutkowato zatrzymaniem procesu lipolizy przez P. psychrophila o jeden dzien

w stosunku do préby kontrolnej.
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Rycina 18. Zmiana poziomu ekspresji wybranych genow kodujacych lipazy (F=41.97; p<2.7e-15 ***) w

komorkach P. psychrophila KMO02 inkubowanych na pozywce TSB suplementowanej subMIC

TEO, ME, PHE, BPEO, LIM i CAR
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W niniejszej pracy ingerencje w syntezg lipaz przez testowane czynniki
w stezeniach subMIC zweryfikowano réwniez oceniajac poziom ekspresji gendéw
kodujacych lipazy (lipA, lipB). Najwyzsze obnizenie transkrypcji genu lipA
odnotowano w komoérkach P. psychrophila KMO02 traktowanych subMIC BPEO
i subMIC TEO, co potwierdzito obserwacje fenotypowe. Poniewaz geny lipA i lipB sa
polaczone w jednym operonie, dlatego zaklocenie ekspresji cho¢by jednego z nich
skutkuje zmianami fizjologicznymi (Frenken i in., 1993). W pracy Myszka i in. (2021),
poziom mMRNA genu lipB rowniez ulegat obnizeniu w najwiekszym stopniu po inkubacji
komorek P. fluorescens z subMIC olejku eterycznego z jatowca potwierdzajac
wczesniejsze obserwacje. Christensen i in. (2003) wykazali, ze szczepy saprofityczne
Serratia proteamaculans niezdolne do syntezy biatka LipB nie zmieniajg cech

organoleptycznych produktéw mlecznych.
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Rycina 19. Zmiana poziomu ekspresji wybranych genow kodujacych lipazy (F=41.97; p<2.7e-15 ***) w
komorkach P. psychrophila KM02 inkubowanych na pozywce FIM suplementowanej subMIC
TEO, ME, PHE, BPEO, LIM i CAR

Wyniki wptywu analizowanych czynnikdéw na zdolnos$¢ syntezy przez testowane
drobnoustroje EPS przedstawiono w publikacji P-3 oraz na Rycinie 20-22. Syntezg EPS
u P. psychrophila KM02 inkubowanych bez dodatku badanych czynnikéw oszacowano
$rednio na poziomie 30,6 pg/10” jtk. Po suplementacji $rodowiska testowanymi

czynnikami, efektywnos$¢ syntezy EPS obnizyta si¢ srednio o 48%. Bylo to szczegdlnie
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widoczne po narazeniu komorek na dziatanie subMIC TEO i BPEO. W tych wariantach
doswiadczenia stwierdzono ponad 60% redukcje syntezy EPS w warunkach in vitro oraz
ponad 50% redukcje syntezy EPS w warunkach in situ. Zastosowanie pojedynczych
zwiazkow bioaktywnych badanych olejkow eterycznych skutkowato inhibicjg syntezy
EPS od 25% (dla subMIC PHE w pozywce FIM) do 50% (dla subMIC ME w pozywce
TSB).

Powyzsze obserwacje weryfikowano eksperymentami RT-qPCR, oceniajacymi
zmiany ekspresji genéw odpowiedzialnych za synteze alginianu, tj. algA, kodujacego
liaze alginianows, algU kodujacego czynnik sigma o oraz mucA kodujacego czynnik
anty-sigma o (Muhammadi i Ahmed, 2007). Wszystkie czynniki doprowadzily do
istotnego obnizenia poziomu mRNA genoéw algA i algU. Najwicksza redukcje
transkrypcji genow algA i algu odnotowano w komoérkach inkubowanych w pozywce
TSB suplementowanej subMIC BPEO, LIM oraz CAR. Dla powyzszych czynnikoéw
odnotowano obnizenie mRNA genu algA odpowiednio 0 82, 71 i 74%, natomiast genu
algU o odpowiednio 36, 57 i 79%. Jedynym czynnikiem, dla ktérego zaobserwowano
zwigkszenie poziomu ekspresji genu mucA byt subMIC LIM. Podobne wyniki uzyskano
dla komorek P. fluorescens KM48 i P. orientalis KM 149 narazonych na dziatanie olejku
eterycznego z mirtu (Myszka i in., 2020). Powyzsza zalezno$¢ mogta by¢ spowodowana
zblizonym mechanizmem dziatania LIM oraz gtownych zwiazkéw olejku eterycznego
z mirtu: eukaliptolu, alfa-pinenu i octanu mirtenylu. Wedtug Muhammadi i Ahmed,
(2007), regulowanie poziomu ekspresji genu algU przez geny muc doprowadza do
obnizenia syntezy EPS.

Uzyskane w niniejszej pracy wyniki wskazuja, ze TEO i BPEO to wartosciowe

zrodla zwigzkoéw regulujacych aktywnosci metaboliczne bakterii.
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Rycina 20. Zmiana syntezy EPS (F=79,03; p<2e-16 ***) przez komorki P. psychrophila KMO02
inkubowane na pozywkach TSB i FIM suplementowanych subMIC TEO, ME, PHE, BPEO,

LIM i CAR
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Rycina 21. Zmiana poziomu ekspresji wybranych genéw regulujgcych synteze EPS (F=25,16; p<2e-16
***) w komorkach P. psychrophila KM02 inkubowanych na pozywce TSB suplementowanej
subMIC TEO, ME, PHE, BPEO, LIM i CAR
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Rycina 22. Zmiana poziomu ekspresji wybranych genow regulujacych synteze EPS (F=25,16; p<2e-16
***) w komorkach P. psychrophila KMO02 inkubowanych na pozywce FIM suplementowane;j
subMIC TEO, ME, PHE, BPEO, LIM i CAR

4.8. Wozrost P. psychrophila KM02 w modelowym produkcie spozywczym

W niniejszej pracy zweryfikowano rowniez aktywnos¢ przeciwdrobnoustrojowa
TEO i BPEO w produkcie modelowym. Porcje $wiezego tososia atlantyckiego
inokulowano wystandaryzowang ilo$cig komorek P. psychrophila KMO02 (wartos¢
poczatkowa 4 log jtk/g), traktowano marynata octowo-olejowa suplementowang
stezeniami SUbMIC TEO i BPEO, a nastgpnie pakowano w warunkach prézniowych.
Proby przechowywano w temperaturze 4°C przez 5 dni. Wyniki zmian liczby
P. psychrophila KM02 w produkcie po 1, 3 i 5 dniach jego przechowywania
zaprezentowano w publikacji P-4 oraz na Ryc.21.

Po 1 dniu przechowywania w probie kontrolnej odnotowano liczbe komorek
P. psychrophila KM02 na poziomie 4,8 log jtk/g, natomiast w probach z marynata
suplementowang stezeniami subMIC TEO i BPEO, odpowiednio 4,2 i 4,3 log jtk/g. Po
3 dobach przechowywania w probach z dodatkiem subMIC TEO i BPEO, liczba
komorek P. psychrophila KMO02 wyniosta odpowiednio 4,9 log jtk/g i 5,2 log jtk/g. Dla
ostatniego punktu pomiarowego odnotowano liczb¢ komorek na poziomie 5,2 log jtk/g
(w probie z subMIC TEO) i 5,4 log jtk/g (w probie z subMIC BPEO). W prébach
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kontrolnych liczba komérek §wiadczaca o rozpoczetym procesie psucia produktu (6 log
jtk/g) osiagnicta zostata pomigdzy 3 a 5 dniem przechowywania. Takiej zaleznoSci nie
stwierdzono w probach traktowanych subMIC TEO i BPEO, co wskazuje na skuteczne
dziatanie przeciwdrobnoustrojowe przygotowanej marynaty. Zastosowanie samego
opakowania prozniowego nie zahamowato proliferacji komorek P. psychrophila KMO02.
W pracy Frangos i in. (2010), oceniajacej jako$¢ mikrobiologiczng pstraga pakowanego
w warunkach prozniowych, rowniez zaobserwowano udziat komorek Pseudomonas
spp. W procesie psucia produktu. Zdaniem autorow powyzsze zjawisko wynika
z nieodpowiedniej bariery materialu uzytego do pakowania lub niecatkowitego
odprowadzenia gazu z prob. Ponadto, zgodnie ze wskazaniami literaturowymi,
Pseudomonas spp. to fakultatywne beztlenowce (Kampers i in., 2021). Wptyw marynat
wzbogaconych olejkami eterycznymi z oregano, rozmarynu i jalowca na kinetyke
wzrostu bakterii psychrotrofowych w zywnosci badali rowniez Siroli i in. (2020).
W cytowanej pracy zabieg marynowania hamowatl wzrost bakterii z rodzaju
Pseudomonas i bakterii z grupy coli. Badania molekularne przeprowadzone przez Wu
i in. (2013) wykazaty, ze sktadniki olejkow eterycznych moga hamowac syntez¢ DNA
poprzez supresje aktywnosci gyrazy B lub hamowac syntez¢ ATP. Niektore srodki
mogg powodowac réwniez reorganizacje¢ tancucha kwasu nukleinowego, co wptywa na
metabolizm bakterii (Pan i in., 2020). Co wigcej, poza poprawa bezpieczenstwa i okresu
trwalo$ci marynowanych ryb, stosowanie olejkow eterycznych moze rdwniez
zwigkszy¢ cheé konsumentow do zakupow takich produktow w $wietle rosngcego

popytu na zywnos$¢ z tzw. czysta etykieta (Asioli i in., 2017).
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Rycina 23. Przeciwdrobnoustrojowa aktywno$¢ marynaty octowo-olejowej (F=50,34; p=2.65e-08 ***)

suplementowanej subMIC TEO i subMIC BPEO wobec komoérek P. psychrophila KM02,
zastosowanej w filetach z lososia atlantyckiego przechowywanych w warunkach

prozniowych w 4°C
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5. Podsumowanie

W niniejszej pracy oceniano wptyw subMIC TEO i BPEO oraz ich gltéwnych
sktadnik6w na metabolizm zalezny od systemu quorum sensing u bakterii P. psychrophila
KMO2. Prowadzono hodowle komorek Pseudomonas spp. w pozywce TSB (warunkach
in vitro) oraz w pozywce FIJM (imitujgcej produkt z ryb; w warunkach in situ)
suplementowanych badanymi czynnikami, a nastgpnie Wwykonaniu posiewow
mikrobiologicznych oraz  ocen  spektrofotometrycznych, chromatograficznych
i genetycznych. Dodatkowo przeprowadzono analizy in silico dokowania molekularnego
gtownych sktadnikéw badanych olejkow eterycznych z wybranymi biatkami
Pseudomonas spp.

Prace rozpoczeto od analiz przesiewowych ukierunkowanych na ocen¢ dziatania
przeciwdrobnoustrojowego oraz przeciw-quorum sensing subMIC TEO i BPEO oraz ich
glownych sktadnikow wobec trzech szczepow Pseudomonas spp. wyizolowanych z ryb
— P. psychrophila KMO02, P. orientalis KM149 oraz P. fluorescens KM248.

W pierwszym etapie badan pozyskano olejki eteryczne metoda hydrodestylacji oraz
oznaczono ich sktady chemiczne. W sktadzie TEO dominowaty: ME (24,5 %) i PHE
(19,3%), a u BPEO byt to: CAR (19,6 %) i LIM (19,1 %). Korzystajac z metody szeregu
seryjnych rozcienczen wyznaczono wartosci indeksow subMIC badanych czynnikéw
wobec komorek Pseudomonas spp. Odnotowano zblizong wrazliwos$¢ drobnoustrojow na
testowane czynniki. Warto$ci indeksow subMIC TEO i BPEO mies$city si¢ w zakresie 70
— 75 pL/mL 1 100 — 135 pL/mL odpowiednio. Warto$ci indeksow subMIC: ME, PHE,
LIM i CAR wynosity odpowiednio: 10 — 12 pL/mL, 8 — 10 uL/mL, 60 — 65 puL/mL oraz
20 — 35 uL/mL Poniewaz jednym z mechanizmoéw dziatania przeciwdrobnoustrojowego
zwigzkow  terpenowych jest zmiana wlasciwos$ci fizykochemicznych oston
komodrkowych drobnoustrojow, w nastgpnym etapie badan oceniono wpltyw stezen
subMIC TEO i BPEO na profil estrow metylowych kwasow ttuszczowych Pseudomonas
spp. Stwierdzono m.in. istotne obnizenie udziatu nienasyconych kwasow ttuszczowych
oraz istotny wzrost udziatu nasyconych kwasow thuszczowych u badanych szczepow
Pseudomonas spp. Wyjatek stanowit P. fluorescens KM 148, u ktérego powyzsza zmiana
nie byla istotna statystycznie; w tym wariancie doswiadczenia stwierdzono natomiast
istotne obnizenie udzialu kwaséw tluszczowych o rozgalezionej budowie. Zaréwno
nienasycone 1 rozgalezione kwasy tluszczowe odpowiadaja za plynnos$¢ oston

komorkowych bakterii.
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W nastepnym etapie pracy oceniono wptyw stezen subMIC badanych czynnikéw na
system quorum sensing Pseudomonas spp. Badania polegaty na analizie zmian w Syntezie
czagsteczek Al oraz ocenie oddzialywania czynnikow z biatkami receptorowymi systemu
quorum sensing. Profil Al Pseudomonas spp. sktadat si¢ nastepujgcych czagsteczek:
3-0kso-C12-HSL, 3-okso-C14-HSL, 3-okso-C6-HSL, 3-okso-C8-HSL, C12-HSL, C4-
HSL i C6-HSL oraz PQS. Wsrdd zidentyfikowanych czasteczek AHL, najwyzszymi
udziatami odznaczaly sie: 3-0kso-C12-HSL, 3-okso-C8-HSL oraz C4-HSL.
Wystepowaly one w zakresach odpowiednio od 1,908 do 2,028 pg/mL, 1,119 do 1,953
pug/mL oraz od 1,217 do 1,312 ug/mL. Udziat autoinduktora PQS wyniost 0,0076 i 0,0030
pg/mL dla P. psychrophila KMO02 oraz P. fluorescens KM148 odpowiednio.
Zastosowanie subMIC TEO i BPEO oraz ich sktadnikow bioaktywnych doprowadzito do
redukcji syntezy Al, co wskazato na ingerencj¢ badanych czynnikéw w system quorum
sensing. Drugi kierunek analizy ingerencji w system quorum sensing dotyczyt oceny
potencjatu bioaktywnych zwigzkow olejkow eterycznych do wigzania si¢ z biatkami
receptorowymi (LasR, RhIR, TraR i PgsR). Porownanie warto$ci dokowania oraz
sposobu wigzania z natywnymi Al i znanymi inhibitorami quorum sensing dato wglad
w przypuszczalny mechanizm dzialania olejkéw eterycznych wobec systemu quorum
sensing Pseudomonas spp.

Na podstawie do$wiadczen, sposrod trzech badanych gatunkow Pseudomonas spp.
do dalszych etapow pracy wytypowano szczep P. psychrophila KMO02. Dla badanego
mikroorganizmu przeprowadzono analizy WGS i RNA-seq celem identyfikacji
czynnikéw $wiadczacych o zaangazowaniu komorek w procesy psucia zywnosci.
Dodatkowo w ztozonym de novo genomie P. psychrophila KMO02, za pomocg narzedzia
CARD, RAST oraz bazy NCBI zidentyfikowano sekwencje kodujace biatka systemow:
efflux oraz T2SS, zaleznych od quorum sensing.

Bioragc pod uwage mozliwos¢ blokowania biatek systemu efflux przez zwiagzki
terpenowe i tym samym zaburzanie procesu transportu komorkowego, przeprowadzono
analizy dokowania molekularnego gtéwnych sktadnikow TEO i BPEO z biatkami
systemu efflux. Wyniki dokowania molekularnego dostarczyly dowodéw na to, ze ME,
PHE, CAR i LIM tworzg stabilne kompleksy z analizowanymi biatkami i tym samym
moga wywolywa¢ zmiany w funkcjonowaniu systemow transportu komorkowego
u P. psychrophila KMO02. Powyzsza prawidtowos$¢ potwierdzity rowniez wyniki analiz

RT-qPCR gendéw zwigzanych z systemem T2SS.
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Biorac pod uwage dotychczasowe wyniki ukazujace wptyw badanych czynnikow
na system quorum sensing, w dalszym etapie badan przeprowadzono eksperymenty
oceniajgce zmiany w metabolizmie P. psychrophila KMO02. Wyniki oznaczeh
spektrofotometrycznych wykazaty redukcje aktywnos$ci proteolitycznej, lipolitycznej
oraz syntezy EPS u P. psychrophila KMO02 po ekspozycji komoérek na testowane czynniki.
Powyzsze obserwacje potwierdzono wynikami zmian poziomu mRNA gendéw
kodujacych proteazy i lipazy oraz genéw warunkujgcych synteze EPS.

W ostatnim etapie badan podjeto probe praktycznego wykorzystania wtasciwosci
przeciwdrobnoustrojowych badanych olejkow eterycznych. TEO i BPEO wprowadzano
w stezeniach subMIC do marynat filetow §wiezego tososia atlantyckiego. Wyniki zmian
liczebnosci komoérek P. psychrophila KM2 w czasie przechowywania produktu
modelowego potwierdzity aktywnos¢ przeciwdrobnoustrojowa badanych czynnikow.

Podsumowujac, niniejsza praca wykazata wptyw TEO i BPEO oraz ich gtéwnych
sktadnikoéw, tj. ME, PHE, CAR i LIM na system quorum sensing i aktywnosci
fizjologiczne P. psychrophila KMO02 zalezne od tego systemu. Powyzsza prawidtowos¢
moze spowalnia¢ proces psucia ryb przechowywanych w warunkach chtodniczych,
w ktory zaangazowany jest P. psychrophila KMO02. Tym samym potwierdzono
postawione hipotezy badawcze. Uzyskane w niniejszej pracy wyniki uzupetniajg wiedze
dotyczaca systemu quorum sensing u bakterii saprofitycznych wyizolowanych
z zywnosci | stanowig obiecujacy wstep do kolejnych badan nad zastosowaniem olejkow

eterycznych.
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6. Whnioski

VI.

VII.

VIIIL.

Stezenia subMIC TEO i BPEO w warunkach in vitro ingeruja w system quorum
sensing i zmieniajg aktywnos$¢ metaboliczng komorek P. psychrophila KMO2.

Ekspozycja komorek P. fluorescens KM148, P. orientalis KM249 oraz
P. psychrophila KMO02 na stezenia subMIC TEO i BPEO w warunkach in vitro
skutkuje obnizeniem udziatu nienasyconych kwaséw ttuszczowych oraz kwasow

thuszczowych o budowie rozgatezionej w ostonach komorkowych.

P. fluorescens KM148, P. orientalis KM249 oraz P. psychrophila KMO02
w warunkach in vitro syntetyzujg Al systemu quorum sensing nalezace do grupy
AHL (tj. 3-okso-C12-HSL, 3-o0kso-C14-HSL, 3-okso-C6-HSL, 3-0kso-C8-HSL,
C12-HSL, C4-HSL, C6-HSL) oraz zwigzek chinolowy — PQS.

Stezenia subMIC TEO, BPEO, ME, PHE, LIM i CAR hamuja synteze czasteczek
Al w warunkach in vitro oraz oddziatujg z biatkami receptorowymi LasR, RhIR,

TraR oraz PgsR systemu quorum sensing Pseudomonas spp.

W genomie P. psychrophila KMO02 odnotowano obecnos¢ czynnikow
$wiadczacych o zdolnosci bakterii do rozktadu biatek i thuszczu oraz sekrecji
enzymow. Sa to m.in. terminy GO: GO:0016787//aktywnos$¢ hydrolazy,
G0:0022857//aktywno$¢  transportera  transblonowego, klany  biatek:
AA permease_2, Amidohydro_1, czy Peptidase_M24.

W ocenie catego transkryptomu P. psychrophila KMO02 najwicksza liczbg
odczytow przypisano do CDS zwigzanych z metabolizmem biatek/substancji

azotowych.

Czasteczki ME, PHE, LIM i CAR wykazuja zdolno$¢ wigzania do biatek systemu
efflux (Mfs, MexB, MuxB) P. psychrophila KMO02.

Stezenia subMIC TEO, BPEO, ME, PHE, LIM 1 CAR obnizaja poziom mRNA
gendéw kodujacych biatka systemu efflux (mexA, muxA, oprM, opmB) oraz T2SS
(pulG, pulF, gspG, gpsH, tadB1, tadC1) w warunkach in vitro oraz in situ.
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Stezenia subMIC TEO, BPEO, ME, PHE, LIM i CAR hamuja aktywnos$¢
proteolityczng, lipolityczng oraz synteze¢ EPS u P. psychrophila KMO02
w warunkach in vitro. Powyzsze wynika ze zmian ekspresji genéw kodujacych
proteazy: M22_1, M3_2, S11 3, lipazy: lipA i lipB oraz biatek regulujacych
syntez¢ EPS: algA, algU i mucA.

Stezenia subMIC TEO i BPEO wprowadzone do marynaty octowo-olejowej

hamujg wzrost komoérek P. psychrophila KMO02 w rybnym produkcie modelowym

w czasie przechowywania w warunkach chtodniczych.
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Abstract: Microbial spoilage of fish is attributed to quorum sensing (QS)-based activities. QS is a
communication process between the cells in which microorganisms secrete and sense the specific
chemicals (autoinductors, Als) that regulate proteolysis, lipolysis, and biofilm formation. These
activities change the organoleptic characteristics and reduce the safety of the products. Although
the microbial community of fish is diverse and may consist of a range of bacterial strains, the dete-
rioration of fish-based products is attributed to the growth and activity of Pseudomonas spp. This
work summarizes recent advancements to assess the influence of QS mechanisms on seafood
spoilage by Pseudomonas spp. The quorum sensing inhibition (QSI) in the context of fish preserva-
tion has also been discussed. Detailed recognition of this phenomenon is crucial in establishing ef-
fective strategies to prevent the premature deterioration of fish-based products.

Keywords: Pseudomonas spp.; quorum sensing (QS); autoinductors (Als); quorum sensing
inhibition; spoilage of fish-based products; fish preservation

1. Introduction

The nutritional and health value of fish, as well as their relatively low price and
availability, affect global production, which is projected to reach 200 Mt by 2029, in-
creasing by 25 Mt from the base period (average of 2017-2019) [1]. As reported by FAO
[1], 44% of total fish production is utilized in the fresh/chilled form, which are usually
more perishable than most other foodstuffs [2]. The high content of free amino acids,
high post-mortem pH, high water content, and presence of trimethylamine oxide
(TMAO) promote the growth of microorganisms in fish-based products. Psychrotolerant
species of the genera Pseudomonas mainly contribute to seafood deterioration; the bacteria
may decompose nitrogenous/lipid substances [3], which can result in greater weight loss,
a reduction in water-holding capacity, textural changes, and off-odor effects of products
[4,5]. Pseudomonas spp. have successfully evolved genotypic and phenotypic traits ena-
bling growth and defeating the negative effects of conventional seafood antimicrobials
and temperature stress [4,6-8] (Figure 1). Despite implementing quality control pro-
grams in the seafood industry, about one-fourth of the world’s supply and 30% of landed
fish are lost due to microbial activity [8]. Therefore, it is necessary to develop new solu-
tions to prevent spoilage of fish-based products caused by Pseudomonas spp.

The metabolic activities of Pseudomonas spp. are regulated via a quorum sensing
(QS) system, which was perfectly described in the work of Venturi [9]. In that system,
small-signal molecules (autoinductors, Als), followed by interaction with cognate re-
ceptor proteins, lead to a coordinated regulation of specific gene expression [9]. Two
acyl-homoserine lactone (AHL) QS systems, Lasl-LasR and RhlI-RhIR, were identified in
P. aeruginosa; these two systems also interact with a 2-heptyl-3-hydroxy-4-quinolone
signal (PQS) and 2-2-hydroxyphenyl)-thiazole-4-carbaldehyde (IQS) systems [10].
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Figure 1. Schematic explanation of Pseudomonas spp. adaptation strategies to environmental con-
ditions.

Numerous articles are available in which the background of food-associated stresses
and their impact on the cellular response of bacteria are expertly described [9,11]. How-
ever, few of them address the effect of inhibition of QS mechanisms on seafood quality.
Due to the resistance of Pseudomonas spp. to conventional food preservation systems,
QS-based control methods are often considered [12]. Their application to the food in-
dustry would greatly aid efforts to eradicate undesirable microflora from food processing
environments and, ultimately, from food products. These approaches, in contrast to
bactericidal treatments, exert less selective pressure, which in turn reduces the likelihood
of resistance development. QS inhibitors would help design approaches for reducing or
preventing spoilage reactions or even controlling the expression of virulence factors of P.
aeruginosa [13].

This review summarizes recent research reports on the QS phenomenon in Pseudo-
monas spp. We present the role of QS in regulating the metabolic activity of Pseudomonas
spp. (i) and review of the current applications of QS inhibitors in preventing bacterial
food spoilage (ii). Our goal is to provide a new perspective for the search for more effec-
tive food antimicrobials through the use of QS inhibitory agents.

2. QS System in Pseudomonads

The AHLs-depended QS networks studied are the best so far and the focus of this
review will be on the structural basis of that systems in pseudomonads [9]. Moreover,
transcriptomic studies have revealed that the AHL-regulated genes and operons consti-
tute over 6% of the genome and are scattered through the chromosome [14,15]. That
supports the view that the AHL system in bacteria constitutes a global regulatory system
[16].

AHL signals differ in the chemical structure; the differences are in the length of the
acyl chain and the substituents (usually 3-oxo or 3-hydroxy groups) at the 3 position of
the acyl chain [17,18].

In P. aeruginosa, two Al synthase genes, las] and rhil, are involved in the synthesis of
AHLs; they share significant sequence homologies to luxI of Vibrio fisheri [10]. AHLs ac-
cumulate both in the cells and in the environment. As the bacteria grow, the concentra-
tion of secreted AHL molecules increases [19]. When the population density reaches the
“quorum”, Als exceed the critical threshold and are recognized by specific receptors that
belong to a large class of DNA-binding transcription factors named “R-proteins” [18]. In
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P. aeruginosa, the LasR, upon binding to the specific AHL, directly regulates the tran-
scription of target genes by binding to or dissociating from corresponding promoters
[10,18].

In P. aeruginosa, there are also two other types of AHL-mediated systems, the pgs
system and the igs system. These networks work in a manner similar to the las and rhl
systems, though their Als are PQS and 1QS [20,21].

PQS is synthesized via a “head to head” condensation of anthranilate and [-keto
dodecanoate and requires the products of the pgsA, pgsB, pqsC, and pgsD genes, which
generate over 50 other 2-alkyl-4-quinolones including 2-heptyl-4-quinolone (HHQ) [22].
Many of these signals are produced at low levels; thus, their biological function is not yet
clear [16]. In addition to their regulatory role in the pathogenicity of P. aeruginosa, it is
believed that PQS can also induce outer membrane vesicle formation, activate the oxida-
tive stress response, act as a stress warning signal, and modulate the host immune re-
sponse [16,23,24].

The role of the last gene of the pgs operon (pgsE) is not known, but while pgsE mu-
tants produce parental levels of PQSs, the strains do not exhibit any PQS-related pheno-
types; consequently, PgsE is considered to facilitate the response to PQS [25]. The imme-
diate precursors of PQS are HHQ, and its conversion to PQS depends on the activation of
PgsH, a putative mono-oxygenase [22] that is LasR regulated, so linking AHL and PQS
regulatory networks.

IQS belongs to a new class of Als of the QS system. The genes that are involved in
IQS synthesis are a non-ribosomal peptide synthase gene cluster ambBCDE. When inhib-
ited, it caused a decrease in the production of PQS and C4-HSL Als, as well as
QS-regulated activities of bacteria [21]. IQS has been shown to contribute to the full vir-
ulence of P. aeruginosa in different animal models, highlighting the function of this new
QS system in the modulation of bacterial pathogenesis. Importantly, upon phosphate
depletion in the culture medium, IQS was demonstrated to be able to partially take over
the function of the central /as system in pseudomonads [26].

There are interconnections between the aforementioned QS systems in pseudo-
monads. The Ias system is activated by 3-oxo-C12-HSL. Next, the LasR-3-oxo-C12-HSL
complex multimerizes and stimulates the transcription of rhiR, rhil, lasl (hence a positive
feedback loop), and other genes that are part of this regulon [27]. The RhIR-C4-HSL also
multimerizes and activates its own regulon; rhll forms the second positive feedback loop
[10,28]. LasR-3-ox0-C12-HSL positively controls PqsR, a transcriptional regulator of op-
eron pgsABCD, and the expression of pgsH, the gene encoding the final converting en-
zyme of PQS from precursor HHQ [10]. Interestingly, pgsR and pgsABCDE expression can
be inhibited by RhIR-C4-HSL, suggesting that the ratio of the concentration of
3-0x0-C12-HSL and C4-HSL plays a crucial role in the dominance of the pgs signaling
system [29]. As stated above, LasR-3-oxo0-C12-HSL regulates the onset and activation of
both the pgs and rhl systems in P. aeruginosa. These networks represent a step-wise acti-
vation cascade that is triggered by the attainment of the “quorum” in pseudomonads
[10]. Recently detected IQS is also controlled by LasRI; disruption of either lasR or lasl
limits the expression of ambBCDE and production of IQS [26].

3. Examples of QS-Based Activities of Pseudomonas spp. Affecting Spoilage of Fish

Extracellular enzyme biosynthesis and biofilm development are regulated by the QS
system. The above microbial activities play a major role in the fish spoilage process
[13,30-32]. Als of the QS system have been detected in spoiled fish filets, cold-smoked,
and minced fish products [13]. The degree of fish spoilage was correlated with the con-
centration of Als [30]. Examples of the effects of Als on fish spoilage are presented in
Table 1.
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Table 1. Examples of Pseudomonas spp. phenotypes regulated by AHLs-mediated system.

Microorganism AHL Phenotypes Regulated by QS Reference
P. aeruginosa 3-ox0-C12-HSL Pyoverdine production [33]
P. psychrophila C4-HSL Exoenzyme production [34]
P. fluorescens, P. putida 3-ox0-C6-HSL, C6-HSL, C8-HSL, C12-HSL Proteolytic activity [34]
Pseudomonas spp. C4-HSL, 3-oxo-C6-HSL, C6-HSL, C8-HSL, C12-HSL Slime formation [13]
P. fluorescens, P. putida 3-ox0-C6-HSL, C6-HSL, C8-HSL, C12-HSL Proteolytic activity [13]
P. fluorescens C4-HSL Biofilm formation, EPS production [35]
P. fluorescens C4-HSL Biofilm formation [19]
P. fluorescens 3-0x0-C14-HSL, 3-oxo-C6-HSL, C4-HSL Lipolytic activity [5]

3.1. QS and Proteolysis

Pseudomonas spp. isolated from fishery products displayed proteolytic activities ac-
companied by an increase in amino acids and volatile sulfur compounds such as mer-
captans and HsS [32]. The proteases of fish-borne Pseudomonas spp. are serine, thiol, or
metalloproteases stabilized by Ca?. They exhibit low activation energies compared to the
classical trypsin protease [36]. Proteolytic enzymes degrade the fish muscle and connec-
tive tissue, facilitating bacterial penetration to deeper structures and causing textural
changes in fish [37].

AHLs have been identified in proteinaceous foods and were correlated with the
proteolytic activity of microflora [34]. AHLs were found in rainbow trout fillets contam-
inated by P. fluorescens and P. putida [13]. Moreover, P. fluorescens exhibited significantly
higher proteolytic activity when exogenous C4-HSL and Cé6-HSL were added to the cul-
ture [30]. A significant increase in total volatile basic nitrogen (TVB-N) (from 5.21 to ap-
proximately 60 mg N/100 g) during storage was observed with the addition of C4-HSL
and C14-HSL. These Als had a stimulatory effect on the aprX metalloprotease gene ex-
pression and proteolytic activity of P. fluorescens (by 63 and 52%, respectively) [38]. In P.
psychrophila, P. orientalis, and P. fluorescens, changes in QS systems involving downregu-
lation of AHL and the PQS molecules resulted in inhibition of proteolysis (approximately
15 to 30%) along with downregulation of genes encoding metalloproteases [39]. A sig-
nificant inhibition by about 40% of extracellular protease activity was finally confirmed
by Tang et al. [35] in AluxI and AluxR mutants of P. fluorescens.

3.2. QS and Lipolysis

Fish muscle is characterized by a relatively higher content of lipids that accounts for
16% [4]. Pseudomonas spp. produce lipolytic enzymes that catalyze the hydrolysis of tri-
glycerides to glycerol and free fatty acids, resulting in unpleasant odors related to the
development of aldehydes [2]. The lipolytic activity of fish-borne spoilers Pseudomonas
spp. was described by Myszka et al. [5] and SterniSa et al. [37]. It has been established that
QS-regulated lipA and lipB genes are responsible for fish spoilage [40]. The lipase en-
coded by lipB is solely responsible for “lipolytic phenotype” of P. fluorescens, which leads
to rancidity, a soapy off-flavor, and other quality defects of fish [41]. lipA is located at the
end of a polycistronic operon in the apr gene cluster; its downregulation results in the loss
or relatively low lipolytic activity of bacteria [42]. Moreover, studies performed by Riedel
et al. [43] demonstrated that Lip exporter is regulated by the QS system; its function is
essential for lipase secretion. Supplementation of the culture medium with AHLs in-
creased transcription of lipA and lipB of bacteria [44]; the bacteria lost the ability to syn-
thesize lipase since they contained a nonfunctional AHL of the QS system [45].

3.3. QS and Biofilm Formation

The formation of biofilms is a stepwise process involving the initial attachment of
bacteria to surfaces, microcolonies growth and maturation into expanding structures,
and further detachment of aged microorganisms [46]. It has been proposed that
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AHL-mediated QS is involved in all stages of biofilm formation. The influence of the las
Al 3-0x0-C12-HSL on biofilm maturation in P. aeruginosa has been described by Davies et
al. [47]. Strain deficient in the production of 3-oxo-C12-HSL formed very thin biofilms
that lacked the three-dimensional architecture observed with the parent. In addition,
while the wild-type biofilm was resistant to sodium dodecyl sulfate (SDS), the biofilm
formed by the las] mutant was easily dispersed upon exposure to SDS [47].

The relationship between QS and biofilm formation was also described indirectly by
evaluating the effects of Als on twitching and swarming motilities, rhamnolipids, and
exopolysaccharides (EPS) production [33]. Swarming motility, which is an organized
form of structure translocation, is useful in the early stages of biofilm development and is
regulated by the rhl system similarly to twitching motility —a flagella-independent way
of translocation necessary for microcolony development [48]. EPS holds all cells of bio-
film in the near vicinity to enable QS interactions [49]. Rhamnolipid production is in-
volved in several aspects of biofilm formation, such as the formation of microcolonies,
maintaining the open channel structure, facilitating mushroom-shaped structures, and
aiding cell dispersion [50].

In general, the addition of AHLs to the culture medium was shown to affect EPS
(alginate)/rhamnolipid production, twitching and swarming motilities, and biofilm ma-
turity by Pseudomonas spp. [30,51]. Inhibiting OS would be, therefore, an alternative to
combat the biofilm problems [51,52]. Adhered Pseudomonas spp. are found in many loca-
tions on seafood processing lines, despite the fact that thorough cleaning and disinfection
are carried out regularly. Moreover, biofilms of Pseudomonas spp. enhanced the coloni-
zation of Listeria monocytogenes on food contact materials which promoted food contam-
ination [53].

4. QS Inhibition in the Context of Fish Preservation

As researchers correlated metabolic activities with the QS mechanism [13,54], the
search for QS inhibiting agents as an alternative approach for fish preservation has been
extensively studied [55]. Disrupting the bacterial QS network is a reverse bactericidal
strategy that will not exert selection pressure, leading, as with conventional preserva-
tives, to the development of resistance [56]. Moreover, blocking QS renders the bacteria
less virulent [9]. In general, QS inhibitors (QSIs) and quorum quenching enzymes (QQ)
can be successfully used for food safety control. QS inhibiting agents can target Als, and
QS receptors and interfere with signaling cascades [54]. All of these mechanisms are
present in Pseudomonas spp.; a detailed description is given below.

4.1. QS Inhibiting Agents

The agents that target pseudomonads Als include mainly lactonases, acylases (also
known as amidases or aminohydrolases), and oxidoreductases. Enzymes can lead to one
of the following effects: (i) Al-degradation for fine-tuning the endogenous QS system, (ii)
Al-degradation for modulating the QS system, and (iii) Al-degradation as a mechanism
to use Als for nutrient sources. Inactivation of AI synthases and modifica-
tion/degradation of Als affect the QS system of pseudomonads [57].

Among lactone-degrading enzymes, metallo-[3-lactamase-like lactonases (MLL) and
phosphotriesterase-like lactonases (PLL) are the main studied families [57,58]. They share
a common catalytic mechanism and their differences in AHL substrate preference lie in
how the acyl chain can be accommodated into the catalytic site [59]. PLL favors long al-
iphatic lactones as substrates, whereas MLL exhibits board AHL specificity. The work of
Rémy et al. [60] confirms that levels of C4-HSL and 3-ox0-C12-HSL and low expression of
las and rhl genes in P. aeruginosa were due to PLL and MLL activity.

Acylases hydrolase the amide bond between the acyl chain and the homoserine
lactone ring [57]. Four AHL-acylases are present in P. aeruginosa: namely pvdQ), quiP, hacB,
and PA1893 [61]. When P. aeruginosa is grown in a rich medium, the constitutive expres-
sion of these acylases shows a decreased level of 3-oxo-C12-HSL. Vice versa, disruption
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of the acylase genes resulted in a higher concentration of Als. In addition, a AhacB single
mutant and a ApvdQ, AhacB, and AquiP triple mutant secrete more efficiently
3-0x0-C12-HSL in comparison to ApvdQ, AquiP double mutant that produced AHLs in
the same level as wild-type pseudomonads. This observation indicates that HacB might
be working as the main acylase in controlling 3-oxo-C12-HSL accumulation in pseudo-
monads [62].

Oxidoreductases modify Als by oxidizing or reducing the acyl chain at the third or
distal carbon without degrading the AHLs [58]. Such modification may also affect the
specificity and recognition of the Als, thus disturbing the activation of the QS-mediated
genes [63]. BpiB09 oxidoreductase derived from a metagenomics library was found to be
capable of inactivating 3-oxo-C12-HSL in P. aeruginosa [64]. Its expression in pseudo-
monads resulted in significantly reduced QS-controlled bacteria phenotypes.

QS inhibiting agents also target QS receptors that inactivate the receptor or compete
with the receptor. Terpenes and flavonoids of plant essential oils (EOs), as well as halo-
genated furanones derived from algae, can bind to QS receptors [21]. Examples of natural
QS inhibiting agents against Pseudomonas spp. are presented in Table 2. For instance, a
plant flavonoid naringenin competes with the 3-oxo-C12-HSL by binding to the LasR
receptor leading to inhibition of QS-regulated virulence factors in Pseudomonas spp. [65].
Methyl eugenol and [3-phellandrene of tarragon EO [39] and quercetin [54] show similar
anti-QS activities [66]. Methyl eugenol, B-phellandrene, and quercetin were successfully
docked into the LasR of pseudomonads [54,66]. High docking score values of the exam-
ined agents-LasR receptor were due to the range of H-bones created with negatively
charged residues of the proteins [66]. According to Klebe [67], hydrogen bonds provide
stability to the complex ligand-receptor and play a key role in molecular recognition.
Moreover, the effective binding of compounds of EOs results in conformational changes
in the proteins [68].

Table 2. Impact of natural QS inhibiting agents on fish-associated Pseudomonas spp.

QS Inhibiting Agent

Target Microorganism Impact on Bacterial QS-Controlled Processes Reference

Piper nigrum L. EO

P. psychrophila reduction of proteolytic and lipolytic activities [66]

Reduction of pyocyanin and elastase production; preven-

Ferula asafoetida EO P. aeruginosa tion of biofilm formation [69]

Myrtus communis L. EO P. fluorescens, P. orientalis Reduction in the EPS production [52]

Origanum majorana EO P. putida Prevention of biofilm formation [70]

Juniperus phoenicea EO P. fluorescens Reduction of proteolytic and lipolytic activities [5]

Cinnamaldehyde P. fluorescens Reduction of proteolytic activ.ity; prevention of biofilm 71]

formation

Quercetin P. aeruginosa Reduction the EPS .produc’Fior} and bacte.rial motility, pre- [54]
vention of biofilm formation

Garlic extract P. aeruginosa Reduction of rhamnolipid production [72]

Selective metabolites produced by lactic acid bacteria can also bind simultaneously
to different QS receptors. The affinity of 3-benzene lactic acids from Lactobacillus spp. for
RhIR and PqsR receptors is higher compared to C4-HSL and PQS ligands in P. aeruginosa
[73]. In addition, flavonoids can also non-competitively bind to the LasR receptor and
prevent the protein from binding to DNA. The agents also cause the repression of
QS-mediated activities [74].

The third mechanism of inactivation of the QS system in Pseudomonas spp. blocks the
signaling cascade by deactivating the downstream response regulators or other regula-
tory factors [21]. For instance, an efflux pump inhibitor PABN reduces the accumulation
of Als in supernatants and significantly decreases the relative expression of the QS cas-
cade (pgaA, pqsR, lasl, lasR, rhll, and RhIR) in P. aeruginosa. Limonene and (-caryophyllene
from black pepper EO also exhibited the anti-QS and anti-efflux pumps of pseudo-
monads [66]. The mRNA transcript levels of autoinductor synthases, membrane fusion,
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outer membrane proteins, and transcription of repressor regulators MarR and TetR were
observed in P. psychrophila. In general, limonene and (3-caryophyllene affected the func-
tioning of the QS system in P. psychrophila and consequently reduced the spoilage poten-
tial [66].

4.2. Examples of Use Anti-QS Agents in Fish Preservation

To delay spoilage and extend the shelf life of fish, alternative preservation methods
involving the addition of compounds with known anti-QS activity were proposed [75].
However, new preservative techniques require extensive research to be effectively ap-
plied to fish products due to the different sensitivity of microorganisms to QS inhibiting
agents introduced directly into the food matrix compared to the sensitivity of cells to the
above agents recorded in vitro [37,67].

The most convenient method of using anti-QS agents is to add them directly to
marinades or brine. For instance, fresh salmon samples were immersed in marinade
composed of 95% olive oil and 5% vinegar and enriched with pepper EO. After 72 h of
incubation, the protease and elastase activities of P. aeruginosa were suppressed by 30—
50% and 60-70%, respectively [76]. Moreover, Van Haute et al. [77] and Eskandari et al.
[78] reported that the shelf life of salmon and silver carp could be extended when mari-
nated with anti-QS agents. Both the addition of cinnamon EO and black cumin extract
inhibited microbial proliferation. After 15 days of storage, total psychotropic pseudo-
monads content was low, lipid oxidation was delayed, and sensory quality (texture, col-
or, and odor) was high compared to control samples [78]. In the work of Sternisa et al.
[37], rosemary extract, buffered vinegar, and their combinations were used as dip treat-
ments against P. fragi, P. psychrophila, Shewanella putrefaciens, and Shewanella xiamenesis in
common carp meat. The results showed that Pseudomonas strains were more resistant to
applied antimicrobials, and only a concentration of 3.13 mg/mL rosemary extract in
vinegar resulted in growth inhibition and lowered lipolytic and proteolytic activity.

Although the direct application of anti-QS EOs to fish-based products is the most
common application method, the technique has some disadvantages. Indeed higher
concentrations of EOs are needed to achieve the same effect in food compared to in vitro
approaches. In addition, even at low doses, some EOs could have a negative impact on
the sensory attributes. Therefore, an alternative solution is to use edible coating/films
enriched with anti-QS EOs.

The advantages of edible films are stabilizing volatiles entrapped into their struc-
ture, increasing the oxygen barrier, and maintaining sensory and texture attributes [79].
The application of the anti-QS myrtle EO to the chitosan-based nanomatrix of salm-
on-based products enhanced the activity of the agent against Pseudomonas spp. [52].
Pseudomonas population was maintained at approximately under 10* CFU/g relatives to
the control, reaching 108 CFU after 5 days of storage. Chitosan coatings in combination
with whey protein and tarragon EO were also tested for their preservative effects on
Scomberoides commersonnianus fillets under refrigerated conditions. The applied treatment
inhibited the growth of psychrotrophic bacteria, delayed the increase in TVB-N content
and pH value while significantly reducing lipid oxidation [80]. Xu et al. [81] evaluated
the preservative effect of two gelatin coatings, the first combined with ginger and the
second with garlic EO for turbot fillets stored for 20 days at 4 °C. The results showed the
ability of garlic EO coating to prolong the shelf life of fresh fish. After incubation, the total
viable counts of bacteria did not exceed 10¢ CFU/g, the TVB-N concentration was ap-
proximately 20 mg/100 g of product, and the hardness decreased by approximately 53%
compared to the control samples [81].

To the best of our knowledge, the use of an AHL-degrading enzyme for fish
preservation has only been evaluated in the work of Gui et al. [82]. A combination of
bacteriocin nisin, AiiAAI96 AHL-lactonase, and vacuum packaging was used to preserve
chilled sturgeon fillets. The treatments acted synergistically in inhibiting the growth of
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psychrotrophs and delaying food spoilage; they extended the shelf life of the fish samples
by 5 days [82].

5. Future Work and Conclusions

QS plays a prime function in regulating fish spoilage by Pseudomonas spp. Thus a
proper and in-depth understanding of the QS system in those bacteria is very much es-
sential. Of particular interest are studies that will clarify the following issues related to
QS inhibition: (i) what are the best conditions for QS inhibiting agents in controlling
bacterial phenotypes? and (ii) whether QS inhibiting agents impact beneficial microflora
in food ecosystems. In addition, more than one AHL-mediated QS system occurs in a
particular strain, which are all involved in metabolic activity regulation. Some investi-
gated QS inhibiting agents show high target specificity. These agents present a challenge
in developing approaches that influence a broad range of Als of Pseudomonas spp. Further
investigations should focus on studying the “universal” anti-QS agent that targets a
broad range of Als to inhibit QS activity efficiently. A combination of the anti-QS ap-
proach with other biocontrol treatments to obtain a synergistic effect is a promising
strategy that could increase the susceptibility of pseudomonads to the conventional pre-
servative treatment of seafood.

In this minireview, a summary of the results related to the contribution of QS in the
metabolic activities of Pseudomonas spp. is provided. QS inhibiting agents with examples
of their application in seafood products were also described. With the increasing amount
of information available, QS-based strategies can be used more effectively to extend the
shelf life of perishable fish products and as innovative strategies for controlling food-
borne P. aeruginosa.
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The present study aimed to evaluate the anti-quorum sensing (anti-QS) and anti-proteolytic potentials of tarragon
essential oil (TEO) and its major compounds against food-associated Pseudomonas spp. The activities were
verified by in vitro, in silico and in situ approaches. In this work, methyl eugenol (ME)- and B-phellandrene (f-

AUtOi"d“C“’f? PH)-rich TEO was investigated. TEO at subMIC increased the percentage of saturated fatty acids in the bacterial
S;;&IEZKPTESSWH membranes (from 7 to 22%) and exhibited anti-quorum sensing via decreasing the efficiency of QS autoinducer

synthesis [3-0x0-C12-HSL (from 2.028 ug/mL to < LOD), C4-HSL (from 1.312 ug/mL to < LOD) and PQS (from
0.007625 pug/mL to < LOD)]. ME and [3-PH were docked into LasR, RhIR and PgsR proteins, with docking scores
comparable to native autoinductors. The subMICs of TEO, ME and (3-PH decreased the proteolysis in the ex-
amined bacteria by 33, 29, and 21% (in TSB medium) and by 29, 26, and 19% (in fish juice medium), re-
spectively. Almost all genes encoding proteases were downregulated by the applied agents. The ME- and 3-PH-
rich TEO acts as an anti-QS agent and significantly suppresses the proteolytic activity of food-associated pseu-
domonads. It might therefore increase the quality of fish-based products, where Pseudomonas spp. predominate.

1. Introduction specific gene expression (Papenfort and Bassler, 2016). The QS of

pseudomonads consists of four hierarchically functioning autoinducer

Cold-resistant Pseudomonas spp. are considered one of the specific
spoilage organisms (SSOs) of fresh and/or aerobically stored re-
frigerated fish-based products (Caldera et al., 2016; Zhang et al., 2019).
High water activity, high post mortem pH (> 6), and large amounts of
easily assimilated proteins of seafoods significantly promote pseudo-
monads growth, leading to decreased organoleptic properties of pro-
ducts. In fish muscles, Pseudomonas spp. secrete metallopeptidases that
hydrolyze proteins and cause the formation of unpleasant odors and
flavors (Liu et al., 2006). These activities result in unacceptance by
consumers and lead to economic loss of food producers (Sternisa et al.,
2019).

The production and secretion of metallopeptidases by Pseudomonas
spp. can be regulated by the quorum sensing (QS) mechanism. In that
system, small signal molecules (autoinducers), followed by interaction
with cognate receptor proteins cause a coordinated regulation of
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https://doi.org/10.1016/j.ijffoodmicro.2020.108732

synthesis/transcriptional receptor protein combinations (LasI/R, Rhll/
R, PQS-controlled system and IQS system) involving signal molecules
belonging to acyl-homoserine lactones (AHLs) and quinolone (PQS)
groups (Lee and Zhang, 2015).

The blocking of the QS system can be regarded as a new preserva-
tion technique for seafoods (Truchado et al., 2015). To date, various
methods of QS attenuation have been proposed, but the exploitation of
natural plant-derived essential oils (EOs) as sources of QS inhibitors
(QSIs) meets only the requirements of modern consumers, pending
seafoods without synthetic preservatives (Calo et al., 2015). QSIs are
structural analogs of QS autoinducers that disrupt the QS mechanism by
interacting with cognate receptor proteins (Kalia, 2013). However, to
date, such studies are very rare. The true prediction of the potential
interaction between a bioactive molecule (ligand) from EO and the
target bacterial QS receptor should be conducted only at the atomic
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level, truly estimating the docking score for the generated complex
(Friesner et al., 2006).

The potential source of pseudomonad QSIs might be tarragon
(Artemisia dracunculus L.) EO (TEO). (Mokhetho et al., 2018). However,
in the available literature, there is a lack of detailed knowledge ex-
plaining the molecular mechanism of this process (Skandamis and
Nychas, 2012), especially towards SSOs of seafoods. The fish-based
products, where tarragon leaves were used for flavoring purposes, ex-
hibited high quality in general (Lopes-Lutz et al., 2008).

This study aimed to investigate the impact of the subinhibitory
concentration (subMIC) of TEO and its major compounds on the QS
system and proteolytic activity of P. psychrophila KM02, P. orientalis
KM249 and P. fluorescens KM148. The strains isolated from commer-
cially available fish-based products were used. We hypothesized that (i)
subMICs of TEO and its major compounds alter QS-autoinducer
synthesis; (i) TEO major compounds competitively bind to QS re-
ceptors; (iii) subMICs of TEO and its major compounds significantly
decrease proteolytic activity; and (iv) downregulation of the expression
levels of genes encoding metalloproteases would be observed. Finally,
to establish the effects of the analyzed compounds in situ, the proteo-
lytic activity and gene expression were also evaluated in a fish-based
model product.

2. Materials and methods
2.1. Tarragon essential oil extraction and identification of compounds

EOs were extracted from dried leaves of tarragon (Artemisia dra-
cunculus L.) from Spain by hydro distillation in a Clevenger-type ap-
paratus. The compounds were further identified using a Hewlett-
Packard HP 7890A gas chromatograph instrument coupled to a 5975C
mass spectrometer (Agilent Technologies, U.S.A.) as described in our
previous study (Myszka et al., 2019). Mass spectra were obtained at
70 eV over the mass scanning range 33-350 m/z. TEO compounds were
identified by comparing the peak retention indices (RI) and mass
spectra with those of the standards of homologous series of n-alkanes
(C7-C24) under the same operating conditions. The relative percen-
tages of the constituents were calculated based on gas chromatography
peak areas relative to the total essential oil.

2.2. Microorganisms and culture conditions

The P. psychrophila, P. orientalis, and P. fluorescens were isolated
from commercially available fresh salmon (Salmo salar) fillets and de-
posited in the culture collection (culture deposition number:
Pseudomonas psychrophila KMO02, Pseudomonas orientalis KM249,
Pseudomonas fluorescens KM148) at the Department of Biotechnology
and Food Microbiology at the Poznan University of Life Sciences.
Sequencing and analysis of restriction length polymorphisms of 16S
rRNA gene amplicons were employed for its identification. The strains
were preserved in cryovials (Medical Wire & Equipment, Corsham, UK)
and stored at —80 °C.

The strains were revived as needed and cultured in tryptic soy broth
(TSB) (BD Biosciences, USA) supplemented with selected concentra-
tions of TEO and its major compounds. The incubation was carried out
at 4 = 2°C for 72h. The pH of the media was 7.0.

2.3. SubMIC determination

A broth macro dilution method according to Clinical and Laboratory
Standards Institute (2012) was employed to evaluate the subMIC of
TEO and major compounds against analyzed microorganisms. The
turbidity of the culture suspensions was adjusted with sterile saline to
an equivalent of 0.5 McFarland standard. TEO and its major compounds
were diluted in dimethyl sulfoxide (DMSO) (Sigma-Aldrich, USA) to
obtain a range of different concentrations. Uninoculated TSB media
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with and without TEO, ME (methyl eugenol) and 3-PH (B-phellandrene)
served as the controls. Samples were tested visually after a 72-h in-
cubation at 4°C. The concentrations that resulted in no significant
growth inhibition were selected as subMIC for further experiments.

2.4. Cellular fatty acid methyl ester (FAME) determination

The effects of subMIC concentrations of TEO on the FAME profile of
P. psychrophila KM02, P. orientalis KM249 and P. fluorescens KM148
were examined by GC-FID analysis according to the procedure de-
scribed by Myszka et al., 2019. For separation and identification of
FAMEs, the Trace 1300 system (Thermo Fisher Scientific, Waltham,
MA, USA) witha 30 m x 0.25mm X 0.25 um column (HP-5MS; Agilent
Technologies) and a flame ionization detector were used. Particular
fatty acids (FAs) were identified by comparing the peak retention time
(Rt) with the Bacterial Acid Methyl Esters Mix standard (Sigma-Aldrich,
USA). The abundance of individual FAs was shown as a percentage of
the total detected FAs.

2.5. QS autoinducers estimation

The procedure employed by Ravn et al. (2001) was used for the
extraction of AHLs and alkyl quinolone molecules (HHQ and PQS).
Briefly, cultures were centrifuged (3000g, 10 min) and supernatants
were passed through a Millex-GP 0.22-um filter (Merck, Germany). The
cell-free supernatants were treated twice with an equal volume of ethyl
acetate (Sigma-Aldrich, USA) acidified with 0.5% formic acid (Sigma-
Aldrich, USA). The extracts were evaporated to dryness and stored at
—20 °C. The profile of AHLs and alkyl quinolone molecules: 2-Heptyl-3-
hydroxy-4(1H)-quinolone (PQS) and 2-heptyl-4-quinolone (HHQ) were
determined using reversed phase (RP) ultrahigh-performance liquid
chromatography (Dionex UltiMate 3000 UHPLC, Thermo Fisher Sci-
entific, Sunnyvale, CA, USA) with an ultrahigh-resolution orthogonal
quadrupole time of flight (qTOF) mass spectrometer (maXis impact,
Bruker Daltonik, Bremen, Germany) with an ESI source (ESI-MS), ac-
cording to our previous study (Myszka et al., 2020).

The AHLs, HHQ and PQS were identified by comparing their re-
tention times with those of the standards and based on molecular mass
information from the MS detector or using MS and MS/MS data. The
tandem mass spectrometric data (MS/MS) were carried out for
searching molecular structure using two computational methods:
CSI:FingerID, which combines fragmentation tree computation and
machine learning (Shen et al., 2014) and the in silico fragmenter Met-
Frag (Ruttkies et al., 2016).

Quantitative analyses were conducted with calibration samples
prepared in methanol as a surrogate matrix. The limit of detection
(LOD, S/N < 3) for N-[(RS)-3-hydroxybutyryl]-HSL and C4-HSL was
0.040 pg/mL; for 3-oxo-C8-HSL, 3-0x0-C12-HSL, and 3-oxo-C14-HSL, it
was 0.005 pg/mL. The limits of detection (LOD, S/N > 3) for HHQ and
PQS were 0.0002 and 0.0001 pg/mL, respectively.

2.6. Molecular docking analysis

The crystallographic structures of the QS receptor proteins LasR
(PDB ID: 2UV0) and PgsR (PDB ID: 4JVI) were imported from the RCSB
Protein Data Bank (PDB) in Schrodinger Maestro software (Schrodinger
LLC, New York, 2018). Due to the inaccessibility of the crystal structure
of the RhR protein, the sequence was downloaded from the UniProt
database (ID: P54292); subsequently, the protein was modeled and
validated using the I-Tasser webserver (Roy et al., 2010).

All protein structures were prepared in Protein Preparation Wizard
(Sastry et al., 2013) in the Schrodinger software suite: the bond orders
were assigned, hydrogens were added, zero-order bonds to metals and
disulfide bonds were created, followed by assigning missing side chains
and setting up the pH value at 7 + 2. Water molecules were removed
(> 5.00 A radius), and hydrogen bonds were optimized using sample
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orientations. Finally, the OPLS3e force field (Harder et al., 2016) was
used for restrained minimization to the default root mean square de-
viation (RMSD) value of 0.30 A.

The three-dimensional structures of ME (CID:7127), pB-PH
(CID:11142) and the autoinducers 3-0x0-C12-HSL (CID:3246941), C4-
HSL (CID:10130163), and PQS (CID:2763159) were retrieved in SD
format from the PubChem database and processed in Ligand
Preparation Panel (LigPrep, Schrédinger LLC, New York).

The molecular docking studies were conducted in Glide Ligand
Docking Panel, version 11.7 (Glide, Schrodinger, LLC, New York, 2018)
in the Schrodinger Maestro suite using Extra Precision mode (XP)
(Friesner et al., 2006). Initially, the docking grids were generated in the
receptor active sites of the LasR and PqsR proteins, whereas for RhIR
protein, the sitemap was used. The ligands were flexible sampled on
defined receptor grids. The constraints on ligand-receptor interactions
were not set.

2.7. Proteolytic activity evaluation

Proteolytic activity after treatment with subMICs of TEO and its
major compounds was examined according to the method described by
Polychroniadou (1988), with modifications. Briefly, 1 mL of P. psy-
chrophila KMO02, P. orientalis KM249 and P. fluorescens KM148 cultures
(concentrations of 10® CFU/mL) were centrifuged (3000g, 10 min,
4°C). Next, 0.5mL of supernatant was mixed with 0.5mL of borate
buffer (0.1 M Na;B40; in 0.1 M NaOH, pH9.5) and 1 mL (1 mg/mL) of
TNBS reagent (2,4,6-trinitrobenzenesulfonic acid) (Sigma-Aldrich,
USA). Samples were then incubated at 37 °C for 60 min. The reaction
was stopped with 2mL of 0.1 M NaH,PO, containing 1.5 mM Na,SOs.
The sample prepared with 0.5 mL of H,O served as the control probe.

The degree of protein hydrolysis was determined based on the re-
leased a-amino groups reacting with the TNBS reagent, which resulted
in yellow-orange color development. The difference in its intensity was
measured at 420 nm on a SPECORD® 205 UV-VIS spectrophotometer
(Analytic Jena, Germany) and presented as the percentage inhibition
(% PI) of proteolytic activity according to the following equation:

%PI = 100 — (é * 100)
Ac
where:
A; - absorbance value obtained for the sample with the given
treatment
A, - absorbance value obtained for the control sample (cells culti-
vated only in TSB medium)

2.8. RNA isolation and cDNA synthesis

The cultures were treated with the RNAprotect® Bacteria Reagent
(Qiagen, Germany). Total RNA was isolated on a PureLink™ RNA Mini
Kit (Thermo Fisher Scientific, USA) and purified using the PureLink™
DNase Set (Invitrogen, USA) according to the manufacturer's protocols.
The quantity and quality of isolated RNA were analyzed by fluores-
cence-based Qubit™ XR RNA and Qubit™ IQ RNA Assay Kits (Thermo
Fisher Scientific, USA) on a Qubit Fluorometer 4 (Invitrogen, USA). The
first strand of + cDNA was synthesized from 1.0 ug of total RNA with
the High Capacity RNA-to-cDNA Kit (Life Technologies, USA).

2.9. Quantitative Real-Time PCR experiment

The RT-qPCR analyses were performed in Stratagene Mx3005P
(Applied Biosystems, USA) using the GoTaq® Master Mix (Promega,
Germany). The primers used in the study are listed in Table 1. Primers
were designed using the CLC Genomics Workbench (Qiagen, USA)
based on the genome sequence of Pseudomonas psychrophila KMO02
(GenBank accession no: CP049044). The whole-genome sequencing was
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Table 1
Primers for RT-qPCR analysis.
Gene Primer Sequence (5’-3") Tm Size
°c] [bp]

Housekeeping gene

16S rRNA Forward AGAGTTTGATCMTGGCTCAG 52 1500
Reverse CGGTTACCTTGTTACGACTT

Proteases

M16-1 Forward TGCCCTTGATCGTAACAG 54 130
Reverse TGAAAAGTCATCCAGCCC

M16-2 Forward GCAACTGTTCACCGAGAT 55 114
Reverse CGAGAATGTGGGGTTTCC

M16-3 Forward GCGAAATCATCAAAAACGAG 54 127
Reverse TGCATCCACCCGATTATC

M22-1 Forward CGTGCCTACCGAGATTGA 56 112
Reverse CGGAATACCCCAGGCAAA

M3-2 Forward GCTTTGCCCTTGATCGTA 55 132
Reverse AAAAGTCATCCAGCCCCA

S11.3 Forward TATCGTCATCGACTCAGG 51 134
Reverse GGTTCATAAAGTGGGTGT

outsourced in laboratory specialized in NGS (Genomed S.A., Warsaw).
The specificity of primers was confirmed by PCR analysis using a Bio-
Rad thermocycler and capillary electrophoresis of amplicons on a
QIAxcel Advanced system (Qiagen, USA). In RT-qPCR analyses, the 16S
rRNA gene was used as a reference gene. The cycling conditions were as
follows: initial denaturation at 95 °C for 2 min and 45 cycles of dena-
turation at 95 °C for 15s, annealing and extension at 58 °C for 1 min.
The melting curve was also applied.

The impact of subMICs of TEO and its major compounds on the
changes in the expression of genes encoding proteases (gene of
interest = GOI) in food-related pseudomonads were calculated ac-
cording to the Pfaffl method (Pfaffl, 2001). The efficiency of a parti-
cular amplicon group was estimated using LinRegPCR software (Ruijter
et al., 2009). The results are presented as the ratio of gene expression in
treated samples in relation to control samples (with expression equal to
1), normalized to the internal reference gene, according to the fol-
lowing equation:

EGOIACI target (control—sample)
Ere f_AC[ ref (control—sample)

ratio =

2.10. In situ fish-based model analysis

To study the inhibition attribute of subMICs of TEO and its major
compounds on the food-related pseudomonads QS phenotype in fish-
based model conditions, the fish juice media was developed according
to a modified methodology of Dalgaard (1995). Briefly, 1000 g of fresh
salmon fillets were dissolved in 500 mL of tap water and homogenized
in a laboratory Stomacher. To separate the solids, the mixture was
pressed through two layers of gauze and subsequently through paper
filters. Fish juice was supplemented with 0.10 M phosphate buffer,
0.065M H,KPO,, and 0.044 M HK,PO,. The pH value was adjusted to
6.6. Subsequently, fish juice was sterilized at 121 °C for 15 min, cooled
and enriched with TMAO (1.6 g/L), L-cysteine (40 mg/L), and L-me-
thionine (40 mg/L). Finally, 1 mL of fish juice aliquots was inoculated
with 100 uL of bacterial cultures (108 CFU/mL) and supplemented with
subMICs of TEO and its major compounds. After 72 h of incubation at
4 + 2°C, proteolytic activity and gene expression studies were per-
formed as previously indicated.

2.11. Statistical analysis

The experiments were performed in triplicate, and the results are
expressed as the mean * standard deviation. To assess the differences
between each class of FA in each strain, Student's t-test in Statistica
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Table 2
GC/MS results of TEO composition with relative percentage values of individual
compounds.

Compound RI - Wax RI - DB-5 [%] Composition
Alpha-pinene 1035 939 1.8
Alpha-terpinene 1184 1015 0.5
Limonene 1208 1030 1.2
1,8-Cineole (eucalyptol) 1222 1031 1.5
Beta ocimene E 1235 1041 3.5
Beta-phellandrene 1245 1042 19.3
Gama-terpinene 1249 1072 0.9
Beta ocimene Z 1250 1051 8.8
Beta-caryophyllene 1594 1414 0.9
Terpinen-4-ol 1606 1180 3.0
Methyl chavicol 1657 1199 1.1
Germacrene 1705 1487 0.8
Geranyl acetate 1761 1384 1.2
Elemicin 1862 1514 14.4
Isoelemicin 1944 1596 11.3
Methyl eugenol 2001 1404 24.5
Spathulenol 2108 1578 1.8
Thymol 2179 1283 1.7
Methyl isoeugenol 2188 1491 1.8

[%] Composition of individual compound were calculated from the chroma-
togram obtained in triplicate on the Supelcowax 10 column (normalized peak
area %). Values in bold indicate the most abundant compounds. RI - Wax —
retention index on Suplecowax 10 column. RI — DB-5 - retention index on DB-5
column.

software (Statsoft, Inc. 2012) was applied. Significant differences
(p < 0.05) in proteolytic activity inhibition were established by two-
way analysis of variance (ANOVA) followed by post hoc Tukey's test in R
software (R Core Team, 2015).

3. Results
3.1. Chemical composition of TEO

The GC/MS results of the chemical composition of TEO and the
relative percentage of 19 identified compounds are presented in
Table 2. The major compounds, comprising > 15% of the total TEO
volume, were methyl eugenol (ME) (24.5%) and (3-phellandrene ((3-PH)
(19.3%). Elemicin, isoelemicin and [3-ocimene-Z were present in min-
ority, ranging from 14.4 to 8.8% of TEO. The remaining compounds
occurred in trace amounts (< 4%). According to the chemical classifi-
cation of individual TEO constituents, groups of monoterpenes (e.g., [
PH), phenol and benzene derivatives (ME) were dominant in TEO and
accounted for 42.5%, 26.8% and 26.3%, respectively.

3.2. MIC

To determine the antimicrobial effect of the selected dilutions of
TEO, ME and B-PH against P. psychrophila KM02, P. orientalis KM249,
and P. fluorescens KM148 the biomass buildup levels were evaluated
(data not shown). In this work, concentrations below the sub-MIC of
TEO (75.0 uL/mL for P. psychrophila KM02 and P. fluorescens KM148;
70.0 uL/mL for P. orientalis KM249), the sub-MIC of ME (10.0 uL/mL for
P. psychrophila KM02; 12.0 uL/mL for P. orientalis KM249 and P. fluor-
escens KM148), and the sub-MIC of -PH (8.0 pL/mL for P. psychrophila
KMO2 and P. fluorescens KM148 was; 10 pL/mL for P. orientalis KM249)
were selected for further experiments.

3.3. Effect of the subMIC of TEO on the FAME profile of Pseudomonas spp.

The changes in membrane lipid composition were investigated
using GC/MS analysis. The cellular FAME profiles of the P psychrophila
KMO2, P. orientalis KM249 and P. fluorescens KM148 cultivated in TSB
medium and in the presence of the subMIC of TEO are shown in Table 3.
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Accordingly, 12 different fatty acid methyl esters were identified and
calculated as a percentage of the total membrane lipid composition in
analyzed microorganisms. In contrast to treated cells, in which 2-hy-
droxydodecanoic acid (2-OH C12) was present at a level of 8.3% (in P.
psychrophila KM02), 6.9% (in P. orientalis), and 11.0% (in P. fluor-
escens), it was not detected in control samples.

In terms of P. psychrophila KM02, the 3-hydroxybutanoic acid (3-OH
C14) and 9,12-octadecadienoic acid (C18:2 cis) were the majority and
together accounted for > 50% (control cells) and 40% (treated cells) of
the total fatty acids. However, a decrease in the level of 3-OH-C14 upon
treatment with TEO was observed; thus, the overall level of fatty acids
with hydroxyl groups remained constant and did not differ significantly
(Fig. 1A). Conversely, the growth of P. psychrophila KM02 in the pre-
sence of the subMIC of TEO induced an increase in the level of butanoic
acid (C12) (from 1.8 to 7.7%) and hexadecanoic acid (C16) (from 3.3 to
7.3%), resulting in a significant (p < 0.05) increase in the level of sa-
turated fatty acids (SFA) upon treatment with the subMIC of TEO
(Fig. 1A). Simultaneously, the content of the sum of unsaturated fatty
acids (UFA) slightly decreased. The significant alteration concerned the
sum of the branched fatty acids (Ante-C15 and Iso—C17), whose level
decreased from 10.1 to 4.9% after incubation with the subMIC of TEO
(Fig. 1A).

The major fatty acids in P. orientalis KM249 cultivated in TSB
medium were C18:2 cis-9.12 and C19:0 cyc, the levels of which after
treatment with subMIC of TEO decreased from 32.9 to 11.7% and from
16.2 to 4.4%, respectively. Such modifications affected the overall
changes in the levels of particular groups of fatty acids: significant
decreases in UFA (approximately 33%) and cyclopropane fatty acids
(CFA) (approximately 61%) were observed and were coupled with an
increase in SFA (approximately 67%) (Fig. 1B). In contrast to P. psy-
chrophila KMO02, the significant alterations also concerned fatty acids
with hydroxyl groups, mostly as the result of increased 3-OH-C14:0
levels.

The treatment of P. fluorescens KM148 with subMIC of TEO did not
result in significant changes between UFA and SFA as observed in
previous microorganisms. In both culture conditions, the C16:1 cis-9
and C18:2 cis-9.12 belonging to UFA were in the majority. The most
considerable variations concerned hydroxyl fatty acids, the levels of
which increased from 6.4 to 27.3% (Fig. 1C). Simultaneously, sig-
nificant decreases in cyclopropane and branched fatty acids were ob-
served.

3.4. Effect of the subMICs of TEO, ME and 3-PH on Pseudomonas spp. QS
autoinducer synthesis

The effects of the subMICs of TEO, ME and [3-PH on P. psychrophila
KMO02, P. orientalis KM249, and P. fluorescens KM148 QS autoinducer
synthesis were examined by the RP-UHPLC-ESI-MS system. The re-
duction and/or lack of particular AHLs and alkyl quinolone molecules
in the cultures incubated in media supplemented with the subMICs of
TEO, ME and (-PH confirmed the anti-QS activity of the investigated
agents (Table 4).

In extracts from P. psychrophila KMO and P. fluorescens reference
samples, 7 different AHLs (3-0x0-C12-HSL, 3-ox0-C14-HSL, 3-0x0-C6-
HSL, 3-0x0-C8-HSL, C12-HSL, C4-HSL, C6-HSL) and one quinolone
molecule (PQS) were detected. Among the AHLs, 3-oxo-C12-HSL and
C4-HSL were the most important, as their concentrations in control
samples were 1.908 ( = 0.031) pg/mL and 1.217 ( = 0.010) pg/mL,
respectively. Moreover, in control samples, the PQS concentration was
0.0076 ( = 3.5E—05) ug/mL and was decreased by approximately 95%
after treatment with TEO and ME. HHQ molecules were not detected in
any of the samples.
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Table 3
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Profile of cellular fatty acids of examined Pseudomonas spp. cultivated in presence of subMIC of TEO.

fatty acid [%] Composition ( = SD) of FAs under different growth conditions

Pseudomonas psychrophila KM02 Pseudomonas orientalis KM249 Pseudomonas fluorescens KM148

TSB medium TSB + subMIC of TEO TSB medium TSB + subMIC of TEO TSB medium TSB + subMIC of TEO
C12:0 1.8(=04) 7.7 (+0.6) 1.8(%0.2) 5.5 (+0.5) 5.7 (+0.6) 6.4 (+1.5)
2-OH-C12:0 ND 83(x1.4) ND 6.9 (x0.2) ND 11.0 (£ 1.8)
C14:0 2.3(+0.3) 3.3(+0.7) 2.0 (+0.4) 4.7 (+0.6) 21(+0.3) 46 (+1.1)
Ante-C15:0 4.0(=0.1) 2.0(=1.0) 1.0 (£ 0.9 1.3 (*0.4) 3.7 (%0.3) 21 (%04
3-OH-C14:0 30.8 (= 21) 21.7 (= 0.7) 159 (+1.8) 226 (=1.2) 6.4 (x0.8) 16.3 (£ 2.4)
C16:1 cis-9 75(+1.2) 13.2(*22) 144 (=1.2) 15.6 (= 1.0) 219 (+1.3) 19.5 (= 2.6)
C16:0 3.3(+0.7) 7.3(+0.4) 35(+0.4) 11.9 (= 0.8) 13.9 (£ 0.5) 9.2 (%27)
Iso-C17:0 6.1 (£0.3) 29(x04) 1.8 (=0.1) 2.7 (x£0.5) 5.7 (x0.8) 21(x0.7)
C17:0 cyc 1.4 (%x0.2) 22 (x0.5) 1.8 (=0.2) 25(%0.2) 6.8 (*0.4) 27 (x0.7)
C18:2 cis-9.12 245 (+1.0) 20.6 (+1.2) 329 (+24) 11.7 (= 0.8) 228 (+1.2) 17.9 (£ 2.9)
C18:1 trans-9 13.8 (£ 0.7) 72(+11) 88 (=*22) 10.3 (= 0.7) 5.7 (= 0.9) 6.6 (= 3.2)
C19:0 cyc 4.5 (*0.6) 3.7(x0.6) 16.2 (£ 2.5) 4.4 (x0.7) 55(*0.6) 1.6 (= 0.5)
Total 100.0 100.0 100.0 100.0 100.0 100.0

[%] Composition of particular FA was calculated as a mean percentage value ( = SD) of total FAs from chromatograph obtained in triplicate. ND — not detected.

3.5. Interactions of the main TEO components with Pseudomonas spp. QS
receptor proteins

To evaluate the anti-QS activity of the TEO main components,
molecular docking studies were employed. This computational analysis
provided insight into the binding affinity of the TEO major compounds
(ME, B-PH) and native autoinducers (3-oxo-C12-HSL, C4-HSL, and PQS)
with the corresponding QS-transcriptional regulatory proteins. All
compounds were successfully docked to the LasR, RhIR and PgsR pro-
teins in Glide (Schrodinger, LLC, New York, 2018). The docking Glide
results for a particular complex and the detailed characterization of
bonding interactions are presented in Tables 5 and 6, respectively. Two-
and three-dimensional structures of ligand-protein interactions are
shown in Figs. 2 to 4.

For LasR protein, the highest docking score (—9.750 kcal/mol) and
Glide energy (—60.513 kcal/mol) were for the native autoinducer 3-
0x0-C12-HSL. As shown in Fig. 2A, it formed a stable complex with
LasR protein, particularly by 4 hydrogen bonds with the TYR56, TRP60,
ASP73 and ARG61 residues. In the case of the LasR-ME complex with a
docking score of —6.145 kcal/mol, the same residues were involved in
the interaction. The aromatic group of ME showed st-it interactions with
TYR56 (Fig. 2B). B-PH performed no hydrogen bonding with the LasR
active site; only hydrophobic interactions with common surrounding
residues, such as VAL76, ALA127, LEU125, LEU36, and LEU39, were
observed (Fig. 2C).

In contrast to the LasR docking results, 3-PH exhibited the highest
binding energy (—6.566 kcal/mol) when bound to the RhIR protein
(Fig. 3C), and it was even greater than the native autoinducer C4-HSL
(—5.990 kcal/mol), which created one hydrogen bond with TRP68
(Fig. 3A). This residue was also involved in forming a hydrogen bond
with the oxygen of ME (Fig. 3B). All docked ligands engaged in hy-
drophobic interactions with RhIR residues as follows: LEU69, TYR72,
and TYR77. Additionally, as it is shown in the Fig. 3, ASP81, a nega-
tively charged residue, was also in surrounding of docked ligands,
which indicated the occupation of the same active site of RhIR receptor.

Molecular docking analyses with PqsR revealed the highest docking
score for the native autoinducer (—7.772 kcal/mol), which formed one
hydrogen bond with LEU207 at a distance of 1.73A (Table 6) and in-
teracted with hydrophobic residues of LEU208, ILE236, ALA237, and
PRO238. (Fig. 4A). Although the docking score of ME was only
—4.921 kcal/mol, the complex with PgsR protein was stabilized by a
high van der Waals energy value (Table 5), and the same residues were
involved in the binding (Fig. 4B). 3-PH showed a docking score on the
level of —5.263 kcal/mol and hydrophobically interacted with ILE263,
ILE236, TRP234 and TYR258 residues. Additionally, only this

compound was in contact with the negatively charged residues of
GLU256 and GLU259, which differentiated it from the other docked
ligands.

3.6. Effect of the subMICs of TEO, ME and f-PH on Pseudomonas spp.
proteolytic activity

The changes in the proteolytic activity of P. psychrophila KM02, P.
orientalis KM249, and P. fluorescens KM148 by the subMICs of TEO, ME,
and -PH were investigated by spectrophotometric analysis with TNBS
reagent. The percentages of inhibition of the proteolysis after treatment
with subMICs of TEO, ME and f3-PH are presented in Fig. 5.

As shown, all of the applied treatments considerably (p < 0.05)
decreased the proteolytic activity of Pseudomonas spp. cells, but the
extent varied according to the type of treatment and the variant of
experiment. The highest reduction was observed for P. fluorescens
KM148 treated with TEO applied in TSB medium (32.5%), while the -
PH treatment had the lowest inhibitory effect on P. psychrophila KM02
proteolytic activity when cultured in fish juice medium (16.0%). The
overall results for in situ conditions were significantly lower (p < 0.05)
than those obtained in vitro, except for TEO in P. psychrophila KM02,
and for B-PH in P. fluorescens KM148. DMSO, as the solvent of the
analyzed compounds, did not influence the proteolytic activity (data
not shown), confirming the effectiveness of TEO, ME and [3-PH in
proteolytic activity inhibition.

3.7. Effect of the subMICs of TEO, ME and f3-PH on Pseudomonas spp. gene
expression levels

The effect on the expression of genes encoding proteases in the P.
psychrophila KMO02, P. orientalis KM249 and P. fluorescens KM148 was
evaluated by RT-qPCR. The transcriptional levels of M16_1, M16_2,
M16_3, M22.1, M32, and S11_3 were normalized to the non-
differentially expressed reference gene 16S RNA and were calculated as
the ratio of expression (expression in control cultures equaled 1). The
results for in vitro (TSB medium) and in situ (fish juice medium) con-
ditions are presented in Figs. 6 and 7, respectively. As shown, the gene
expression was altered divergently, but most of the genes were down-
regulated by the applied treatments.

Compared to the mRNA isolated from P. psychrophila KMO02 (A) cells
cultivated in TSB medium (control), the highest reduction was observed
for the M16_2 and M16_3 genes after treatment with the subMIC of TEO
(75% and 73%, respectively). ME applied to TSB medium decreased the
expression of all analyzed genes at least by 50%. The last analyzed
compound, (-PH, downregulated all of the proteases, but the mean
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Fig. 1. Percentage sum of different class of fatty acids and changes occurring in response to treatment with subMIC of TEO in P. psychrophila KM02 (A), P. orientalis
KM249 (B), and P. fluorescens KM148 (C). Means in the same column followed by the same letter not differ significantly (P < 0.05) according to t-student tests. Values
are means of triplicate determinations. UFA - unsaturated fatty acids. SFA — saturated fatty acids. HYDROXY - hydroxy fatty acids. CYCLOPROPANE - cyclopropane

fatty acids. ISO + ANTEISO - iso- and anteiso-methyl-branched fatty acids.

inhibition was only on average 35%. This was in contrast to in situ
conditions, where B-PH was the most effective in gene inhibition; for
instance, the M16_2 and M16_4 transcription levels were decreased by
approximately 85 and 87%, respectively. In P. orientalis KM249 (B) cells
cultivated in TSB medium supplemented with subMIC of TEO, upre-
gulation of the expression of the S11_3 gene was observed (ratio 1.2),
but the rest of the genes were downregulated, with the highest reduc-
tion in the M3_2 gene (by 68%). Treatment with subMIC of ME resulted

in similar changes in both types of experiments, but for TSB medium,
the greatest inhibition of the M22_1 gene (68%) was observed, while for
fish juice medium, the M3_2 gene was inhibited to the greatest extent
(55%). The incubation of P. orientalis KM249 with subMIC of B-PH re-
sulted in completely inverse changes in gene expression depending on
the type of medium; in TSB, the most considerable inhibition concerned
the M3_2 gene (65%), while in fish juice medium, the M16_1 gene was
the most downregulated (66%). Regarding to P. fluorescens KM148 (C),
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Alkyl quinolone molecules

3-Ox0-C6-HSL 3-Ox0-C8-HSL Cl12-HSL C4-HSL C6-HSL PQS

3-Ox0-C14-HSL

Concentration [ug/mL] ( = SD) of signal molecules under different growth conditions

Acyl homoserine lactones

3-Ox0-C12-HSL

Culture variant

RP-UHPLC-ESI-MS results of quality and quantity of autoinducers synthesized by examined Pseudomonas spp. under different conditions.

Table 4

0.0076 ( = 0.0000)

ND

0.017 ( + 0.000)
0.021 ( = 0.001)
0.021 ( = 0.001)

< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD

1.217 ( = 0.010)
1.312 ( = 0.021)
1.302 ( = 0.005)

< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD

0.136 ( = 0.004)

1.119 ( £+ 0.063)

1.953 ( = 0.006)
1.853 ( = 0.006)

0.015 ( = 0.000)
0.022 ( = 0.001)
0.022 ( = 0.001)
0.012 ( = 0.000)

0.007 ( = 0.000)

< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD

1.908 ( = 0.031)
2.028 ( = 0.049)
1.976 ( = 0.099)

< LOD

P. psychrophila KM02
P. orientalis KM249
P. fluorescens KM148

TSB medium

< LOD
0.136 ( = 0.004)

0.0030 ( = 0.0000)
0.0003 ( + 0.0000)

ND

< LOD
< LOD
< LOD
< LOD
< LOD

< LOD
0.051 ( = 0.004)

< LOD
< LOD
< LOD
< LOD

< LOD
0.004 ( = 0.002)

P. psychrophila KM02
P. orientalis KM249

TSB medium + subMIC of TEO

< LOD
0.011 ( = 0.001)

0.013 ( = 0.005)

0.001 ( = 0.000)

< LOD
< LOD
< LOD
< LOD
< LOD
< LOD
< LOD

ND

P. fluorescens KM148
P. psychrophila KM02
P. orientalis KM249

0.0003 ( = 0.0000)

ND
ND

TSB medium + subMIC of ME

< LOD
0.011 ( = 0.001)

0.016 ( = 0.001)

P. fluorescens KM148
P. psychrophila KM02
P. orientalis KM249

ND

< LOD

< LOD
0.004 ( = 0.002)

TSB medium + subMIC of 3-PH

ND
ND

< LOD
< LOD

< LOD
0.007 ( = 0.000)

P. fluorescens KM148

Concentration [pg/mL] ( = SD) was calculated from calibration matrix with known concentration of each AHLs and alkyl quinolone molecule; < LOD - less than limit of detection; ND — not detected.
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Table 5
Molecular docking parameters of autoinducers, ME and B-PH docked into
Pseudomonas QS receptor proteins.

Compound Molecular docking parameters [kcal/mol]
XP Glide Glide energy  Glide Van der Glide Coulomb
GScore Waals energy energy
LasR protein
3-0x0-C12-HSL ~ —9.750 —60.513 —44.667 —15.846
Methyl eugenol  —6.145 —31.765 —25.390 —6.375
B-Phellandrene  —5.750 —22.240 —22.418 0.178
RhIR protein
C4-HSL —5.990 —25.471 —21.963 —3.508
Methyl eugenol ~ —5.589 —26.819 —23.639 —3.180
B-Phellandrene —6.566 —18.968 —-19.107 0.139
PgsR protein
PQS —=7.772 —36.455 —30.978 —5.477
Methyl eugenol  —4.921 —27.292 —26.874 —0.418
B-Phellandrene ~ —5.263 —14.894 —14.904 0.009

XP Glide GScore — docking score of ligand-protein interaction.
Glide energy — modified Coulomb +van der Waals interaction energy.

Table 6
The major interactions of ME, 3-PHE and autoinducers with QS receptor pro-
teins.

Ligand Residues/atoms involved in Distance [10\] Type of
interaction interaction

LasR

3-0Ox0-C12- ASP73/0” <H 2.30 H-bond

HSL TRP60/NH — O 2.13 H-bond

TYR56 OH— O 1.80 H-bond
TYR56/CH — O 2.73 Aromatic H-bond
TYR56/CH — O 2.52 Aromatic H-bond
ARG61/NH — H,0 — O 2.03, 1.99 2H-bond
ARG61/N"H, — H,0 2.35 H-bond
TYR56/CH — H,0 2.72 Aromatic H-bond
PHE101/CH— O 2.65 Aromatic H-bond

ME TYR56/® - © 5.45 -7
SER129/0H — O 1.80 H-bond
THR75/0H < CH 2.74 Aromatic H-bond
ARG61/NH - H,0—= 0 2.03, 1.91 2H-bond
ARG61/N*H — H,0 2.35 H-bond
TYR56/C — H,0 3.65 Aromatic H-bond

B-PH ARG61, ASP65, TYR64, - Hydrophobic
LEU36,
LEU39, LEU40, VAL76,
ALA127

RhIR

C4-HSL TRP68/NH — O 2.62 H-bond
TRP68/NH — O 1.99 H-bond
TYR42/CH — O 2.61 Aromatic H-bond

ME TRP68/Q - © 4.82 7T
TRP68/NH — O 1.85 H-bond

B-PH VAL60, LEU69, TYR72, - Hydrophobic
TYR77

PgsR

PQS LEU207 O < OH 1.73 H-bond

ME LEU208, ILE236, ALA237, - Hydrophobic
PRO238

B-PH ILE263, ILE236, TRP234, - Hydrophobic
TYR258

the supplementation of TSB medium with subMIC of TEO resulted in
the highest downregulation of M16_2 gene (66%), but in fish juice
medium this activity was considerably lower. Only the M3_2 gene was
downregulated at a similar level. The overall gene expression after
treatment with ME was inhibited by averages of 47% in TSB, and 22%
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Fig. 2. Interaction of 3-oxo-C12-HSL (A), ME (B), and B-PH (C) with LasR protein.
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Fig. 5. Inhibition of proteolytic activity of Pseudomonas spp. cells after treatment with subMICs of selected compounds supplemented to TSB medium (in vitro) and to
fish juice medium (in situ). The significance differences between experiments was determined by Two-Way ANOVA (treatment: F = 204.934 p < 0.000***; medium:
F = 191.653 5.p < 0.000***; treatment:medium: F = 1.769, p = 0.116). Means with the same letters indicates no significantly differences (p < 0.05). Bars indicate

standard deviation from three experiments.

in fish juice medium. The effectiveness of the last analyzed compound,
B-PH, was also affected by experimental conditions: in vitro, the tran-
scription of M16_3 gene was the most decreased (61%), while in situ,
M22_1 was the most decreased (62%).

4. Discussion

Seafood is considered one of the most valuable food commodities
because it is a source of omega-3 fatty acids, easily assimilated proteins
and microelements. Although the health benefits from diets rich in
seafoods are indisputable, the microbiological quality and safety are
still unresolved, and large amount of those commodities are lost due to
premature spoilage, mostly caused by the genus Pseudomonas (Sternisa
et al., 2019). Fish spoilage is strictly related to the physiological ac-
tivities of microflora, inherently occurring in a given milieu (Caldera
et al., 2016). Because QS in pseudomonads is one of the major me-
chanisms for physiological activity regulation, blocking or disrupting
QS by natural phytochemicals is a promising novel method for pre-
venting fish spoilage (Calo et al., 2015).

The current study aimed to evaluate the anti-QS potential and anti-
proteolytic activity of TEO and its major compounds towards P. psy-
chrophila KMO02, P. orientalis KM249, and P. fluorescens KM148 isolated
from salmon (Salmo salar). The effect on QS was established by the
analysis of QS autoinducer reduction and molecular docking of TEO
bioactive components to QS transcriptional receptor proteins. The im-
pact on proteolytic activity was evaluated by the spectrophotometric
method with TNBS reagent and by RT-qPCR analysis of the changes in
mRNA expression of genes encoding proteases in analyzed Pseudomonas
spp. cells.

In the initial step of the work, the chemical composition of TEO by
GC-MS analysis was established. Our results indicated that methyl
eugenol (24.5%) and p-phellandrene (19.3%) were the major com-
pounds. These results are in agreement with the work of Szczepanik
et al. (2018) in which methyl eugenol was also dominant in TEO. To
date, only Verma et al. (2010) evaluated methyl eugenol in TEO at a
level of 0.7%. This indicates that the composition of the TEO can be
influenced by the conditions of growth, time of harvesting, part of the
plant or method of extraction.

The biological effect of TEO is strictly related to its concentration.
The sufficient concentrations of EOs to kill microorganisms in foods are
often higher than the concentrations that are organoleptically accep-
table. Thus, the use of sublethal concentrations has been proposed to
provide a balance between sensory acceptability and antimicrobial ef-
ficacy (Leite de Souza, 2016). Furthermore, the evaluation of anti-QS

11

potential requires determining the sublethal dose of an analyzed sub-
stance or compound to microorganisms because this approach does not
lead to the death of bacteria cells or significant inhibition of their
growth (Truchado et al., 2015).

Although several methods of possible antimicrobial action of es-
sential oils have been proposed, the ability to penetrate through bac-
terial membranes to the interior of the cell and consequently disturb its
integrity is the most probable mechanism (Calo et al., 2015). However,
it has been documented that bacterial cells can easily circumvent
toxicity effects by modifying the membrane lipid composition, espe-
cially if essential oils are present at sublethal concentrations (Di Pasqua
et al., 2006; Leite de Souza, 2016). Such modification is fundamental in
maintaining both membrane integrity and functionality when bacteria
are exposed to external stresses (Siroli et al., 2015). Therefore, we
evaluated the changes in P. psychrophila KM02, P. orientalis KM249 and
P. fluorescens KM148 cellular FAME profiles by GC/FID analysis. Be-
cause the adaptive strategies include alterations, mostly relative to the
overall changes in the ratio of saturation to unsaturation, acyl chain
length, branching position or cis/trans isomerization (Denich et al.,
2003; Leite de Souza, 2016; Siroli et al., 2015), we also compared the
differences in the sum of the percentage of fatty acids belonging to
different classes.

P. psychrophila KM02 and P. orientalis KM249 cells after treatment
with the subMIC of TEO showed increased levels of saturated fatty acids
with a simultaneous decrease in unsaturated fatty acids. Our results are
in contradiction with the work of Di Pasqua et al. (2006) and Siroli
et al. (2015), where sublethal concentrations of selected essential oils
caused an increase in unsaturated fatty acids, which was perceived as
the potential adaptive mechanism. However, neither of these articles
evaluated the effect of essential oils on the P. psychrophila or P. orientalis
strain, and as is generally stated, adaptation strategies depend on the
bacterial species and type of stress factor to which the cells are exposed
(Siroli et al., 2015). Notably, membranes rich in saturated fatty acids
and deprived of branched chain fatty acids (as we noticed in terms of P.
psychrophila KM02) are more resistant to the penetration of biocide
compounds to the interior of the cell, since the linear acyl chains can
pack tightly side by side (Leite de Souza, 2016). Considering the fact
that the biosynthesis pathway by which Pseudomonas synthesizes un-
saturated fatty acids takes place through the action of the desaturase
enzyme and since there is an appreciable decrease in the level of those
fatty acids, it is assumed that the action of the desaturase enzyme is
disturbed by TEO compounds during cell growth (Di Pasqua et al.,
2006). However, such alteration was not established for P. fluorescens
KM148, which indicates the different strategies in membrane response
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Fig. 6. Comparison of ratio in expression of selected genes encoding proteases in P. psychrophila KM02 (A), P. orientalis KM249 (B), and P. fluorescens KM148 (C) cells
after incubation in TSB medium supplemented with subMIC of TEO, subMIC of ME, and subMIC of 3-PH. The 16 s rRNA gene was used as reference gene. The

transcription level of genes in cells cultured in TSB medium equals 1.

to TEO treatment. Our results are in agreement with the paper of Di
Pasqua et al. (2006), who revealed that P. fluorescens exhibits high re-
sistance to antimicrobials from essential oils (e.g. limonene, eugenol, or
carvacrol). The amounts of cyclopropane and hydroxyl fatty acids in the
P. psychrophila KM02 membranes did not change significantly in re-
sponse to the subMIC of TEO, in agreement with the paper by Denich
et al. (2003). Conversely, P. orientalis KM249 and P. fluorescens KM148
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showed significant decreases in CFA. Because CFA are formed from UFA
with high energy demand, as described by Chang and Cronan (1999), it
is assumed that treatment with subMIC of TEO induces the ATP de-
pletion or acts against bacterial enzymes, including ATPase (Nazzaro
et al., 2013).

The next step of this work concerned the evaluation of changes in
the quality and quantity of autoinductors synthesized by the food-
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associated pseudomonads after incubation with the subMIC of TEO and
its major compounds (ME and B-PH) by the RP-UHPLC-ESI-MS system,
providing the most accurate evaluation of the AHLs and PQS. AHLs are
composed of a homoserine lactone ring and N-acyl chains varying in
length, saturation level, or oxidation state and are necessary to regulate
bacterial physiological activities (Papenfort and Bassler, 2016). Our
results indicated that P. psychrophila KM02 synthesized seven different
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AHLs and PQS autoinducers. The capability of synthesizing AHL by P.
psychrophila was first reported by Bai and Rai Vittal (2014), who re-
vealed the presence of only N-butryl homoserine lactone (C4-HSL) in
supernatants of cells isolated from freshwater fish. In P. fluorescens
KM148, supernatants six AHLs and PQS molecules were examined, and
the P. orientalis KM249 strain was able to synthesize only five AHLs
with no PQS molecules detected. In our recent study (Myszka et al.,
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2020) we examined the other food-associated pseudomonads as effec-
tive QS autoinducers producers. In contrast to the P. orientalis KM249
strain, the KM149 strain was able to synthesize 3-hydroxy-C4-HSL at
0.64 ug/mL. Moreover, in extracts of P. fluorescens KM148, the C12-HSL
was present at the level of 0.136 pg/mL, while in KM48 this AHL was
present below the limit of detection. Such differences in QS signal
molecules are attributed to the phenomenon that bacteria of the same
genus or species can produce various AHLs in a strain-dependent
manner (Czajkowski and Jafra, 2009). Furthermore, the production of
QS autoinductors has to be evaluated within each strain individually
because not all pseudomonads possess a QS phenotype or do not pro-
duce detectable levels of AHLs, which led to depravation of physiolo-
gical activities, such as proteolysis. Such a phenomenon was established
for P. putida-like strains (Caldera et al., 2016; Gopu and Shetty, 2016).

In this work, the greatest values for 3-oxo-C12-HSL and C4-HSL are
due to the hierarchy network of the las and rhl QS systems. This means
that 3-ox0-C12-HSL is produced first, and as quorum sensing progresses
or the population density increases, the dominant AHL synthase be-
comes Rhll, which synthesizes C4-HSL (Lee and Zhang, 2015). The
HPLC analysis revealed that upon treatment with subMICs of TEO, ME
and -PH, almost all of the concentrations were decreased to levels
lower than the limit of detection, indicating the effectiveness of the
analyzed compounds at inhibiting AHL production. In the P. psychro-
phila KM02 and P. fluorescens KM148 supernatants only the 3-oxo-C6-
HSL remained unchanged, but the concentration was relatively low and
ranged from 0.007 ug/mL to 0.016 pg/mL. A similar finding was ob-
tained for the P. fluorescens strain incubated with thyme essential oil for
48 h (Myszka et al., 2016). The lack of C4-HSL after incubation with
TEO and its major compounds may be attributed to the fact that the
expression of the RhlI enzyme is under the positive control of the LasR
transcriptional regulator, which requires 3-oxo-C12-HSL, the product of
LasI (Papenfort and Bassler, 2016). To the best of our knowledge, this
paper provides for the first time information about PQS synthesis in the
P. psychrophila strain.

The anti-quorum sensing activity of compounds described as quorum
sensing inhibitors, apart from disturbing the synthesis of QS auto-
inductors, may also trigger the QS receptor proteins by competing with
native autoinductors synthesized by the given bacteria (Kalia, 2013).
Therefore, to elucidate the second possible mechanism of the anti-QS
activities of the major bioactive compounds of TEO, molecular docking
studies were performed. Since the major signal molecules synthesized
by analyzed cells are 3-oxo-C12-HSL, C4-HSL, and PQS, for molecular
docking analysis, we used the LasR, RhIR and PgsR molecules. The
employment of the receptor proteins native to P. aeruginosa, apart from
the autoinducers results, was also dictated by the homologous nature of
QS-related proteins, which can be proven by the ability of different
bacteria to respond to autoinducers produced by others (e.g., E. coli
possess SdiA receptor, a homolog of LuxR, and thus, it can respond to
autoinductors produced by P. aeruginosa) (Kalia, 2013).

The comparison of docking scores obtained for native auto-
inductors, ME and B-PH indicates the potential competition for binding
with protein active sites. ME, similarly to 3-oxo-C12-HSL, formed a
number of H-bonds with common residues (ARG61 and TYR56) and
additional s-r interactions with the aromatic ring of TYR56, which
stabilized the whole complex, which is in agreement with Kumar et al.
(2013). In the case of B-PH, only hydrophobic interactions were ob-
served, thus resulting in lower docking scores and Glide energy of the
complex with LasR. Such differences result from the different chemical
structures of the analyzed compounds: ME possesses a highly inter-
active aromatic ring, which is also considered the major antimicrobial
determinant (Calo et al., 2015). The anti-quorum sensing activity of ME
towards LasR of P. aeruginosa has already been reported by Sybiya
Vasantha Packiavathy et al. (2012), who also stated that any compe-
titive ligands with higher or closer docking scores would be able to
displace the native autoinductors and result in the reduced production
of the QS-dependent factors, especially if the common residues are
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involved in docking. It has been demonstrated that H-bonding is one of
the most important features for providing efficient ligand-receptor
docking (Sharma et al., 2016). However, H-bonds are not the only ones
responsible for good interactions. As shown in Tables 5 and 6, the
highest docking score for RhIR protein was with B-PH, which did not
create any H-bonds. It is likely the consequence of higher hydrophobic
enclosure (XP PhobEn) and lipophilic (XP LipophilicEvdW) terms ob-
tained for docking (data not shown). Similar results were obtained for
the PqsR protein, where 3-PH was surrounded by more hydrophobic
amino acids (tryptophan and tyrosine) than ME (mostly aliphatic amino
acids, such as alanine or leucine).

Studies conducted by Zhang et al. (2019) revealed that P. psychro-
phila (next to P. fragi and P. fluorescens) possess the dominant role in
spoilage of food during cold-chain. These microorganisms are adapted
to cold and are able to survive at very low temperatures (approximately
0°C), which results in their predomination in the spoilage of re-
frigerated foods sorted under aerobic conditions and deprived of any
heat treatment. Among proteinaceous foods, Pseudomonas species are
one of the specific spoilage microflora of chilled stored fish and sea-
foods and are responsible for the development of sweet, fruity off-odors.
This activity is due to the secretion of extracellular proteases that break
down food proteins into amino acids and short peptides, which further
decompose into aldehydes, ketones, esters, organic acids and various
toxic substances. The proteolytic activity of P. psychrophila and P.
fluorescens has already been established by Bai and Rai Vittal (2014)
and Xin et al. (2017). Thus, since the secretion of extracellular proteases
is regulated by bacterial QS systems (Ding et al., 2019), we hypothe-
sized that decreasing the proteolytic activity of the analyzed strains
after incubation with subMICs of TEO, ME and [3-PH is the result of QS
inhibition by the analyzed compounds.

The proteolytic activity was inhibited both in vitro and in fish-based
model conditions, but it varied according to the type of medium and
applied treatment. The lower effectiveness in fish juice media may re-
sult from the more complex composition (mostly higher contents of
fats) than that of TSB medium (Burt, 2004). In the present work, pro-
teolytic activity was inhibited to a greater extent in the samples in-
cubated with subMICs of TEO and ME than upon 3-PH treatment, re-
gardless of the analyzed strain and medium. This may be related to the
AHL results, where B-PH does not reduce the synthesis of 3-oxo-C6-HSL
and C12-HSL or 3-0x0-C8-HSL in P. psychrophila KMO02 and P. fluor-
escens KM148, respectively. Despite the effective decreases in all AHL
molecules in P. orientalis KM249 by analyzed compounds, the overall
inhibition of proteolytic activity was relatively smaller than in the two
previous strains. The work of Ding et al. (2019) revealed that de-
creasing the proteolytic activity of P. fluorescens P07 after incubation
with catechin was solely the consequence of the reduction in QS au-
toinducer synthesis. However, the results obtained by Liu et al. (2006)
do not indicate any clear correlation between the overall detectable
AHLs and the proteolytic activity in the fish samples. Therefore, another
explanation for the different impacts of the analyzed compounds on the
proteolytic activity of pseudomonads fish isolates can be based on
molecular docking results. It should be noted that despite the insepar-
able network of QS systems, the one that is mostly responsible for the
regulation of genes encoding proteases is the las system, whereas the rhl
system is more engaged in the regulation of exopolysaccharide synth-
esis (Lee and Zhang, 2015). As mentioned above, ME had better po-
tential for competitively binding to LasR, thus effectively inhibiting QS-
mediated proteolytic activity as a consequence of downregulating the
transcription of genes encoding proteases.

Consequently, to verify whether the decrease in proteolytic activity
is regulated at the molecular level, we performed RT-qPCR analysis of
changes in the expression of selected genes encoding proteases in the
Pseudomonas spp. strains after treatment with the analyzed compounds.
It is well known that important proteases responsible for spoilage
caused by pseudomonads are the extracellular metalloproteases (e.g.,
for P. aeruginosa, alkaline metalloproteases belonging to the AprX
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family; Caldera et al., 2016). To date, researchers have mostly been
concerned with the effect of QS inhibitors on the expression levels of
autoinducers synthases and QS receptors or virulence factors (Truchado
et al., 2015), but there are no papers describing their impact on pro-
teolytic activity at the molecular level, especially in food bacterial
isolates. The RT-qPCR analysis revealed that M16 family genes en-
coding metalloproteases were downregulated by all applied treatments,
but in vitro, the highest inhibition was with the subMIC of TEO, while in
the fish-based model, 3-PH was the most efficient. In the case of M3_2
gene, the results showed divergent effects. Comparing the changes in
gene expression levels depending on the analyzed strain, the smallest
inhibition and upregulation of the S11_3 gene were noted for P. or-
ientalis KM249 cultures. These observations can represent relevant ex-
planations for the lower effectiveness of the analyzed compounds in the
proteolytic activity inhibition of this strain. Based on the overall RT-
qPCR results, we provide evidence that subinhibitory concentrations of
the analyzed compounds change the expression levels of genes en-
coding proteases in the Pseudomonas spp., and those findings corre-
spond with the outcome from analysis of proteolytic activity inhibition
examined by the method with the TNBS reagent.

5. Conclusions

Because the low temperature is insufficient to inhibit Pseudomonas
spp. growth and because the application of artificial preservatives in
fish is limited and there is a growing consumer demand for seafoods on
the food market, scientists are facing a great challenge in the devel-
opment of new/additional preservation techniques, ensuring high
quality and safety. Thus, searching for natural phytochemicals (mostly
from spices and herbs) that can effectively target the QS system and
consequently affect the physiological activities of food-derived bacteria
isolates is a promising possibility to meet those demands. The current
research for the first time has explored the potential of TEO, ME and f3-
PH as anti-QS and anti-proteolytic agents against food-associated
pseudomonads, both in vitro and in situ. Given the lower effect obtained
in the fish-model product, subsequent studies should focus on the
possibility of increasing the effectiveness of the analyzed compounds,
taking into account their characteristics, i.e., high volatility and a strong
odor. In addition, given the high resistance of analyzed microorganisms
to antimicrobials, the possible metabolism of the analyzed compounds
during particular food storage must be evaluated, referring to their
applicability in the food industry.
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Table S1. GC/MS characteristic of TEO compounds.

Compound Formula RI - Wax Rl - DB-5
Alpha-pinene C10H16 1035 939
Alpha-terpinene C10H16 1184 1015
Limonene C10H16 1208 1030
1,8-Cineole (eucalyptol) C10H180 1222 1031
Beta ocimene E C10H16 1235 1041
Beta-phellandrene C10H16 1245 1042
Gama-terpinene C10H16 1249 1072
Beta ocimene Z C10H16 1250 1051
Beta-caryophyllene C15H24 1594 1414
Terpinen-4-ol C10H180 1606 1180
Methyl chavicol C10H120 1657 1199
Germacrene C15H24 1705 1487
Geranyl acetate C12H2002 1761 1384
Elemicin C12H1603 1862 1514
Isoelemicin C12H1603 1944 1596
Methyl eugenol C11H1402 2001 1404
Spathulenol C15H240 2108 1578
Thymol C10H140 2179 1283
Methyl isoeugenol C11H1402 2188 1491
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Fig.S1. TIC chromatogram of tarragon essential oil obtained on DB-5 column
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Table.S2. HPLC characteristic of QS autoinductors.

Fig.52. Chromatograms of QS autoinductors

Compound Formula Abbreviation [M+H]* Retention time (min)
N-Butyryl-DL-homoserine lactone C8H13NO3 C4-HSL 172.097 29
N-(3-Oxohexanoyl)homoserine lactone C10H15NO4 3-0x0-C6-HSL 214.107 8.2
N-Hexanoyl-DL-homoserine lactone C10H17NO3 C6-HSL 200.128 118
N-(3-Oxooctanoyl)-L-homoserine lactone C12H19NO4 3-0x0-C8-HSL 242.139 11.9
N-(3-Oxododecanoyl)-L-homoserine lactone C16H27NO4 3-0x0-C12-HSL 298.201 20.5
N-Dodecanoyl-DL-homoserine lactone C16H29NO3 C12-HSL 284.222 21.3
N-(3-Oxotetradecanoyl)-L-homoserine lactone C18H31NO4 3-0x0-C14-HSL 326.233 229
2-Heptyl-3-hydroxy-4-quinolone C16H21NO2 PQS 260.165 12.8
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ARTICLE INFO ABSTRACT

Keywords: Given the increasing consumption of aquatic foods and green consumerism, efficient methods for extending the
Antimicrobial resistance shelf-life and maintaining the safety of seafood are urgently required. The present study aimed to evaluate the
Transcriptomic

effect of black pepper essential oil (BPEO) and its major compounds — limonene (LIM) and beta-caryophyllene
(CAR) on quorum sensing (QS) and efflux pump (EP) systems in Pseudomonas psychrophila KMO02. Tran-
scriptomic analysis was performed to select antimicrobial resistance genes that were only truly expressed within
the system mimicking the food matrices. Compounds analyzed at subinhibitory concentrations (subMICs) (135,
65 and 35 pL/mL) reduced QS autoinducer synthesis to levels lower than the limit of detection and decreased
proteolytic activity and exopolysaccharide synthesis by 35, 29 and 28%, and by 58, 32 and 41%, respectively.
These phenotypic results were confirmed by changes in the ratio of expression of selected genes. Furthermore,
the anti-QS activity and anti-EP of LIM and CAR were evaluated by molecular docking analyses with QS receptor
proteins (LasR, RhIR, TraR, and PqsR) and inner membrane EP proteins (MuxB, MexB, and Mfs). The mRNA
transcript levels of membrane fusion and outer membrane proteins, and transcription of repressor regulators
MarR and TetR were considerable decreased. Our work showed that BPEO major compounds affected the
functioning of the QS and EP system in KM02 and consequently reduced the spoilage potential.

Proteolytic activity
Exopolysaccharide synthesis
Fish spoilage

Due to the indiscriminative usage of antimicrobials in aquatic
farming and preservatives in food chains, sensitivity to these substances

1. Introduction

The importance of research regarding fish microbiota is related to
increases in aquatic food production and consumption (Elbashir et al.,
2018). Among specific fish-borne spoiler organisms, Pseudomonas spe-
cies dominate (Sternisa et al., 2020). Recent findings identified Pseu-
domonas psychrophila as metabolically active cold-tolerant fish spoiler
(Jia et al., 2020; Sobieszczanska et al., 2020; Sternisa et al., 2019;
Zhuang et al., 2020). P. psychrophila produces extracellular enzymes
(mostly proteinases) and exopolysaccharides that affect the quality of
fish-based food products (Zhuang et al., 2020). The metabolic activities
of P. psychrophila are regulated by the quorum sensing (QS) system (Bai
& Vittal, 2014) which allows the bacteria to thrive under unfavorable
conditions by regulating the transcription of specific genes (Schuster
et al., 2003).

* Corresponding author.
E-mail address: natalia.tomas@up.poznan.pl (N. Tomas).
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is reduced in pseudomonads (Sternisa et al., 2020), which have devel-
oped an antimicrobial resistance (AMR) phenotype that is related to the
efflux pump systems (EP) (Kabra et al., 2019). EPs effectively reduce the
intracellular concentrations of antimicrobials (i.e., wide range of sub-
strates that include, antibiotics, heavy metals, organic pollutants,
plant-produced compounds, and sanitizers) by extrusion using energy
derived from ionic gradients across the cell membrane or from ATP
hydrolysis by ATPase (Rampioni et al., 2017). Additionally, the active
efflux mechanism is engaged in QS (Seukep et al., 2019) and bacteria
with deactivated or deleted EP are deficient in the secretion of QS signals
that cannot diffuse through the bacterial membranes.

QS and EP functions can be blocked by phytochemicals (Yu et al.,
2020) such as essential oils (EOs), which are excellent alternative
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resistance-modifying agents due to the presence of secondary metabo-
lites, which include terpenes and phenylpropanoids. EOs can disturb
cellular membranes and change their permeability and fluidity (Yu
et al., 2020), which lead the bacteria to lose the ability to maintain the
inherent properties necessary for EP activity (Blanco et al., 2016). Black
pepper is one of the oldest and most extensively used spices in the world
and possesses a wide spectrum of antimicrobial, antioxidative and me-
dicinal properties. The potential application of black pepper essential oil
(BPEO) as a biopreservative agent in the food industry was compre-
hensively reviewed by Myszka, Leja, and Majcher (2019).

EP and QS inhibition are mostly analyzed in clinical isolates,
although recently, more studies have revealed AMR genes and EP and
QS systems amidst foodborne pseudomonads (Quintieri et al., 2019).
The combination of multidirectional analyses that consider phenotypic,
genotypic, transcriptomic and computational analyses of strains isolated
from foods provides a completely new approach in food microbiology
(Lamas, 2019), and it is needed for efficient food preservation and to
ensure safety, especially when green consumerism is in high demand.

In this work the Pseudomonas psychrophila KMO02 strain isolated from
commercially available raw salmon fillets was screened for genes
involved in QS and EP systems based on genomic and transcriptomic
analyses. BPEO was acquired, its chemical composition was character-
ized, and then a subinhibitory concentration (subMIC) evaluation
against the KMO2 strain was performed. The changes in membrane fatty
acid (FA) composition, QS autoinducer profile, proteolytic activity,
exopolysaccharides synthesis and expression of selected metabolic
activity-related and QS and EP-system related genes was also evaluated.
Finally, an in silico docking analysis was performed to provide a mo-
lecular explanation of BPEO’s potential for QS and EP inhibition.

2. Materials and methods
2.1. Microorganism and culture conditions

The KMO2 strain was revived as needed and cultured in TSB medium
(BD Biosciences, San Jose, CA, USA). The culture was carried out in fish
juice medium (FJM) prepared from fresh salmon fillets as described in
our previous study (Sobieszczanska et al., 2020) and supplemented with
subMICs of BPEO and its major compounds. Incubation was carried out
at 4 + 2 °C for 72 h to obtain approx. 108 CFU/mL. These culture con-
ditions were used in the following experiments with two exceptions. In
the RNA-seq analysis, KMO02 cells were cultured in modified TSB me-
dium with fish peptone (HiMedia Laboratories, Mumbai, India). In the
RT-qPCR analysis of AMR genes expression, the cultures were supple-
mented with nalidixic acid (NA) (BioMaxima, Lublin, Poland) at a
concentration of 30 pg/mL for 24 h and then, subMICs of BPEO, LIM and
CAR (Sigma-Aldrich, Saint Louis, MO, USA) were added for the
following 48 h.

2.2. BPEO extraction and identification of compounds

BPEO was obtained by hydrodistillation in a Clevenger-type appa-
ratus from dried fruits of Piper nigrum L. cultivated in Vietnam. The
compounds were further identified using a Hewlett-Packard HP 7890A
gas chromatograph coupled to a 5975C mass spectrometer (Agilent
Technologies, Santa Clara, CA, USA) as described in our previous study
(Sobieszczanska et al., 2020).

2.3. SubMIC determination

SubMICs of BPEO, LIM and CAR in KMO02 were determined by the
broth macrodilution method according to CLSI (2012). Dimethyl sulf-
oxide (DMSO) (Sigma-Aldrich) was used to dissolve the analyzed sub-
stances and obtain a range of different concentrations. The maximum
concentration of DMSO was 1%. After 72-h of incubation at 4 °C, the
samples were tested visually and the first concentration that resulted in
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no significant growth inhibition (just below the MIC) was selected as
subMIC for the experiments.

2.4. Microorganism and whole transcriptomic analysis (RNA-seq) of
KMO02

RNA-seq analysis was performed to identify antimicrobial resistance
genes that were only truly expressed in KM02 cells within the system
that mimicked the food matrices. The KMO02 fish isolate was grown for
72 h at 4 °C in modified tryptic soy broth (TSB) medium with fish
peptone (g/1000 mL of distilled water: 20.0 g of fish peptone; 2.5 g of
glucose; 5.0 g of sodium chloride; and 2.5 g dipotassium phosphate) at
4 °C for 72 h to reach approx. 10® CFU/mL. The RNAqueous Kit (Thermo
Fisher Scientific, Waltham, MA, USA) was used for total bacterial RNA
isolation according to the manufacturer’s instructions. Ribosomal RNA
was removed using a Ribominus Transcriptome Isolation Kit (Invi-
trogen, Carlsbad, CA, USA). The libraries were constructed using the
Collibri™ Stranded RNA Library Prep Kit for Illumina™ and the Colli-
bri™ H/M/R rRNA Depletion Kit (Invitrogen), and they were quanti-
tatively and qualitatively assessed using a Qubit fluorimeter (Thermo
Fisher Scientific) and Bioanalyzer DNA electrophoregram (Agilent
Technologies). Sequencing was carried out on a MiSeq Illumina
sequencer by using a MiSeq Reagent Kit v3 (150 cycles) (Ilumina,
Hayward, CA, USA). Reads were mapped to the corresponding genome
assembly of KM02 (NZ_CP049044.1) and normalized by the RPKM
(reads per kilobase per million mapped reads) calculated in CLC (version
20). The RPKM value represents a probabilistic estimate of the abun-
dance of gene transcripts across sample. RNA-Seq data were deposited in
the SRA NCBI data repository (Bioproject: PRINA509367, Biosample:
SRX9799402; SRA: SRR13376050).

2.5. Identification of AMR and selection of genes of interest

AMR genes were identified in the KM02 genome using the Resistance
Gene Identifier (RGI) analysis tool (Alcock et al., 2019) which utilizes
the Comprehensive Antibiotic Resistance Database (CARD) (Fanelli
et al.,, 2020). Additionally, the Rapid Annotations using Subsystems
Technologies (RAST) online bioinformatics tool was used for functional
subgrouping of CDS involved in efflux and multidrug resistance. Sub-
sequently, the BLASTP algorithm of the NCBI site (https://blast.ncbi.nl
m.nih.gov/Blast.cgi) where amino acid sequences of selected proteins in
FASTA format were submitted as a query against nonredundant protein
sequences of P. aeruginosa (taxid: 287), P. psychrophila (taxid: 122355)
or E. coli (taxid: 562) was used for homology prediction by pairwise
alignment. From the set of whole-genome annotated CDSs, only those
expressed in experimental conditions as indicated by RNA-seq were
selected for further analysis.

2.6. Composition of fatty acid methyl esters (FAME)

The profile of the membrane fatty acid (FA) composition was eval-
uated by the method described in our previous study (Myszka, Olejnik,
et al., 2019) using a GC-FID analysis performed on a Trace 1300 system
(Thermo Fisher Scientific). FA was identified according to the retention
times obtained for standard Bacterial Acid Methyl Esters (BAME) (Sig-
ma-Aldrich) under equal chromatographic conditions. For each identi-
fied FA, the relative percentage abundance was determined based on the
peak area in relation to the sum of the peak areas of the total detected
FAs.

2.7. QS autoinducers estimation

The cell-free supernatants of KM02 cultures after incubation with
subMICs of BPEO and its major compounds were extracted twice by
ethyl acetate (with 0.1% formic acid) (Sigma Aldrich) and concentrated
by rotary evaporation (Ravn et al., 2001). The extract was dissolved in
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Table 1
List of genes evaluated in RT-qPCR analyses.

Gene name Gene definition and role Sequence of Fwd primer (5'-3') Tm Size
Sequence of Rev primer (5'-3') (°C) (bp)

16S rRNA the small subunit ribosomal RNA, internal reference gene GGAGACTGCCGGTGACAAACT 56 75
TGTAGCCCAGGCCGTAAGG

muxA the RND efflux membrane fusion protein, part of the MuxABC-OpmB multidrug efflux complex GTGTACTTCAAGGCGCTG 57 110
TTGACCATCTGCCCTTCC

opmB the outer membrane efflux protein that shows functional cooperation with MuxABC GGCAGAGGTGGATCGTAA 54 112
CACCTTCAATTGCACCAT

mexA the RND efflux membrane fusion protein, part of the MexAB-OprM multidrug efflux complex CCTTTTACCTTGACCACC 53 120
TTTTACATCGCTGCCTTC

oprM the outer membrane efflux protein that shows functional cooperation with MexAB AGAACTACTTTGCAACCGA 55 108
GTTTCAGCAGCTCTTTGT

tetR the transcriptional local repressor that regulates the function of efflux pumps, osmotic stress etc. TGTGTTTTCGCGCTTTCT 57 101
GTAACTCTTCAAGGCTGGG

marR the transcriptional global repressor that regulates the multiple antibiotic resistance AAGGTGCTGATTATCATGG 54 119
AGCTTTTTTTGCTCGAGG

hdts_1 1-acyl-sn-glycerol-3-phosphate acyltransferase; QS autoinducer probable synthase GACGCGAGTGTTTTTGAA 54 120
TAGGCCGAGAGGAAGAAG

hdts 2 1-acyl-sn-glycerol-3-phosphate acyltransferase; QS autoinducer probable synthase CCCGCTTTCATTCCTGTC 57 115
AATCAACTGGCTGTCACC

hdts 3 1-acylglycerol-3-phosphate O-acyltransferase; QS autoinducer probable synthase CAGATGGATCCTGGGCTA 54 95
AGTTGGATTGATGGTTGG

hdts 4 1-acyl-sn-glycerol-3-phosphate acyltransferase; QS autoinducer probable synthase GACGTACAAGGTGCCGAA 55 111
GCAATTGGCATTCCTCAC

hdts 5 1-acyl-sn-glycerol-3-phosphate acyltransferase; QS autoinducer probable synthase CATCGTCTGCGTAAAGAGT 57 119
ACGCCGGTATAGGTCACA

desA the fatty acid desaturase responsible for converting SFA into UFA in bacterial membranes CATCCACCGCAAACACCA 56 117
TGAGCTTCTTCGCGATAC

algA alginate lyase; mannose-1-P-guanylyltransferase/mannose-6-P-isomerase TGGTGACCTTTGGCATTT 55 102
CAAACCGCTCGACCTTAAA

algl sigma factor o; activator of the alginate synthesis operon GTTGATCGTGCGTTTTGT 56 117
CATGTGTAAAAGGCGCTG

mucA anti-sigma factor o; negative regulator of algU GAAGCGGACGAACTGGAA 54 119
GGAATCAACAGGTCCTTG

M221 metallopeptidase involved in peptide degradation CGTGCCTACCGAGATTGA 56 112
CGGAATACCCCAGGCAAA

M32 metallopeptidase involved in peptide degradation GCTTTGCCCTTGATCGTA 55 132
AAAAGTCATCCAGCCCCA

S11.3 serine peptidase with a wide range of peptidase activity TATCGTCATCGACTCAGG 51 134
GGTTCATAAAGTGGGTGT

100 mL methanol (Sigma Aldrich), and 5 pL of solution was injected for
reverse phase-high performance liquid chromatography (RP-UHPLC)
(Dionex UltiMate 3000 UHPLC, Thermo Fisher Scientific, Sunnyvale,
CA, USA) with an ultrahigh-resolution orthogonal quadrupole time of
flight (QTOF) mass spectrometer (maXis impact, Bruker Daltonik, Bre-
men, Germany) with an ESI source (ESI-MS). Analyses were performed
as described in detail in our previous study (Sobieszczanska et al., 2020).

2.8. Evaluation of proteolytic activity inhibition

The changes in proteolytic activity were examined according to a
spectrophotometric method originally described by Polychroniadou
(1988) with some modifications as presented in our previous study
(Sobieszczanska et al., 2020). The principle of the analysis is based on
the measurement of the intensity of the yellow-orange color product
(A420 nm) generated by the reaction between the released a-amino
groups and the TNBS reagent (Sigma-Aldrich). The percent inhibition of
proteolytic activity after treatment with subMICs of BPEO and its major
compounds was calculated based on the following equations:

% PI = 100 AP 100
0 = AP X

c

where:

AP, — absorbance value obtained for the sample with the given
treatment;

AP, — absorbance value obtained for the control sample (cells culti-
vated in fish juice medium)

2.9. Exopolysaccharides extraction and quantification

The procedure employed for analyzing exopolysaccharides in the
KMO2 cultures was described in detail in our previous study (Myszka
et al., 2020). Briefly, after incubation, cells were harvested and sub-
jected to an extraction procedure according to Forde and Fitzgerald
(1999). The amounts of exopolysaccharides were quantified by color-
imetry (A500 nm), by measuring the condensation of furan (corre-
sponding to exopolysaccharides) with added tryptophan
(Sigma-Aldrich) (Parkar et al., 2001). A standard curve using sodium
alginate (Sigma-Aldrich) solution was prepared. The percent inhibition
of exopolysaccharide synthesis in KM02 after treatment with subMICs of
BPEO and its major compounds was calculated using the following
formula:

% EI = 100 — EPS, x 100
EPS,

where:

EPS; — pg/108 CFU of exopolysaccharides obtained for the sample
with the given treatment;

EPS, - ug/10® CFU of exopolysaccharides obtained for the control
sample.

2.10. RNA isolation and cDNA synthesis

KMO2 cultures were treated with RNAprotect® Bacteria Reagent
(Qiagen, Valencia, CA, USA). Total RNA was isolated on a PureLink™
RNA Mini Kit (Thermo Fisher Scientific) and purified using the
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PureLink™ DNase Set (Invitrogen) according to the manufacturer’s
protocols. The quantity and quality of isolated RNA were analyzed by
fluorescence-based Qubit™ XR RNA and Qubit™ IQ RNA Assay Kits
(Thermo Fisher Scientific) on a Qubit Fluorometer 4 (Thermo Fisher
Scientific). The first strand of + cDNA was synthesized from 1.0 pg of
total RNA with the High Capacity RNA-to-cDNA Kit (Life Technologies,
Carlsbad, USA).

2.11. Quantitative real-time PCR experiment

RT-qPCR analyses were performed in a CFX96 system (BioRad,
Hercules, CA) using GoTaq® Master Mix (Promega, Walldorf, Germany).
The primers (Table 1) were designed using the CLC Genomics Work-
bench (Qiagen) based on the genome sequence of KM02 (GenBank
accession no: CP049044). The cycling conditions were as follows: initial
denaturation at 95 °C for 2 min; 40 cycles of denaturation at 95 °C for 15
s, annealing at 52 °C and extension at 72 °C for 15 s; followed by a
melting curve. The amplification efficiency (E) was estimated using
LinRegPCR software (Ruijter et al., 2009). The Pfaffl method (Pfaffl,
2001) was used to calculate the changes in gene expression. The results
are presented as the ratio of gene expression in the treated samples
compared with control samples (with expression equal to 1), with the
expression normalized to the internal reference gene (16s rRNA):

Cliarger (mnrml—mmplc)
Gor

EAC’M (comrol—sampk')

ref

ratio =

where:
GOI - gene of interest, which changes in expression are calculated;
ref — reference gene, which expression is used for normalization.

2.12. Inhibition of EP activity and QS by in silico analysis

The QS receptor proteins were prepared for the molecular docking
analysis as described in detail in our previous study (Sobieszczanska
etal., 2020). The crystallographic structures of the identified EP proteins
were modeled using the I-Tasser webserver (Roy et al., 2010). All pro-
tein structures were prepared for docking in Protein Preparation Wizard
(Sastry et al., 2013) in the Schrodinger software suite, release 2020-4
(Schrodinger LLC, New York, NY). The docking grids were generated
by selecting the residues involved in ligand binding sites. The
three-dimensional structures of docked ligands were retrieved in SD
format from the PubChem database and processed in the Ligand Prep-
aration Panel. The molecular docking analyses were performed in the
Glide Ligand Docking Panel, version 12.6 in the Schrodinger Maestro
suite using Extra Precision mode (XP) (Friesner et al., 2006). Each
generated protein-ligand complex was analyzed based on its docking
score value (XP Glide GScore), which is used to show the estimated free
energy of binding and the modified Coulomb-van der Waals interaction
energy score. The docking results are also presented as 2D and 3D fig-
ures, which indicate the binding pose of a given ligand (conformation
and orientation towards the protein). From the obtained figures, the
major protein residues involved in docking, the length of the created
bonds and the hydrophobic contacts were listed.

2.13. Statistical analysis

The experiments were performed in triplicate, and the results are
expressed as the mean + standard deviation. Significant differences (p
< 0.05) were established by Student’s t-test or analysis of variance
(ANOVA) followed by Tukey’s post hoc test performed in R (RStudio
Team, 2015).

3. Results and discussion

Seafood products are prone to microbial deterioration because of the
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Table 2
GC/MS results of TEO composition with relative percentage values of individual
compounds.

Compound name RI - Wax RI - DB-5 % Composition
o-pinene 939 1035 8.7
camphene 953 1080 0.8
p-pinene 980 1118 8.4
y-carene 1148 2.3
p-myrcene 990 1158 11.4
a-phellandrene 1006 1170 8.2
limonene 1030 1208 19.1
y-terpinene 1072 1249 0.8
p-cymene 1026 1274 2.9
o terpinolene 1083 1279 2.5
elemene 1456 1.9
a-cubebene 1348 1472 3.3
linalool 1100 1544 1.1
p-caryophyllene 1414 1594 19.6
o humulene 1449 1668 2.7
p-bisabolene 1736 1.5
p-edusmene 1741 1.3
delta-cadinene 1748 1.7
caryophyllene oxide 1573 1962 1.8

[%] Composition of individual compound was calculated from the chromato-
gram obtained in triplicate (normalized peak area %). Values in bold indicate the
most abundant compounds. RI — Wax — retention index on Suplecowax 10 col-
umn. RI — DB-5 — retention index on DB-5 column.

high water content and postmortem pH value (usually >6) of muscle
(Hassoun & Coban, 2017). These features contribute to a reduction in
shelf life and economic losses in the fish industry (Jia et al., 2020).
Bacteria from aquatic production ecosystems are subjected to enhanced
selective pressure because of antibiotic overuse, which results in the
overexpression of EP and QS systems (Quintieri et al., 2019). Given the
increasing aquatic food consumption, efficient methods of extending the
shelf-life and maintaining the safety of seafood are urgently required
(Zhuang et al., 2020). In this work, we performed genomic and tran-
scriptomic analyses to evaluate the potential of the alternative antimi-
crobial BPEO to inhibit QS and EP in KM02.

3.1. Chemical composition of BPEO and subMICs

Recently, a growing trend has been observed for minimally pro-
cessed food, in which consumers demand a lack of synthetic additives
(Calo et al., 2015). Therefore, modern food technology is facing a great
challenge of ensuring the microbiological safety of food, which can be
accomplished by using natural antimicrobials to inhibit the growth
and/or metabolic activities of bacteria (Hassoun & Coban, 2017). The
resistance mediated by EP could be successfully overcome by specific
small-molecule inhibitors (Aparna et al., 2014). EOs are widely observed
secondary metabolites of plants that are effective at subinhibitory con-
centrations, and they have great potential for utilization in the food
industry to combat foodborne pathogens and spoilage organisms (Rao
et al., 2019). The composition of EOs determines the range and type of
antimicrobial activity (Yu et al., 2020); thus, to characterize the chem-
ical composition of the obtained BPEO, a GC/MS analysis was
performed.

As presented in Table 2, a total of 19 individual compounds were
identified, and the most abundant compounds were monoterpene
limonene (LIM) (19.1%) and sesquiterpene beta-caryophyllene (CAR)
(19.6%). Our results are consistent with the average chemical compo-
sition of BPEO obtained from different geographical regions, as
described in the work of Dosoky et al. (2019). The subMICs of BPEO, LIM
and CAR towards the KMO2 fish isolate were evaluated by the broth
macrodilution method, and the following values were obtained: 135, 65
and 35 pL/mL (117.9, 54.7 and 31.6 mg/mL), respectively. These sub-
MICs did not show any signs of significant growth inhibition, which was
confirmed by the growth curve analysis (data not shown). However,
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Table 3
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AMR genes in P. psychrophila KM02 genome according to RGI analysis tool and corresponding protein products.

Genome location % Identity of Detection Drug Class Resistance AMR Gene Family Protein product
Matching Region criteria Mechanism

1804483..1807638  41.86 protein fluoroquinolone antibiotic; antibiotic efflux resistance-nodulation-cell division WP_048351074.1
homolog model tetracycline antibiotic (RND) antibiotic efflux pump

3137702..3140881 66.25 protein fluoroquinolone antibiotic; antibiotic efflux resistance-nodulation-cell division WP_019827266.1
homolog model tetracycline antibiotic (RND) antibiotic efflux pump

3297653..3300754 43.37 protein fluoroquinolone antibiotic; antibiotic efflux resistance-nodulation-cell division WP_048351922.1
homolog model tetracycline antibiotic (RND) antibiotic efflux pump

3402303..3403625  72.58 protein fluoroquinolone antibiotic antibiotic efflux major facilitator superfamily (MFS) ~ WP_048352147.1

homolog model

antibiotic efflux pump

Table 4

RNA-seq results of proteins designated as AMR in the genome of P. psychrophila KM02 cultivated in modified TSB medium.

Protein product Gene name EP complex Locus tag RPKM value Genome location

WP_019827863.1 MexA MexAB-OprM G5J76_RS08190 16.23 1807642..1808793
WP_048351074.1 MexB G5J76_RS08185 31.11 1804483..1807638
WP_019827865.1 OprM G5J76_RS08180 51.52 1803035..1804486
WP_019827265.1 MexE MexEF-OprN G5J76_RS14170 3.76 3140897..3142141
WP_019827266.1 MexF G5J76_RS14165 0 3137702..3140881
WP_046810712.1 OprN G5J76_RS14160 0 3136296..3137705
WP_019827131.1 MexC MexCD-OprJ G5J76_RS14800 0 3300757..3301953
WP_070334534.1 MexD G5J76_RS14795 12.06 3297653..3300754
WP_019827133.1 OprJ G5J76_RS14790 0 3296965..3297600
WP_048352147.1 Mfs - G5J76_RS15280 3.53 3402303..3403625
WP_019828288.1 TriA TriABC-OpmH G5J76_RS03425 0 798814..799905

WP_019828289.1 TriB G5J76_RS03420 4.38 797750..798817

WP_019828290.1 TriC G5J76_RS03415 3.05 794691..797753

WP_048352378.1 OpmH G5J76_RS00940 13.01 218673..220109

WP_048351981.1 MuxA MuxABC-OmpB G5J76_RS12585 7.15 2756904..2758211
WP_019828952.1 MuxB G5J76_RS12590 7.54 2758208..2761309
WP_019828953.1 MuxC G5J76_RS12595 1.50 2761306..2764413
WP_019828954.1 OmpB G5J76_RS12600 6.25 2764410..2765906
WP_048351711.1 EmrA EmrAB-TolC G5J76_RS20105 0 4440471..4441676
WP_019823174.1 EmrB G5J76_RS20100 6.11 4438878..4440407
WP_046809716.1 TolC G5J76_RS20110 0 4441686..4443161

RPKM - reads per kilo base per million mapped reads was calculated according to following equation: RPKM=(number of reads mapped to a gene x gene length x 10%)/

(total number of reads from given library x gene length in bp).

they are known to affect the viability of food spoilage bacteria (Myszka
et al., 2017).

3.2. Identification and selection of AMR genes

Bioinformatic tools, such as CARD or RAST, provide convenient and
quick answers about AMR potential and the results have been correlated
with actual resistance traits of bacteria by many researchers (Camiade
et al., 2020; Hendriksen et al., 2019; Thomas et al., 2017).

In this study, according to the CARD analysis tool, 4 strict hits of
genes were observed in the genome of KM02 (Table 3) that contribute to
AMR through an efflux mechanism classified into the major facilitator
superfamily (MFS) (1 hit) and resistance-nodulation-cell division (RND)
(3 hits). The pairwise alignment of the obtained proteins revealed ho-
mology with AbaQ and well-established triparty complexes of EP, such
as MexAB-OprM, MexEF-OprN and MexCD-OprJ. Additionally, the
TriABC-OpmH, MuxABC-OpmB and EmrAB-TolC complexes were also
recognized using the RAST analysis tool. These EPs are cellular systems
that confer bacterial resistance through detoxification by exporting a
wide range of toxic compounds outside of the cell (Du et al., 2018), and
promoting adaptation to cold temperature (Quintieri et al., 2019) or
other stress factors (Blanco et al., 2016). Although bioinformatic ana-
lyses of genomes offer more comprehensive information on the geno-
typic characteristics of foodborne bacteria including identification of
AMR compared to conventional antimicrobial tests (Thomas et al.,
2017), recent findings have indicated that using only genomic data in
the surveillance of AMR in food isolates might severely underestimate
true resistance rates (Zwe et al., 2020). Furthermore, the presence of

structurally homologous proteins in the genome of a given strain does
not indicate whether they are active and expressed in cells (Camiade
et al., 2020). Therefore, we performed a RNA-seq analysis of the KM02
strain cultivated in modified TSB medium with fish peptone to simulate
the inherent conditions of life and select those AMR genes that are truly
expressed. The RPKM calculation removed effects caused by sequencing
depth and gene length when calculating gene expression (Liu et al.,
2019).

The RNA-seq results for genes selected from the genome of KM02 are
presented in Table 4. Among all of the recognized EP complexes, MexF
with OprN from MexEF-OprN and EmrA with TolC from EmrAB-TolC
were not expressed (FPKM value = 0) in KMO02 cells and thus were not
considered for further analyses. Pseudomonads are characterized by a
cell envelope that consists of two membranes that function as a barrier
to antimicrobials. Therefore, to effectively drive the efflux of compounds
across the outer membrane, the assemblies of at least three proteins
must be involved (Du et al., 2018). MexC represents a membrane fusion
protein, and it likely assembles the RND-transporter (MexD) and the
outer membrane channel protein (OprJ) into a functional pump unit
(Mokhonov et al., 2004). When MexCD-OprJ is truly overexpressed
(similar to MexEF-OprN) the transcription rates were high (>20), sug-
gesting the RPKM value for MexE and MexD was probably not signifi-
cant. Similarly, although the inner and outer membrane proteins from
TriABC-OpmH complexes are expressed, Mima et al. (2007) indicated
that this pump requires two membrane fusion proteins for function.
Nevertheless, according to the results of experiments conducted by
Yoneyama et al. (1997), the efflux machinery may be constructed such
that the inner and outer membrane proteins loosely interact with each
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other and still extrude antimicrobials, even in strains lacking membrane
fusion proteins. However, the presence of all three RND components is
required to function fully at maximum efficiency. The highest expression
(RPKM = 51.21) of the outer membrane protein OprM indicated its
probable involvement with other EP complexes (e.g. MexXY). Further-
more, OprM can replace the OprJ protein in MexCD-OprJ pump, but it is
not able to induce antimicrobial resistance alone.

3.3. Effect of subMICs of BPEO on the KMO2 cellular FA profile

The resistance of KMO02 is not only determined by multidrug EP, but
also results from a low permeability of the outer membrane. Moreover,
EP proteins are embedded in these membranes; thus theirs dynamics,
conformation and functionality in substrate extrusion are strictly
dependent on their unique interactions with lipids. Consequently,
changes in the FA composition may affect membrane-specific fluidity
and disrupt efflux, which is called indirect inhibition. An example of
indirect inhibition by influencing the bacterial membrane properties has
been described for the MexAB-OprM inhibitor carbonyl cyanide m-
chlorophenylhydrazon, which disrupts the proton gradient across the
membrane (Mangiaterra et al., 2017). The exposure of bacterial cells to
subMICs of EOs results in changes in the structure, composition and
properties (mostly fluidity) of the cell membrane, which is the first
target in the antimicrobial action of EOs (Rao et al., 2019). Therefore, a
GC/FID analysis of the FA composition upon treatment with BPEO was
performed and the relative percentage of each FA group was calculated.

As presented in Fig. 1, significant effect of the treatment was the
decrease in unsaturated and branched FAs with increasing saturated and

Table 5
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Fig. 1. The relative percentage of cellular fatty acid
groups in P. psychrophila KM02 upon treatment with
suMIC of BPEO

Values are expressed as mean =+ sd, and are calcu-
lated from three independent biological replicates.
The same letters indicates not statistically differ-
ences in sum of percentage of fatty acid group as
provided by student’s T test (p < 0.05).

>"UFA - sum of unsaturated fatty acids; ) SFA —
sum of saturated fatty acids; ) HYDROXY — sum of

fatty acids with hydroxyl group;
a b >"CYCLOPROPANE - sum of fatty acids with
T cyclopropane group; > ISO + ANTEISO - sum of

. fatty acids with branched chain.

Y HYDROXY (p= YCYCLOPROPANE YISO +ANTEISO (p
(p=0.2327)

=0.009581)

hydroxy FA levels. There was no significant change in cyclopropane FA,
which are known to confer bacterial resistance to acid shock (Chang &
Cronan, 1999) or freeze-drying (Munoz-Rojas et al., 2006). According to
Chao et al. (2010) branched-chain FAs affect membrane physiology in
the manner that is similar to monounsaturated FAs, and their presence
affects bacterial biofilm development. FAs with hydroxyl groups are
mostly related to the lipopolysaccharides of the bacterial membrane,
and their abundance after treatment with aromatic hydrocarbons is
strain-dependent (Mrozik et al., 2004). The major effect of a given
treatment on cellular membranes is demonstrated by the satu-
rated/unsaturated FA ratio (Lyu et al., 2017), as an increasing degree of
membrane lipid saturation appears to be one of the major mechanisms
by which bacterial cells adapt to the presence of aromatic compounds
(Mrozik et al., 2004). According to the reviewed literature in the work of
Leite de Souza (2016), when EO components enter bacterial cells, they
induce changes in the physical properties of the cell membranes and/or
inhibit certain FA metabolizing enzymes. In Pseudomonas spp., the
biosynthesis of unsaturated FAs occurs through the action of desaturase
on primarily synthesized saturated FAs (Di Pasqua et al., 2006). Based
on the obtained results, the expression of the gene encoding the enzyme
responsible for SFA desaturation (desa) was hypothesized to be altered
by the applied treatment. The comparative quantitation RT-qPCR
analysis showed that the ratio of desa gene expression to the control
culture (expression 1.0) was 0.0181 (£+0.0016), 0.0668 (+0.0109) and
0.0504 (40.0091) upon 72-h incubation at 4 °C with subMICs of BPEO,
LIM, and CAR, which indicated a reduction in the presence of desa
transcripts of 98.2%, 93.3% and 95.0%, respectively.

RP-UHPLC-ESI-MS results of quality and quantity of autoinducers synthesized by P. psychrophila KM02 under different conditions.

Experiment variant

Concentration [ug mL™1] (+SD) of signal molecules under different growth conditions

acyl homoserine lactones

alkyl quinolone molecules

3-0x0-C12-HSL 3-0x0-C14- 3-0x0-C6-HSL 3-ox0- C12-HSL C4-HSL C6-HSL PQS HHQ
HSL C8-HSL
FIM 1.908 0.007 0.015 1.119 0.136 1.217 0.017 0.007625 N/D
(+0.031) (+0.000) (+0.000) (£0.063) (+0.004) (£0.010) (+£0.000)  (+3.5E-05)
FJM + subMIC of BPEO  <LOD <LOD 0.008 <LOD <LOD <LOD <LOD 0.006713 N/D
(+0.000) (+0.000193)
FJM + subMIC of LIM <LOD <LOD 0.011 <LOD <LOD <LOD <LOD <LOD N/D
(+£0.001)
FJM + subMIC of CAR <LOD <LOD 0.008 <LOD <LOD <LOD <LOD <LOD N/D
(£0.000)

Concentration [pug mL-1] (+SD) was calculated from calibration matrix with known concentration of each AHLs and alkyl quinolone molecules.
<LOD - less than limit of detection; LOD for 3-0x0-C12-HSL, 3-o0x0-C14-HSL, 3-0x0-C6-HSL it was 0.005 pg/mL, for 3-0x0-C8-HSL, C12-HSL, C4-HSL and C6-HSL was
0.004 pg/mL; for HHQ and PQS were 0.0002 and 0.0001 pg/mL, respectively ND — not detected.
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Fig. 2. The ratio in hdts genes expression upon treatment with subMIC of BPEO, LIM and CAR.
Values are expressed as mean =+ sd ratio to control expression designated as 1, and are calculated from three independent biological replicates. The same letters
indicates not statistically differences in expression as provided by Tukey’s test after ANOVA analysis (p < 0.001).

Table 6

The percentage inhibition of proteolytic activity in P. psychrophila KM02 and
ratio in gene expression after 72-h at 4 °C treatment with subMIC of BPEO, LIM
and CAR.

Growth Proteolytic activity inhibition relative to control culture (FJM growth
medium medium)
% change obtained in Ratio in expression of genes
spectrophotometric analyses encoding proteases (F = 87.21, p <
(F =1324, p = 4.01e-11%***) 2e-16%*%)
M221 M32 S11.3
FIM + —34.9 (+£0.69)* 0.24 0.13 0.17
subMIC (+0.08)° (£0.01)¢ (£0.01)¢
of BPEO
FIM + —29.2 (:t().Sl)b 0.16 0.58 0.18
subMIC (£0.05°  (£0.08)°  (£0.07)°
of LIM
FIM + -27.7 (:t().86)b 0.80 0.28 0.28
subMIC (£0.03)* (£0.06)¢ (£0.10)¢
of CAR

Values are expressed as mean =+ sd from three independent biological replicates.
The same letters indicates not statistically differences in expression as provided
by Tukey’s test after ANOVA analysis (p < 0.001).

3.4. Effect of subMICs of BPEO, LIM and CAR on KMO02 autoinducer
synthesis

The QS mechanism consists of three basic elements, namely, signal
synthase, signal receptors and signal molecules, used by bacteria to
coordinate the activities of cells (Chan et al., 2015). The search for QS
inhibitors is mostly based on a compound’s ability to inhibit the syn-
thesis of QS signal molecules. In our previous work (Sobieszczanska
et al., 2020) we demonstrated that KM02 produces the signaling mole-
cules belonging to AHL and alkyl quinolones, and that the QS system is
involved in its metabolic activity. Moreover, in the recent paper of
Machado et al. (2020) the significance of QS systems among food-related
bacteria is comprehensively described.

In this study, treatment with subMICs of BPEO, LIM and CAR resulted
in lowering the autoinducer concentrations to values lower than the
limit of detection from control values of 1.908, 1.217, 1.119, and
0.007625 pg/mL for 3-oxo-C12-HSL, C4-HSL, 3-0x0-C8-HSL and PQS
molecules, respectively (Table 5). The concentrations of signal mole-
cules produced by a single strain are consistent with the work of Li et al.
(2018), who found that P. fluorescens produced 1.5 pg/ml C8-HSL.
Because no luxI homologs were found in the genome of KMO02 (data
not shown), we hypothesized that signaling molecules are synthesized
by hdts family proteins (Laue et al., 2000). Therefore, to investigate the

molecular mechanism of synthesis inhibition, the changes in the
expression of genes encoding probable autoinducer synthases (hdts_1,
hdts 2, hdts_3, hdts 4 and hdts_5) in KM02 were evaluated. As presented
in Fig. 2, the highest reduction in hdts expression was obtained for BPEO
(range from 79 to 99%), and the lowest was obtained for CAR (range
from 39 to 95%). Interestingly, equal efficiency in the reduction of the
hdts 2 gene was observed regardless of the applied treatment. The in-
hibition of QS signaling molecules is considered a mechanism underly-
ing the anti-QS activity of a given compound (Chan et al., 2015).

3.5. Effect of subMICs of BPEO, LIM and CAR on KMO02 proteolytic
activity

Aquatic food spoilage is mostly related to protein degradation pro-
cesses, which manifest in changes in the physicochemical properties of
fish flesh and the production of off-odors. The spoilage process has
proteolytic enzymes whose synthesis is regulated by the QS system
(Zhuang et al., 2020); thus, their inhibition can efficiently delay fish
spoilage and extend shelf life. To evaluate the percent inhibition of
KMO2 proteolysis after treatment with subMICs of the analyzed com-
pounds, a spectrophotometric method with TNBS reagent was used.

The results (Table 6) showed that the proteolytic activity was low-
ered by approx. 30% by the applied treatments, with the highest
reduction in FJM supplemented with the subMIC of BPEO (—34.9%) and
the lowest (—27.7%) in culture treated with the subMIC of CAR. This
finding is consistent with RT-qPCR experimental results, thus confirm-
ing that the most efficient treatment for downregulation the expression
of genes encoding metalloproteases was BPEO, with 76, 87 and 83%
relative mRNA transcripts of M22, M3 and S11, respectively. In our
previous study (Sobieszczanska et al., 2020) these genes were analyzed
in other Pseudomonas species (P. orientalis and P. fluorescens), and their
expression was also downregulated by tarragon essential oil, methyl
eugenol and beta-phellandrene administered at subMIC concentrations.
The inhibition of bacterial proteolysis as a consequence of disturbing the
QS system was found by other researchers with other bacteria (Li et al.,
2018; Pattnaik et al., 2018; Zhao et al., 2018), and the usefulness of EO
in the inhibition of this process was described in the work of Machado
et al. (2020).

3.6. Effect of subMICs of BPEO, LIM and CAR on KM02
exopolysaccharide synthesis

Another factor that affects the predominance and persistence of
pseudomonads in food matrices and is controlled by the QS system is
related to the ability to synthesize exopolysaccharides, which enhance
bacterial resistance to adverse conditions (Goltermann &
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Table 7

The percentage inhibition of exopolysaccharide synthesis in P. psychrophila
KMO2 and ratio in gene expression after 72-h at 4 °C treatment with subMIC of
BPEO, LIM and CAR.

Growth Exopolysaccharide synthesis inhibition relative to control culture (FJM
medium growth medium)
% change obtained in Ratio in expression of genes involved
spectrophotometric analyses in alginate synthesis (F = 49.24, p =
(F=126.1,p = 4.49e-07%**)  9.7e-14%**)
algA algU mucA
FJM + —58.1 (£2.3)* 0.18 0.64 0.40
subMIC (£0.06)°  (£0.08)>  (£0.03)
of BPEO be
FIM + —32.0 (+£2.2)° 0.29 0.43 3.08
subMIC (£0.12)¢ (£0.10) (+0.84)*
of LIM be
FJM + —40.5 (+5.2)° 0.26 0.21 0.72
subMIC (0.05)° (£0.08)°  (0.08)
of CAR

Values are expressed as mean =+ sd from three independent biological replicates.
The same letters indicate not statistically differences in expression as provided
by Tukey’s test after ANOVA analysis (p < 0.001).

Tolker-Nielsen, 2017). In this work, the ability of KM02 to produce
exopolysaccharides and the inhibition of this activity by the subMICs of
BPEO, LIM and CAR were evaluated. Upon reference conditions, KM02
produced 30.6 pg/10” CFUs of exopolysaccharides. As presented in
Table 7, the highest percentage inhibition was observed in growth me-
dium supplemented with BPEO (—58.1%), while the single compounds
were less effective (—32.0% LIM, and —40.5% CAR). This tendency was
consistent with the RT-qPCR results of the ratio of the expression of
genes responsible for alginate synthesis, i.e., algA (alginate lyase), and
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alginate switching genes, which mediate the conversion to constitutive
Alg + phenotype: algU (sigma factor o) and mucA (anti-sigma factor o)
(Muhammadi & Ahmed, 2007). BPEO, LIM and CAR reduced the mRNA
level of the algA gene by 82, 71 and 74%, with simultaneous reduction of
transcription of the algU gene by 36, 57 and 79%, respectively. Inter-
estingly, the lowest exopolysaccharide synthesis inhibition was
observed when KMO2 cells were exposed to subMIC of LIM, which was
the only compound that upregulated mucA gene expression (ratio 3.08).
Similar results were obtained in Pseudomonas fluorescens KM48 and
Pseudomonas orientalis KM149 cells treated with Myrtus communis L. EO,
which significantly upregulated mucA gene expression (Myszka et al.,
2020). This result could have occurred due to similar action of a
monoterpene — LIM and myrtle EO in which the major compounds were
eucalyptol, alpha-pinene and myrtenyl acetate. According to Muham-
madi and Ahmed (2007), the inhibition of algU activity by muc genes
results in a nonmucoid phenotype; therefore it can be deduced that
increased mucA expression is involved in increased regulatory action of
algU genes and decreased alginate synthesis. Our results indicate that
BPEO can be a promising source of compounds that alter bacterial
polysaccharide production and delay fish spoilage.

3.7. Effect of subMICs of BPEO, LIM and CAR on KMO02 on AMR gene
expression

The development of AMR in bacteria is strictly related to the pres-
ence and functionality of EP systems, which are crucial for stress-
adaptations, pathogenicity and resistance to antimicrobials (Yu et al.,
2020). The level of bacterial resistance can be regulated according to
different external factors or stresses, resulting in alleviated EP expres-
sion (Camiade et al., 2020). Compounds that are perceived as potential
EP inhibitors are able to stop this process or even decrease EP

EFIM +NA = FJM + subMIC of BPEO + NA = FIM + subMIC of LIM + NA ~ FIM + subMIC of CAR + NA
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Fig. 3. The ratio in expression of genes encoding AMR genes upon treatment with subMIC of BPEO, LIM and CAR
Values are expressed as mean =+ sd ratio to control expression designated as 1, and are calculated from three independent biological replicates. The same letters
indicates not statistically differences in expression as provided by Tukey’s test after ANOVA analysis (p < 0.001).
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Table 8
The molecular docking analysis results of LIM, CAR, and inhibitors against P. psychrophila KM02 QS systems.
Molecular docking XP Glide GScore Glide Van der Waals energy Glide Coulomb energy Residues involved in Bond Type of
variant [kcal/mol] [kcal/mol] [kcal/mol] interaction length interaction
[A]

LasR - LIM —5.113 —18.908 —0.406 TYR64, ILE52, ALA50, - hydrophobic
TYR47

LasR - CAR —-5.831 —-0.974 0.147 LEU40, ILE52, ALASO0, - hydrophobic
TYR47

LasR-C30 Furanone —4.563 —15.674 —5.374 SER129 1.88 halogen bond
TRP60 1.73 H-bond
TRP60 3.32 aromatic H-bond

LasR- 3-oxo0-C12-HSL —9.750 —44.667 —15.846 ASP73 2.30 H-bond
TRP60 2.13 H-bond
TYR56 1.80 H-bond
TYR56 2.73, 2.52 aromatic H-bond
ARG61 2.03,1.99 2H-bond
ARG61 2.35 H-bond
TYR56 2.72 aromatic H-bond
PHE101 2.65 aromatic H-bond

RhIR - LIM —5.919 —17.245 —-0.672 TRP68, LEU69, TYR72, - hydrophobic
PRO82

RhIR - CAR —7.285 —22.837 —0.778 TRP68, LEU69, TYR72, - hydrophobic
TYR42

RHLR-C30 Furanone —5.518 -17.191 —1.094 TRP68 2.04 aromatic H-bond
TYR42, TYR64 - hydrophobic

RhIR - C4HSL —5.990 —21.963 —3.508 TRP68 2.62,1.99 H-bond
TYR42 2.61 aromatic H-bond
ASP81 - charged negative

TraR — LIM —5.236 —17.294 0.369 TYR102,ALA38, - hydrophobic
LEU40, ALA105

TraR - CAR —6.811 —10.881 —0.011 TYR39, ALA38, TYR53, - hydrophobic
ALA76 hydrophobic
THR115 polar

TraR — C30 Furanone —4.978 —19.551 —2.022 TRP57 2.12 aromatic H-bond
TYR61, VAL73 - hydrophobic

TraR — 3-o0x0-C8-HSL —7.272 —37.530 —5.992 TRP57, ASP70 2.13,1.77 aromatic H-bond
TRP85 3.27 H-bond

PgsR - LIM —5.138 —13.522 —0.192 TYR258, TRP234, LEU257, - hydrophobic
ILE236

PgsR - CAR —4.626 —15.761 —0.344 TYR258, ILE186, ALA187 - hydrophobic

PgsR - QZN —8.552 —36.205 —-5.018 LEU207 1.70 aromatic H-bond
TYR258, TRP234, PRO238, - hydrophobic
ILE236 - hydrophobic

PgsR - PQS —-7.772 —30.978 —5.477 LEU207 1.73 H-bond
TRP234, ILE236, LEU208, - hydrophobic
ALA237

expression. Therefore, to determine the effect of BPEO and its major
compounds on EP systems identified in KM02, a RT-qPCR analysis of
genes encoding membrane fusion proteins (mexA and muxA), and cor-
responding outer membrane proteins (oprM and opmB) was performed.
Additionally, the genes belonging to transcriptional regulators of RND
EP systems (marR and tetR) identified in the KMO02 genome were also
evaluated. The inactivation of MarR family proteins that act as tran-
scriptional repressors results in reduced antibiotic accumulation by
modulating efflux pump and porin expression (Alekshun & Levy, 1999).
Similarly, TetR belongs to the transcriptional repressor family that
regulates the expression of genes that encode proteins involved in
multidrug resistance, antibiotic biosynthesis, osmotic stress, and path-
ogenicity, as well as enzymes implicated in different catabolic pathways
(Ramos et al., 2005).

To determine the real impact of the analyzed compounds on AMR
genes, first, the KMO2 cultures were treated for 24 h at 4 °C with NA, a
quinolone antibiotic (to which KMO02 cells showed no susceptibility),
and then, the subMICs were added and incubated for the following 48 h.
The ratio of gene expression is shown in Fig. 3. The mRNA levels of the
muxA, mexA, and oprM genes were significantly increased by NA treat-
ment, explaining their probable involvement in conferring resistance.
Our results are in agreement with Takrami et al. (2017), who demon-
strated the resistance of P. aeruginosa to NA. In contrast, when cultures
were supplemented with both NA and subMICs of BPEO and CAR,

downregulated expression was observed. According to Yang et al.
(2011), inactivation of muxA in MuxABC-OpmB resulted in increased
resistance to antibiotics and attenuated virulence of P. aeruginosa.
Similarly, the expression of the opmB gene was also downregulated,
which indicates an alteration of the function of the whole complex.
Interestingly, there was no significant change in the expression of the
mexA and oprM genes in the cultures treated with NA and with NA and
LIM, showing no inhibitory effect of LIM on MexAB-OprM EP. This
finding is different from those in the work by de Aratjo et al. (2021),
where LIM, in association with ethidium bromide and antibiotics,
demonstrated enhanced antibacterial activity and inhibited the MrsA
and TetK pumps in Staphylococcus aureus. All the treatments led to equal
inhibition of the expression of marR, which acts as a repressors and
regulates multiple antibiotic resistance, EPs, osmotic stress, etc. (Ramos
et al., 2005). This result probably occurred because this protein is
overexpressed only when cells are not engaged in the efflux of toxic
compounds. Similarly, the mRNA transcripts of the tetR gene (the local
regulatory factor of multidrug resistance) were decreased. According to
Du et al. (2018), efflux regulation can differ between species and de-
pends on the cellular physiological status of cells.

3.8. Inhibition of QS by in silico analysis

The QS system is essential for triggering collective behavior in
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Fig. 4. The presentation of molecular docking of LasR protein with limonene (LASR-LIM), beta-caryophyllene (LASR-CAR), inhibitor C30-furanone (LASR-
C30FURANONE), and cognate AHL molecule 3-oxo-C12-HSL (LASR-30C12HSL).

bacteria, either pathogenicity or metabolic activity, and it depends on
specific interactions between autoinducers synthesized or occurring in
the surroundings of cells and cognate receptor proteins that act as
transcriptional regulators of specific genes (Machado et al., 2020).
Therefore, to investigate the potential inhibitory effect on the QS system
of BPEO major compounds, we performed a molecular docking analysis,
which is widely used by researchers to explore the interaction of ligand
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molecules with the specific active site of the protein, and calculate
docking score of the ligand-receptor complex (Annapoorani et al.,
2012). Based on the QS autoinducer results and our previous study
(Sobieszczanska et al., 2020), we selected the LasR, RhIR, TraR and PqsR
proteins for molecular docking analyses with LIM, CAR, and the
respective signal molecules: 3-oxo-C12-HSL, C4-HSL, 3-oxo-C8-HSL, and
PQS. Additionally, docking experiments with known QS inhibitors,
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Table 9
The molecular docking analysis results of LIM, CAR, and inhibitors against P. psychrophila KM02 EP systems.
Molecular docking XP Glide GScore Glide Van der Waals energy Glide Coulomb energy Residues involved in Bond Type of
variant [kcal/mol] [kcal/mol] [kcal/mol] interaction length interaction
[A1

MFS - LIM —2.332 —12.940 0.251 ARG30 hydrophobic
ALA347
TYR248

MES - CAR —4.092 —17.646 —0.257 PHE120 polar
ARG30 hydrophobic
ALA347 hydrophobic

MFS - kaempferol —-8.011 —30.496 —8.505 PHE120 4.75 -7
ARG30 1.95 aromatic H-bond
ALA347 1.98 aromatic H-bond
ASN374 2.36 aromatic H-bond
TYR248 2.73 H-bond

MEXB - LIM —3.034 —17.740 —0.073 ASN33 - hydrophobic
PRO36 hydrophobic
GLU672 polar

MEXB — CAR —4.434 —26.185 —0.531 ASN33 polar
PRO36 polar
ALA39 hydrophobic

MEXB - PapN —6.414 —36.114 -7.131 PHE388 4.52 -7
GLN469 2.70 H-bond
GLY296 2.77 H-bond
GLY296 2.20 aromatic H-bond
ASN33 2.16 aromatic H-bond
PRO36 2.27 aromatic H-bond
GLU672 2.28 aromatic H-bond
GLU672 2.05 aromatic H-bond
GLU672 4.40 salt bridge

MUXB - LIM -3.311 —14.913 1.286 ARG323 - charged positive
THR657 charged positive
ASP660 hydrophobic

MUXB - CAR —2.826 —10.653 —0.012 GLN654 hydrophobic
ALA135

MUXB - theobromine —4.365 —20.759 —6.496 GLN654 1.68 aromatic H-bond
GLN563 2.06 aromatic H-bond
ARG323 - charged positive
THR657 charged positive

C30-furanone (Li et al., 2018), quinazolinone analogs (Ilangovan et al.,
2013), Phe-Arg-p-naphthylamide (Rampioni et al., 2017), kaempferol
and theobromine (Ghosh et al., 2020) were performed. For each
analyzed complex, apart from the XP Glide GScore, which approximates
the ligand binding free energy, the major interactions regarding residues
involved in docking, distances and types of interactions are presented in
Table 8.

The interactions between the LasR protein and 3-ox0-C12-HSL had
the highest docking score value (—9.750 kcal/mol) due to the range of
H-bonds created with the ASP73, TRP60, TYR56, ARG61, TYR56 and
PHE101 residues (Fig. 4). According to Klebe (2013), hydrogen bonds
provide the stability of complex molecules and play a key role in mo-
lecular recognition. The known inhibitor of the LasR protein C30 fur-
anone also formed an H-bond with the TRP60 residue with an additional
halogen bond between the Br atom and SER129. Interestingly, LIM and
CAR had higher XP Glide GScore values (—5.113 and —5.831 kcal/mol
respectively) than the inhibitor molecule, which may be due to the high
number of hydrophobic bonds in the surrounding of the common resi-
dues LEU36, ARG61, TYR64, and ALA127 are the key amino acid resi-
dues taking part in the interaction with the LasR receptor. Our results are
in agreement with the work of Annapoorani et al. (2012), where the
virtual screening of QS inhibitors among 1,920 natural compounds
included a docking analysis against LasR and identified the same active
binding site.

Second, in the QS hierarchy, the RhIR protein exhibited the highest
binding affinity with the CAR molecule (—7.285 kcal/mol), which had
tight hydrophobic enclosure of TRP68, LEU69, TYR72, and TYR42 res-
idues. The other docked compounds had almost equal docking score
values and occupied the same active site of the RhIR protein (Supple-
ment_Fig. 6). H-bonds were only observed in the complex with cognate
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AHL and C30 furanone inhibitor. The common residue involved in
docking was TRP68, indicating its role in the active binding site of the
RhIR protein (Pattnaik et al., 2018). In contrast, in the work of Kumar
et al. (2015), the major residues that formed H-bonds with the C4-HSL
molecule were TYR68 and ASP81. Such minor differences may be
attributed to the protein preparation procedure, which in our work
involved the application of the OPLS3e (Optimized Potentials for Liquid
Simulations) force field for restrained minimization, while others used
OPLS 2005. OPLS3e leads to greater accuracy because it lowers the
relative binding free energy error in docking procedures (Roos et al.,
2019).

The cognate receptor protein for the 3-oxo-C8-HSL signaling mole-
cule is TraR, which interacts via H-bonds with TRP57, ASP70 and TRP85
residues (Supplement _Fig. 7). The total docking score of LIM and CAR
was higher (—5.236 and —6.811 kcal/mol) than the score of the inhib-
itor — C30 furanone (—4.978 kcal/mol); however, not the same residues
of the TraR protein were involved in the complex interactions. Never-
theless, the effective binding of a given compound results in confor-
mational changes in the protein, which consequently disturb its
transcriptional activity in the activation of QS-dependent gene expres-
sion (Kumar et al., 2015).

The last analyzed protein (PqsR) is chemically distinct from previ-
ously described QS systems, also known as MvfR. PgsR formed a stable
complex via H-bonds with its cognate signaling molecule, 2-alkyl-4-qui-
nolone (Supplement_Fig. 8), and the docking score value was —7.772
kcal/mol. Interestingly, the PqsR protein had a higher affinity for the
inhibitor 3-NH2-7Cl-C9-quinazolinone (QZN), whose structure is
similar for the natural ligands (Soheili et al., 2019). This phenomenon
can result from high hydrophobic interactions in addition to the for-
mation of the same H-bond with the LEU207 residue as in the case of the
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Fig. 5. The presentation of molecular docking of MexB protein with limonene (MEXB-LIM), beta-caryophyllene (MEXB-CAR) and inhibitor kaempferol
(MEXB- PapN).

PQS molecule. Because LIM and CAR molecules are considerably smaller 2019).

molecules than PQS or QZN, they occupy only a small part of the binding

site of the PgsR protein.

These results indicated that LIM and CAR might efficiently bind to 3.9. Inhibition of EP systems by in silico analysis

the transcriptional regulators of the QS system in KM02, which would

lead to inhibition of QS-dependent metabolic activity of cells, resulting In addition to altering EP related gene expression, an effective way to

in lower spoilage potential and pathogenic phenotype (Ding et al., target AMR is to directly bind and block EP via specific substrates/drugs,
either in a competitive or a non-competitive manner (Kabra et al., 2019).
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Considering previous evidence that natural products may act as EPIs in
bacteria (Aparna et al., 2014), this work aimed to evaluate the ability of
BPEO major compounds to inhibit MexAB-OprM and MuxABC-OpmB
efflux systems identified in KM02 by in silico molecular docking anal-
ysis. To date, studies of hybrid transporters demonstrated that outer
membrane factor proteins do not possess any substrate specificity, and
their involvement in transport reactions is determined only by their
ability to bind an inner membrane complex. However, recent findings
(Marshall & Bavro, 2020) have shown that some specificity resides at
least in part with the outer membrane channel of the ArcAB-TolC
complex. In general, the substrate specificity of the complex appears
to be determined by the inner membrane component of a given EP (Li
et al., 2016); thus molecular docking analyses were conducted with the
MexB, MuxB, and Mfs proteins that are responsible for drug binding and
transport and interaction with partner proteins. From experiments, the
same molecular docking parameters used in the QS analyses were
extracted and analyzed.

The overall docking results are presented in Table 9. Although the
highest docking score values were obtained for known inhibitors of the
analyzed proteins (from —4.365 to —8.011 kcal/mol), the molecular
docking results provided evidence that BPEO major compounds target
the same EP binding pockets and thus can successfully alter the EP
systems. The Mfs protein interacted with the highest affinity with
kaempferol inhibitor (—8.011 kcal/mol) via pi-pi bond with PHE120
residue and H bonds with ARG30, ALA347, ASN374, and TYR248 resi-
dues. ARG30 and ALA347 were also involved in LIM and CAR docking,
although they only interacted hydrophobically (Supplement Fig. 9),
which resulted in lower docking score values (—2.332 and —4.092 kcal/
mol, respectively).

The Phe-Arg-f-naphthylamide (PapN) inhibitor (Rampioni et al.,
2017) had high interactions (—6.414 kcal/mol) with the MexB protein
by PHE388, GLU672, PRO36, GLY296 and ASN33 residues (Fig. 5). Our
results are in agreement with that of Aparna et al. (2014), who also
evaluated that whether the binding site is formed by residues PRO36,
PHE388 and GLN469 in the P. aeruginosa MexB protein. Among the
BPEO major compounds, the CAR molecules had a higher affinity and
van der Waals energy with MexB, which can be due to electrostatic in-
teractions with ASN33 and PRO36 residues. Electrostatic interactions
are the dominant energetic factor in protein-ligand binding (Klebe,
2013).

A direct MuxB protein inhibitor has not been previously reported;
thus, we conducted a series of molecular docking experiments with
known RND EP inhibitors (data not shown); and selected theobromine
(Ghosh et al., 2020), that was successfully docked in the binding pocket
with an XP Glide GScore value of —4.365 kcal/mol. The major in-
teractions concerned aromatic H-bonds with GLN654 and GLN563 and
electrostatic interactions with positively charged ARG323 and THR657
residues (Supplement_Fig. 10). Compared with the previous two EP
proteins, LIM has a higher docking score value (—3.311 kcal/mol) than
CAR (—2.826 kcal/mol), which can be explained by the same electro-
static interactions between the ARG323 and THR657 residues as in the
inhibitor docking variant.

4. Conclusions

In conclusion, the QS system, which regulates bacterial gene
expression and the EP system, which provides for the extrusion of toxic
compounds outside the cell, are both essential for microorganisms to
circumvent stress and negative environmental conditions (Seukep et al.,
2019). Throughout the whole aquatic food production chain, bacteria
from fish habitats are exposed to different stressors that trigger a specific
reaction in the cells (Zhuang et al., 2020). Because the major function of
the QS and EP systems is bacterial adjustment and survival under given
conditions, research concerning the effective inhibition or alteration of
those systems is needed to ensure food quality and safety, especially fish
and aquatic food products, which are considered beneficial for health
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(Elbashir et al., 2018). In this work, we performed a series of analyses to
evaluate the phenotypic and molecular responses of P. psychrophila fish
isolates, grown in fish juice medium as a food-mimicking system to
investigate the effectiveness and mode of action of BPEO towards QS and
EP systems. EOs are green antimicrobials in food that are low-cost,
biocompatible, and non-toxic (or less toxic) to eukaryotic cells and the
environment (Yu et al., 2020). Although many studies have provided
strong evidence of EO antimicrobial activity in in vitro and in situ con-
ditions that results in decreased food spoilage activity (Calo et al., 2015),
more investigations regarding the control the spread of AMR dispersal in
food-related microbiota are needed.
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Supplement_Fig. 6. The presentation of molecular docking of RhIR protein with limonene (RHLR-LIM), beta-
caryophyllene (RHLR-CAR), inhibitor C30-furanone (RHLR-C30FURANONE) and cognate AHL molecule C4-
HSL (RHLR-C4HSL)
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Supplement_Fig.7. The presentation of molecular docking of TraR protein with limonene (TRAR-LIM), beta-
caryophyllene (TRAR-CAR), inhibitor C30-furanone (TRAR-C30FURANONE), and cognate AHL molecule 3-oxo-
C8-HSL (TRAR-30C8HSL)
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Supplement_Fig.8. The presentation of molecular docking of PgsR protein with limonene (PQSR-LIM), beta-
caryophyllene (PQSR-CAR), inhibitor QZN (PQSR-QZN) and cognate PQS molecule (PQSR-PQS)
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Supplement_Fig.9. The presentation of molecular docking of Mfs protein with limonene (MFS-LIM), beta-
caryophyllene (MFS-CAR) and inhibitor kaempferol (MFS-KAEMPFEROL)
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Black pepper and tarragon
essential oils suppress the lipolytic
potential and the type Il secretion
system of P. psychrophila KM02

Natalia Tomas'"™, Kamila Myszka® & tukasz Wolko?

Given the increasing consumer demand for raw, nonprocessed, safe, and long shelf-life fish and
seafood products, research concerning the application of natural antimicrobials as alternatives to
preservatives is of great interest. The aim of the following paper was to evaluate the effect of essential
oils (EOs) from black pepper (BPEO) and tarragon (TEO), and their bioactive compounds: limonene
(LIM), B-caryophyllene (CAR), methyl eugenol (ME), and B-phellandrene (PHE) on the lipolytic activity
and type Il secretion system (T2SS) of Pseudomonas psychrophila KM02 (KM02) fish isolates grown

in vitro and in fish model conditions. Spectrophotometric analysis with the p-NPP reagent showed
inhibition of lipolysis from 11 to 46%. These results were confirmed by RT-qPCR, as the expression
levels of lipA, lipB, and genes encoding T2SS were also considerably decreased. The supplementation
of marinade with BPEO and TEO contributed to KM02 growth inhibition during vacuum packaging

of salmon fillets relative to control samples. Whole-genome sequencing (WGS) provided insight into
the spoilage potential of KM02, proving its importance as a spoilage microorganism whose metabolic
activity should be inhibited to maintain the quality and safety of fresh fish in the food market.

Fresh fish and minimally processed fish-based products are susceptible to spoilage caused by microbiological
reactions, which results in large economic losses for the fish industry and leads to sensory impairment" It was
stated that one-fourth of the world’s food supplies and 30% of landed fish/fish-based products are lost through
microbial activity alone’. Lipid deterioration can easily take place limiting the shelf-life of aerobically stored
fishery products®.

Pseudomonas spp. contribute to seafood spoilage by synthesizing extracellular lipases that hydrolyze triglyc-
erides into free fatty acids, mono- and diacylglycerols, and glycerol, which undergo further degradation to create
off-flavor low-molecular weight compounds. Lipases are usually very heat stable>. Even a small degree of lipolysis
(1-2%) of fat can change the taste of products®. Pseudomonas psychrophila has emerged as the dominant fish-
associated pseudomonads and possess the strongest potential to synthesize lipases secreted via the type II secre-
tory pathway (T2SS)"78. Regulation of this bacterial activity involves not only the level of lipase gene transcrip-
tion and the translation of a particular mRNA but also subsequent translocation through the cell wall®. Because
treatment that inactivate the T2SS results in loss of secretion of enzymes, combining that treatment with one
that downregulate the expression of genes encoding lipases is considered a target for food quality improvement
interventions'’. However this concept requires further analysis involving integrated molecular and phenotype-
based approaches. Supplementing studies with a whole genome sequencing (WGS) and de novo assembly data
can provide insight into the functional profile/food spoilage features of P. psychrophila. WGS data can allow
for characterization of potential hazards to the quality and safety of foods associated with microorganisms''.
Importantly, complete genome assembly which is superior to the study of genome fragments and provides the
only accurate reference for interpreting the meta-genomes and -transcriptomes'? of this species has not been
performed to date.

The work of Stenisa et al.”® indicates that the presence and metabolic activity of P. psychrophila in seafoods
must be controlled. In general, growing concerns regarding the use of synthetic preservatives associated with
the selection of resistant strains and the triggering of allergic reactions in consumers has prompted research into
the development of new solutions to reduce microbial load and microbe activities in fishery products. Recently,
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60-637 Poznan, Poland. 2Department of Biochemistry and Biotechnology, Poznan University of Life Sciences,
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interest into the use of essential oils (EOs) in seafoods has been growing. Black pepper EO (BPEO) and tarragon
EO (TEO) are EOs that may prolong shelf life while maintaining the fresh characteristics of fish®!“. In the current
study, we used limonene (LIM) (19.1%) and B-caryophyllene (CAR) (19.6%)-rich BPEO and TEO where methyl
eugenol (ME) (24.5%) and B-phellandrene (PHE) (19.3%) were the most abundant compounds. The chemical
profiles of BPEO and TEO determined by gas chromatography coupled to mass spectrometry were presented in
our previous works®!*. The contents of the oils correspond with the international standard regulations that set
minimum and maximum concentrations of LIM and CAR for BPEO and ME and PHE for TEOQ!>'6.

BPEO and TEO extended the shelf life of chill stored carp", talang gueenfish'®, and brook trout". The mode of
activity of the oils affects bacterial membrane structures, which changes the permeability of the bacterial cell wall.
This can be accompanied by disruption in membrane function, such as electron transfer and enzyme activities®.
The interference of the bioactive compounds of the oils with nucleic acids was also recognized as a possible
antimicrobial activity of EOs*.. However, the influence of BPEO and TEO on the expression of genes involved
in lipase synthesis and secretion in the presence of the food spoiler P. psychrophila has not been evaluated. The
above information can support the development of new technologies to prevent lipids deterioration in seafoods.

In this work, the inhibition of lipolysis of P. psychrophila KM02 (KMO02) by BPEO, and TEO was investigated.
KMO2 cells were incubated with subinhibitory concentrations (subMICs) of the analyzed agents in vitro and in
fish juice medium and the following aspects were examined: (i) the changes in lipolytic activity by a spectrophoto-
metric method with p-NPP reagent, (ii) the expression of genes encoding lipases and T2SS by RT-qPCR analyses,
and (iii) the growth inhibitory activity during vacuum packaging of marinated salmon fillets supplemented with
BPEO and TEO. Additionally, to better understand and investigate the metabolic potential of the KMO02 isolate,
this work was introduced with a characterization of the whole genome, sequenced by Illumina and Nanopore
techniques and de novo assembly.

Materials and methods

Microorganism and culture conditions. The KMO02 strain isolated from commercial chill-stored fresh
salmon was used in this study. Identification of restriction length polymorphisms of 16S rRNA gene amplicons
and sequencing were carried out for bacterial identification. Cryovials (MWE, UK) were used for the preserva-
tion the strain.

The cells were cultured in tryptic soy broth medium (TSB) (BD Biosciences, USA) and fish juice medium
prepared from fresh salmon fillets for a total of 72 h at 4 °C as described in the work of Sobieszczanska et al.® The
media were supplemented with previously selected®'* subMICs of BPEO (135.0 pl/ml), LIM (Sigma-Aldrich,
Merck KGaA, USA) (65.0 ul/ml) CAR (Sigma-Aldrich, Merck KGaA, USA) (35.0 pl/ml), TEO (75.0 pl/ml), ME
(Sigma-Aldrich, Merck KGaA, USA) (10.0 ul/ml), and PHE (Sigma-Aldrich, Merck KGaA, USA) (8.0 p/ml).
The subMICs of the examined agents were determined by the macrodilution method, following the standard
protocol M07 from the Clinical and Laboratory Standard Institute?.

Whole genome analysis of P. psychrophila KM02. KMO02, grown on TSB (Becton Dickinson, USA)
medium, was subjected to whole genome sequencing analysis at a commercial laboratory (Genomed S.A.,
Poland). The bacterial genomic DNA was extracted with a Qiagen DNeasy Blood and Tissue kit (Qiagen, Ger-
many) according to the manufacturer’s instructions, followed by fragmentation by sonication. Genome sequence
and library preparations were constructed by two methods: the Illumina MiSeq Platform (Illumina, USA) and
MinION sequencer (Oxford Nanopore Technologies, UK) by using the Nextera XT DNA library 300-bp paired-
end preparation kit and the SQK-NSKO007 Rapid Sequencing kit, respectively.

Raw sequencing data were processed with the CLC Genomics Workbench v. 20.0 and CLC Microbial Genom-
ics Module v 20 plugin (Qiagen, USA). The sequence reads from the MiSeq Illumina platform were demultiplexed
to the probes, and the overlapping paired-end reads were merged. Only fragments that passed the merging
(~90%) were retained for downstream processing. Then, the reads from both the MiSeq and MinION sequenc-
ing platforms were combined together and used for de novo assembly. Sequence assembly was conducted using
an increasing word size (k=21, 41, 61), where the contigs from the previous iteration were used as input in the
next iteration together with the input reads. The complete sequence of the bacterial chromosome was deposited
in the NCBI GenBank database under accession number NZ_CP049044.1. Whole genome alignments were
performed using Mauve 2.4.0%. Genome visualization was created with the GView Server (https://server.gview.
ca)?’. Pangenome analysis with KEGG and COG distributions was calculated using BPGA 1.3, The phylo-
genetic tree was constructed based on genome assembly sequences by the K-mer method, with the following
parameters: K-mer length =16, index k-mers with prefix ATGAC, and method FFP.

Protein coding sequences (CDSs) were assigned to the KM02 whole genome sequence using the Find Prokary-
otic Genes tool in the CLC Microbial Genomics Module. Thereafter, functional annotations of CDSs were per-
formed using SwissPROT (with Gene Ontology (GO)-term annotations) and the protein family (Pfam) database.
In the next step, the original reads were mapped back to the annotated genomes to assess the abundance of the
functional annotations and build functional profiles. The COG distributions of KM02 were calculated using the
WebMGA internet service (http://weizhong-lab.ucsd.edu/webMGA/server/)®.

Lipolytic activity determination. The changes in KMO02 lipolytic activity after treatment with subMICs
of BPEO, TEO, and their major bioactive compounds were estimated by spectrophotometric analysis®. Briefly,
10 ml isopropanol containing 30 mg of p-nitrophenyl palmitate (p-NPP) (Sigma-Aldrich, Merck KGaA, USA)
was mixed with 90 ml of 0.05 M Sorensen phosphate buffer (Sigma-Aldrich, Merck KGaA, USA). First, 2.4 mL
was prewarmed at 37 °C and then mixed with the supernatant of the KM02 culture (0.1 mL). The samples were
then incubated at 37 °C for 15 min. The absorbance was read at 420 nm on a SPECORD®UV-VIS spectropho-
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tometer (Analytic Jena, Germany). Samples mixed with 0.1 mL of water served as reference probes. The percent-
age of lipolytic activity inhibition was calculated according to the following formula:

% LI = 100 — (A¢/Ac * 100)

where A,—absorbance value obtained for KM02 incubated on medium supplemented with subMICs. A.—absorb-
ance value obtained for the control probe (KMO02 cells without any treatment).

RNA isolation and RT-qPCR analyses. The comparative quantitation method for evaluating the changes
in the expression of the selected genes (Supplementary Table S1) was performed as described in our previous
study with some modifications'. Briefly, total RNA was stabilized by RNAprotect® Bacteria Reagent (Qiagen,
USA) and isolated on a PureLink™ RNA Mini Kit (Thermo Fisher Scientific, USA) followed by purification with
PureLink™ DNase Set (Invitrogen, USA) according to the manufacturer’s protocols. The quality and quantity of
RNA were examined on a Qubit Fluorometer 4 (Invitrogen, USA) using Qubit™ XR RNA and Qubit™ IQ RNA
Assay Kits (Thermo Fisher Scientific, USA). Subsequently, 1 pug of RNA was reverse-transcribed with the High
Capacity RNA-to-cDNA Kit (Life Technologies, USA).

RT-qPCR analyses were performed in a CFX96 system (BioRad, Hercules, USA) using GoTaq® Master Mix
(Promega, Germany). In the RT-qPCR analyses, 16S rRNA served as the reference gene. For the selected genes
of interest (GOIs) the primers were designed with the Primer-BLAST tool®! in the NCBI database. The cycling
conditions were as follows: initial denaturation at 95 °C for 2 min and 40 cycles of denaturation at 95 °C for 15 s
and annealing and extension at 60 °C for 1 min. The melting curve was also applied. To estimate the amplification
efficiency (Egoi/E,.p), LinRegPCR software® was used. The results are presented as the ratio of gene expression
in the treated samples relative to the control samples (with expression equal to 1), normalized to the internal
reference gene, according to the following equation®:

ACrtarget (control—sample)

AC trol— I

rof. tref (control—sample)

where GOI—gene of interest for which the changes in expression were calculated; ref—reference gene, whose
expression was used for normalization.

In situ determination of the antimicrobial properties of BPEO and TEO toward P. psychrophila
KMO02. Ten grams of commercial raw salmon fillet samples were inoculated with 1 mL of KM02 culture
standardized to an initial level of approximately 10* CFU/g. The samples were air-dried at room temperature
for 20 min in a biosafety laminar box (Thermo Fisher Scientific, USA). The marinade of the salmon consisted of
95% olive oil and 5% vinegar. All ingredients were purchase from local manufacturers. Next, 5 mL of marinade
was supplemented with subMICs of BPEO/TEQ. Marinade without essential oils served as reference samples.
The marinades were poured into the salmon samples. The fish were packed into sterile polyvinyl chloride bags
(Kraina Foils Packaging, Poland). Vacuum conditions were obtained with a Multivac T200 packaging machine
(Wolfertschwenden, Germany). All samples were prepared under sterile conditions and stored at 4 °C+ 1 °C for
5 days.

Verification of KMO02 growth on the cold-stored products was carried out at 1, 3 and 5 days of storage. The
products were aseptically opened and placed in a sterile polyethylene bag (Sigma-Aldrich, Merck, KGaA, USA).
A volume of 90 mL of 0.1% sterile peptone water (Oxoid, UK) was added to achieve a 1:10 dilution. The samples
were homogenized for 2 min with a Pulsifier (Microgen Bioproducts, UK). Next tenfold serial dilutions were
prepared, and 0.1 mL aliquots were surface-spread on cephalordine fucidin cetrimide agar (Oxoid, UK). Counts
of KMO02 are presented as the log CFU/g value.

Statistical analysis. The experiments were performed in triplicate, and the results are expressed as the
mean * standard deviation. Significant differences (p <0.05) were established by analysis of variance (ANOVA)
followed by post hoc tests performed in R (R Core Team 2020).

Results and discussion

Characteristics of the P. psychrophila KM02 genome and pangenome. The growth and meta-
bolic activities of microorganisms are considered the main causes of fish-based product spoilage. Our previous
work identified P. psychrophila as a specific spoilage organism in the salmon microbiome®. At temperatures
that can occur during the processing and storage of fish, the enzymatic activity of pseudomonads can result in
off-odors**. However, determination of the physiological characteristics of P. psychrophila in in vitro and in situ
conditions requires detailed investigation. WGS and de novo assembly provide complete information about
bacterial strains isolated from various sources and increase the value of biological studies'?. These are important
because foodborne microorganisms are subjected to harsh conditions in the food chain®. Therefore, in this
study, WGS technology was applied to understand the spoilage potential of the KM02 strain.

Initially, KM02 was isolated from salmon fillets kept in a cold environment, and the complete genome
sequence was obtained by combining the Ilumina and MinION platforms. Reads were de novo assembled, result-
ing in one scaffold with 20 x coverage. A complete genome sequence of KM02 comprised 5,313,922 base pairs
of a circular chromosome with a 57.4% G+ C content (Fig. 1), coding 4,813 total genes, out of which 4,713 were
protein coding DNA sequences (CDSs) and 54 were pseudogenes. No plasmids were found. Other chromosome
features of KMO2 are presented in Supplementary Table S2. In comparison to KMO02, a previously sequenced
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Figure 1. Circular representation of the P. psychrophila KM02 genome.

genome of the P. psychrophila HA-4 strain also isolated from a cold environment, consisted of 5,235,696 bases
with a mean G + C percentage of 56.4% and 4,721 predicted coding sequences®. Similarly, the draft genome of P
psychrophila MTCC 12,324 isolated from the Arctic was composed of 5,269,174 bases, with a mean G + C content
of 57.52%"". Given the above, it can be concluded that P. psychrophila species genome characteristics are rather
equal between strains, in contrast to other species, such as Escherichia coli**. However, only small variations in
P. psychrophila genome features were able to be identified by analyzing the small number of available sequenced
strains; many more sequences strains are available for E. coli species, and identification of genome variations is
dependent on the number of genomes available for analysis®®. Nevertheless, according to the work of Wessels
etal.’’, who sequenced 35 various Pseudomonas spp. fish- isolates, the genome sizes and number of genes ranged
from 4,505,98 bp to 6,279,60 bp and 4,123 to 5,874, respectively™. Similar values were also obtained for genomes
of Pseudomonas fragi and Pseudomonas lundensis isolated from spoiled meat and milk samples*. Based on the
summary of the available sequenced bacterial genomes, such values are considered average, characteristic for
bacteria isolated from environmental sources®.

To assess the essential genomic elements of P. psychrophila species, pangenome analysis was performed. There
were 8 P. psychrophila genome assemblies in the GenBank NCBI database. Due to problems with gbff file valida-
tion HA-4 assembly (GCA_000282975.1) was excluded from the pangenome analysis. Details on the contribution
of specific P. psychrophila genomes to the pangenome of this species are depicted in Table 1. P. psychrophila was
characterized by 3914 core genes (shared by all strains), while strain KM02 had 548 accessory genes (shared by
two or more strains, but not all), 2 unique and 0 absent genes. In the most distinct strain, MF6762, the number
of unique genes reached 574. Interestingly, this strain has also been isolated from food (raw chicken), while
other sequenced P. psychrophila strains were isolated from cold environments (rooms of food storage or cold
water). As presented in the core-pangenome plot (Supplementary Fig. S2), P. psychrophila had a small variations
among strains and varied only in the range of less than 2 Mb of gene families. This indicates a rather confined
and homogeneous group of P. psychrophila strains in the context of gene products®. According to the outcomes
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Total sequence GenBank assembly No. of accessory | No. of unique No. of exclusively
Strain Assembly level Isolation source | length accession No. of core genes | genes genes absent genes
KMO2 Complete Raw salmon fillets | 5 3,3 o)) GCA_011040435.1 | 3,914 548 2 0
Genome kept in cold
BS3667 Chromosome Unknown 5,322,478 GCA_900106105.1 | 3,914 554 42 13
DSM 17,535 126 contigs Cold room for 5,334,010 GCF_001043005.1 | 3,914 489 41 14
food storage
CCUG 53,877 | 36 contigs Cold room for 5,269,270 GCA_008801485.1 | 3,914 537 26 2
food storage
MF6762 77 contigs Raw chicken 5,804,172 GCF_016405605.1 | 3,914 427 574 27
Hyporheic zone
CF149 50 contigs of the Clark Fork | 5,154,320 GCA_000416155.1 | 3,914 382 219 48
River
RGCB 166 150 contigs Surface water of | 5 g 17y GCA_001005765.1 | 3,914 263 144 133
the Arctic Fjord
HA-4 145 contigs Activated sludge | 5 35 (o6 GCA_000282975.1 | - - - -
sample
Table 1. P. psychrophila pangenome characteristics.
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Figure 2. Clusters of orthologous groups distribution of P. psychrophila pangenome.

of the attribution of the Clusters of Orthologous Groups (COGs) functional categories to the P. psychrophila
pangenome (Fig. 2), the highest percentage of unique genes was related to the ‘replication, recombination and
repair’ category. Simultaneously, the fraction of pangenome core, after the ‘genes of general function prediction
only’ category, was the most abundantly represented in ‘amino acid transport and metabolism’ (above 10%).
Similar results were obtained for the pangenome of fish-pathogenic Aeromonas hydrophila strains, in which the
core genome was represented by 9.61% of genes annotated to the ‘amino acid transport and metabolism func-
tion’ COG category*!. This functional group was also well represented in the accessory genome of P. fragi, which
has been recognized as a contributor to the spoilage of fresh meat and fish and pasteurized milk by secreted
lipases and proteases*’. Regarding lipid transport and metabolism, the core, accessory and unique percent-
ages of representatives in P. psychrophila pangenome were equally distributed. Furthermore, based on KEGG
pangenome analysis (Fig. 3), a high metabolic activity of P. psychrophila (almost 70% of the pangenome) was
also confirmed. KEGG detailed distribution revealed that the most enriched metabolic functions were ‘amino
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Figure 3. KEGG distribution of P. psychrophila pangenome. (A) General distribution; (B) details distribution.

>

acid metabolism, ‘lipid metabolism’ and ‘membrane transport’ and they accounted for approx. 13%, 4%, and 8%
of the core genes, respectively.

A K-mer phylogenetic tree based on the genome assembly sequences showed the closest evolutionary rela-
tionship with P. psychrophila BS3667 (Fig. 4) with 99.9181% identity; however the sample and isolation source
of this strain is not known.

To characterize the KMO02 genome, a number of available bioinformatic tools were applied. Similar to pange-
nome analysis, the distribution of COG of the KMO02 strain was also determined. As presented in Fig. 5, gene
products with ‘unknown function’ and with ‘general function prediction only’ comprised approx. 40% in total.
Therefore, to clarify the significance of the remaining known function assigned to the COG, the numbers of
those families were subtracted from the percentage calculations. Consequently, ‘amino acid and lipid transport
and metabolism protein’ orthologs accounted for 9 and 3% of all categorized proteins, respectively. COG results
for KMO2 are in agreement with the genome of other seafood spoilage contributors, such as Shewanella baltica
isolated from spoiled shrimp*2. These psychrotrophic bacteria, similar to Pseudomonas spp. dominate in spoilage
of iced-stored fish meat*>** and the COG category of ‘amino acid’ and ‘lipid transport and metabolism’ repre-
sented 8.66% and 3.8% of the genome, respectively*?. In regard to the proteins related to those activities, the
most dominant annotations involved COG1028 (dehydrogenases with different specificities), COG0834 (ABC-
type amino acid transport/signal transduction system), COGO0665 (glycine/D-amino acid oxidases), COG1280
(putative threonine efflux protein), COG0612 (predicted Zn-dependent peptidases), COG0006 (Xaa-Pro ami-
nopeptidase), COG1686 (D-alanyl-D-alanine carboxypeptidase), and COG0024 (methionine aminopeptidase)
among others. Similarly, in the genome of Pseudomonas fluorescens SRM1 isolated from spoiled milk, the operon
containing proteases, lipases and the ABC-transporter, which directs enzyme secretion, was identified*”. High
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Figure 4. K-mer phylogenic tree of P. psychrophila KMO02.

enzymatic activity is required for efficient utilization of complex compounds from which bacteria produce
energy. Furthermore, Gene Ontology system was used to determine the biological relevance of genes and gene
products. In KM02, 870 GO terms were assigned to biological process, 77 GO terms to cellular component and
680 GO terms to molecular function (Supplementary Fig. S1). Among the ‘biological process’ GO terms, the
most abundant were genes involved in ‘metabolic process’ (GO:0008152) and ‘cellular process’ (GO:0009987) as
they consist of ancestor annotations of predicted genes, which are also annotated to child GO terms representing
more specific entities*®. Among the child terms that confirmed a wide spoilage potential of KM02, those con-
taining: ‘catabolic, ‘proteolysis, ‘protein; ‘lipid; and ‘fatty acid’ phrases were revised and selected. In the ‘organic
substance catabolic process’ GO term, the most abundant genes were genes involved in chemical reactions and
pathways of organonitrogen compounds, organic acids, organic cyclic compounds, carbohydrates, organophos-
phates, macromolecules, proteins and lipids (Fig. 6A). In ‘cellular catabolic process’ group, which indicates the
activity of individual cells, the most abundant pathways were pathways resulting in the degradation of aromatic
compounds, nitrogen compounds, drugs, neurotransmitters, macromolecules, peptides, and sulfur compounds
(Fig. 6B). As reported in Liu et al.’, the transcriptome of the P, fluorescens strain strongly associated with food
spoilage differed from the RpoS-mutant strain in regard biological processes; the greatest differences were seen
in GO biological processes such as signaling, protein catabolic process and secretion. Because RpoS contributes
to the spoilage activities of P, fluorescens*®, we can conclude that the abovementioned significantly downregulated
genes are strongly involved in the spoilage of foods. Regarding the secretion system, according to the cellular
component GO categories, the presence of the T2SS complex and transmembrane transporter activity molecular
function was also noted. Among the other molecular function terms, the most abundant were ‘catalytic activity’,
and those important for protein and lipid degradation were ‘hydrolase activity’, ‘catalytic activity, acting on a
protein, and ‘hydrolase activity, acting on ester bonds’ (Table 2). The functions of the assigned genes were also
deduced on the basis of the sequence similarity of their presumptive protein products to the protein motifs
in the Pfam database®. From among a wide range of annotated Pfam protein domains, only those related to
hydrolase activity, protein secretion, lipid degradation and other fish spoilage aspects were selected, and their
genome abundances are presented in Table 3. These data will significantly complement the current knowledge
on the lipolytic activity of pseudomonads. Highly enriched Pfam domains were involved in the hydrolase activity
represented by Aminohydro_1 and Abhydrolase_1 with relative abundances of 11,828 and 7768, respectively.
Furthermore, most of the Pfam annotations assigned to the KM02 genome were related to peptidase activity, e.g.,
Peptidase_M20, Peptidase_M24 or Peptidase_M23. Most of these enzymes are classified as metallopeptidases,
whose catalytic activity involves metals®. Proteins and lipids degraded to smaller molecules such as oligopeptides
or single fatty acids are further metabolized by bacteria to form derivatives with undesirable odors. For example,
ELFV_dehydrog represents the family of dehydrogenases of amino acids that catalyze the oxidative deamination
of an amino acid to its keto acid analogs, known from spoiled fish®!. In the context of lipid degradation, Pfam
results revealed the presence of proteins representing Lipase_3 and Lipase_GDSL domains with abundance
values of 2131 and 1246, respectively. Our results are in agreement with the work of Lo et al.**>, who sequenced
the P, fluorescens SRM1 strain and found that its genome contains heat-stable lipases encoded by lipA and lipB
genes, which are responsible for spoilage of raw milk*.
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Figure 5. COG distribution of P. psychrophila KM02 genome.

Effect of subMICs of BPEO, TEO, and their major compounds on P. psychrophila KM02 lipolytic
activity. In light of the increasing use of EOs as modern fish biopreservatives, the current study assessed the
anti-lipolytic potentials of BPEO and TEO and their major compounds toward KM02. Although the spoilage of
fishery products is mainly caused by gram-negative microbes®! it is advisable to inhibit pseudomonad metabolic
activity in seafoods. For this study, the subMIC concentrations of all agents were used; the concentrations of EOs
above subMIC levels in foods can be sensorily unacceptable for consumers®>. Many studies have demonstrated
that plant EOs (e.g., oils of cinnamon and glove) can suppress bacterial metabolic activities/production of viru-
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Figure 6. Gene abundance of selected GO terms in P. psychrophila KM02 genome. (A) Selected child terms of
‘organic substance catabolic process’ GO term. (B) Selected child terms of ‘cellular catabolic process’ GO term.

lence factors when used at subMIC concentrations™. However, to date the inhibition of lipase production by
plant- derived antimicrobials has only been shown in Serratia marcescens and P. fluorescens cultures®>>.
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Definition according to QuickGO browser (https://www.ebi.ac.uk/Quick
Biological domain GO term GO/) Genome abundance
1902494//catalytic complex A protein complex which is capable of catalytic activity 23,765
0098796//membrane protein complex Any protein complex that is part of a membrane 20,030
GO cellular component 1902495//transmembrane transporter complex ﬁ;rrlzzzsfr:;enrlnlglr;nsei fer(())tfe;nnf:gg:zggif;lee;ﬁ:s the transfer of a sub- 15,286
A large protein complex, containing 12-15 subunits, that spans the cell
0015627//type II protein secretion system complex | envelope of Gram-negative bacteria and mediates the movement of proteins 767
into the extracellular environment
0016787//hydrolase activity gl;*(t;ll’f;; ﬁ;g;f d?ﬁéigﬁfi t‘)cf"arm“s bonds, eg. C-0, C-N, C-C,phos- | 554 59
0008233//peptidase activity Catalysis of the hydrolysis of a peptide bond 39,142
GO molecular function 0022857/ /transmembrane transporter activity E;laliles the transfer of a substan(}e, usually a specific substance or a group 207,467
of related substances, from one side of a membrane to the other
0140096//catalytic activity, acting on a protein Catalytic activity that acts to modify a protein 85,264
0016788//hydrolase activity, acting on ester bonds | Catalysis of the hydrolysis of any ester bond 44,622
Table 2. Selected GO terms of annotated P. psychrophila KM02 genome.
Pfam ID/name Description/putative function Genome abundance
Amidohydro_1 A large metal dependent hydrolase superfamily 11,828
Abhydrolase_1 A superfamily of hydrolytic enzymes including proteases, lipases, peroxidases, esterases, epoxide hydrolases and dehalogenases 7768
AA_permease_2 Integral membrane proteins involved in the transport of amino acids into the cell 6643
Abhydrolase_6 Family contains alpha/beta hydrolase enzymes of diverse specificity 6099
MMPL Putative integral membrane proteins from bacteria with probably function of lipid transport 5848
Peptidase_M20 Family includes a range of zinc metallopeptidases belonging to several families in the peptidase classification 5763
CN_hydrolase Family contains hydrolases that break carbon-nitrogen bonds 5612
Amidase A large group of hydrolytic enzymes that catalyse the hydrolysis of amide bonds (CO-NH2) of diverged substrates 5466
T2SSE Family contains components of both the Type II (T2SS) and Type IV (T4SS) protein secretion system from Gram-negative bacteria 5142
Hydrolase_4 Domain found in bacteria and eukaryotes; the majority of the members in this family carry the exopeptidase active-site residues 4896
MotA_ExbB Family groups together integral membrane proteins that appear to be involved translocation of proteins across a membrane 4393
Peptidase_M24 Family contains metallopeptidases that belong to MEROPS peptidase family M24 3955
M20_dimer pDe(;rgsiar;ecsonsists of 4 beta strands and two alpha helices which make up the dimerisation surface of members of the M20 family of 3075
Secretin Family includes: protein D that is invplved in the general (type II) secretion pathway (GSP) within Gram-negative bacteria, a signal 3050
sequence-dependent process responsible for protein export
Peptidase_M23 Members of this family are zinc metallopeptidases with a range of specificities 2758
Lon_C The Lon serine proteases must hydrolyse ATP to degrade protein substrates; classified as family S16 in Merops 2446
Zn_protease Family annotated as being ATP-dependant zinc proteases 2408
ELFV_dehydrog Family that catalyze the oxidative deamination of an amino acid to its keto acid derivatives 2372
Peptidase_S11 Include a wide range of peptidase activity, including exopeptidase, endopeptidase, oligopeptidase and omega-peptidase activity 2249
Cys_Met_Meta_PP F;;dl?; ;r;]gl;{c;:teig[zgrgzs nllr;::tllvoe:li al?l ;)tls;i;e n?i?lc; trix:;thionine metabolism; acting as a coenzyme in a multitude of reactions, includ- 2191
Autotransporter fr?::rigaczzresponds to the presumed integral membrane beta-barrel domain that transports the proteins products through the outer 2160
Secretin_N Domain found in bacterial type II/III secretory system proteins 2132
Lipase_3 A domain with an alpha/beta hydrolase fold that hydrolyse ester linkages of triglycerides 2131
Amidohydro_2 ;\I;nr;d(;);lizdrolases related to Amidohydro_1, family includes adenine deaminase that hydrolyses adenine to form hypoxanthine and 2066
Peptidase_M3 Group of metallopeptidases (oligopeptidases) that cleave medium sized peptides 1757
Ser_hydrolase Family with serine hydrolase activity 1683
Peptidase_C13 Family of cysteine proteases that hydrolyses a peptide bond using the thiol group of a cysteine residue as a nucleophile 1623
Peptidase_S9 Family of serine-type peptidase activity 1622
Aminopep Family of bacterial proteins has a conserved HEXXH motif, suggesting that members are putative peptidases of zincin fold 1550
Abhydrolase_2 Family consists of phospholipases and carboxylesterases with broad substrate specificity 1527
Lipase_GDSL GDSL esterases and lipases are hydrolytic enzymes with multifunctional properties 1246
FA_desaturase enzymes that catalyse the insertion of a double bond at the delta position of fatty acids 1240
Table 3. Selected Pfam annotated domains in P. psychrophila KM02 genome.
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Figure 7. Inhibition of lipolytic activity of P. psychrophila KM02 grown on modified TSB and fish juice
medium supplemented with subMICs of black pepper (BPEO) and tarragon essential oils (TEO), limonene
(LIM), B-caryophyllene (CAR), methyl eugenol (ME), and B-phellandrene (PHE). Values are calculated from
three independent replicates. Error bars represents standard deviation values. The same letter indicates not
statistically differences in expression as provided by Tukey’s test after ANOVA analysis (F=308.6, p<0.05).

To investigate whether the analyzed compounds changed the lipolytic activity in KMO2 cells, first, the spec-
trophotometric method with p-NPP reagent was used. As presented in Fig. 7, all treatments resulted in a consid-
erable lipolysis decrease depending on the compound and medium, and it ranged from 11 to 46%. The highest
inhibition potential was observed for the bulk of BPEO and TEO applied in modified TSB medium, and it was
approximately twice that of major compounds used alone. The anti-lipolytic action of EO obtained from juniper
toward fish-related P. fluorescens was also investigated, where the whole oil inhibited lipase production by 45%,
while its major compounds, i.e., a-pinene and sabinene were significantly less effective®. A similar outcome
was observed in the context of proteolytic enzyme inhibition in KM02, which was reduced to less than 20% by
PHE and 28% by CAR, while TEO and BPEO resulted in significantly higher effects®'*. The explanation of such
findings may be related to the lower antimicrobial effect of single terpenes, which was also seen in in vitro tests®.
Notably, a combination of two different EO constituents or the presence of minor components in the entire EO
volume can cause additive or synergistic antimicrobial effects®. For example, the inhibitory effect of LIM on P
aeruginosa was enhanced by the addition of on equal volume of eucalyptol®.

In fish juice medium, the overall anti-lipolytic activity was significantly (p <0.05) lower than that under in
vitro conditions, with the exception of ME. However, based on the results, this compound inhibited lipolytic
activity by only 17%. The decreased antimicrobial effectiveness of EOs and their major constituents is prob-
ably due to the more complex composition and physiochemical characteristics of the medium extracted from
fish fillets. According to our previous study®, fish juice medium constituted 1.8 mg/g protein and 0.0635 mg/g
lipids, which ideally mimics fish muscle conditions. These food components usually considerably reduce EOs
bioactivity and protect bacteria by absorbing some volume of added EOs®. Therefore, to maintain equal anti-
microbial efficacy in real food matrices where high molecular compounds are present, higher concentrations of
antimicrobials are needed®. Furthermore, P. psychrophila was the least sensitive analyzed fish isolate for rosemary
extract applied in a food model of common carp fillets, and its lipolytic potential was arrested by only one day
in relative to the control culture’.

Similarly to Actinobacter baumannii and Vibrio cholerae strains, the genome of KMO02 harbors genes encod-
ing lipases (lipA, lipB)®. In this work, the anti-lipolytic activity of subMICs among the compounds was verified
by RT-qPCR experiments and evaluation the expression of genes encoding lipases (lipA, lipB) in KM02 was
evaluated. Based on the Pffafl calculations, the ratio of the expression of the lipA gene encoding the major lipase
synthase ranged from 0.1 to 0.9 regardless of the culture medium used (Fig. 8). The highest decrease in lipA gene
transcription was observed in cells treated with BPEO and TEO, which confirmed the phenotypic observations.
Because the lipA and lipB genes are linked in a single operon, a disruption of even one of them results in a lipase-
negative phenotype®!. In the previous work, the LipB gene was also downregulated to the highest extent by whole
EOs. According to the work of Christensen et al.%, the absence of the LipB protein in Serratia proteamaculans
resulted in no spoilage of milk-based products. The aforementioned works indicate that changes in the expres-
sion of the lipA and lipB genes may result in a reduced rate of food biodeterioration®.

Effect of subMICs of BPEO, TEO, and their major compounds on P. psychrophila KM02
T2SS. LipA and LipB are known type 2 substrates that degrade lipids®®. Ogierman et al.®* noticed that a
lipase-deficient lipA mutant of Vibrio cholerae was not able to grow on olive oil, and complementing the T2SS
mutant with a plasmid expressing LipAB did not reverse this defect suggesting that secretion of lipases is T2SS-
dependent. T2SS apparatus proteins are considered antimicrobial targets; thus in this work changes in the
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Figure 8. Ratio in expression of lipA and lipB genes in P. psychrophila KM02 grown on modified TSB and fish
juice medium supplemented with subMICs of black pepper (BPEO) and tarragon essential oils (TEO), limonene
(LIM), B-caryophyllene (CAR), methyl eugenol (ME), and p-phellandrene (PHE). Values are calculated from
three independent replicates. Error bars represents standard deviation values. The same letter indicates not
statistically differences in expression as provided by Tukey’s test after ANOVA analysis (F=41.97, p <0.05).
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Figure 9. Ratio in expression of type II secretion system genes in P. psychrophila KMO02 grown on modified
TSB and fish juice medium supplemented with subMICs of black pepper (BPEO) and tarragon essential oils
(TEO), limonene (LIM), B-caryophyllene (CAR), methyl eugenol (ME), and p-phellandrene (PHE). Values are
calculated from three independent replicates. Error bars represents standard deviation values. The statistically
differences in expression was provided by Tukey’s test after ANOVA analysis (F=41.32, p<0.05).

mRNA levels of T2 secretome genes in KMO02 cells were evaluated. For RT-qPCR experiments, KMO02 cells were
treated with subMICs of BPEO, TEO and major compounds of the oils both in vitro and in fish juice medium
mimicking the seafood ecosystem.

Based on bioinformatic analysis of the KM02 genome, the following 7 potential genes responsible for T2SS
function were identified: pulG and gspG genes encoding pseudopilins PulG and GspG respectively; tadB1 and
tadClI genes encoding integral proteins of the inner membrane involved in the general secretion pathway (GSP);
gspH2 and gspHI genes encoding proteins required for energy-related secretion from the periplasm; and pulF
gene involved in lipase export (Supplementary Table S3). As presented in Fig. 9, regardless of the agents used,
the expression levels of most T2SS genes were inhibited to relative levels of between 0.9 and 0.02 that of control.
Under in vitro conditions the most efficient treatments for downregulation of the expression of T2SS genes were
BPEO and LIM, with relative transcript levels ranging from 0.2 to 0.02 that of control. In fish juice medium the
highest reductions in the mRNA levels of T2SS genes were recorded for TEO and its singular components (i.e.,
ME and PHE). The most considerable inhibition concerned gspHI (0.05) and gspH2 (0.02). These results are in
line with the work of Jain, Nale and Dabur®, in which the response of pseudomonads to natural antimicrobials
was evaluated at a proteomic level. Downregulation of proteins involved in secretion systems (e.g. xcp, PilS)
in P aeruginosa was caused by water extracts of the active fraction of catechins from Saraca asoca flowers®.
Additionally, in the work of Singh et al.*%, the authors noted the role of thyme EO in targeting the virulence

Scientific Reports |

(2022) 12:5487 | https://doi.org/10.1038/s41598-022-09311-9 nature portfolio



www.nature.com/scientificreports/

control BPEO TEO
7
6.5 T
1
6
B
g 53 T ]
& 1
g 1
45 T
! i
35
0 1 3 5

storage days

Figure 10. Combined effect of marinade and BPEO/TEO on P. psychrophila KM02 counts in salmon fillets
stored at 4 °C in vacuum conditions. Data points represent the mean taken from two replicate experiments and
error bars indicate the standard deviations (SD). The statistically differences was provided by Tukey’s test after
ANOVA analysis (F=50.34, p<0.05).

arsenal regulated by the T2SS of Xanthomonas oryzae pv. oryzae strains. The downregulation of virulence gene
expression in Xanthomonas strains remained insignificant when the bacteria were treated with thymol alone®*.

Changes in P. psychrophila KM02 growth in salmon-model products with subMICs of BPEO/
TEO. The observed effect of BPEO and TEO on the T2SS-dependent lipolytic activity of the KMO02 strain,
triggered the need to verify the biopreservative properties of the examined agents in salmon-model products.
The application of EOs in food requires additional techniques to mask their strong odor and simultaneously
ensure their effectiveness®. In this work, an oil-vinegar marinade supplemented with subMICs of BPEO and
TEO was formulated to improve the quality of fresh salmon fillets. The model product inoculated with standard
amount of KM02 was next packed under vacuum conditions to prevent the degradation of EO components by
oxygen.

The KMO2 count after 1, 3, and 5 days of storage were evaluated (Fig. 10). After 1 day from an initial value of 4
log CFU/g, the KMO02 control culture reached 4.8 log CFU/g, while BPEO and TEO impeded cell proliferation to
4.2 and 4.3 log CFU/g, respectively. At 3 and 5 days of storage, both treatments resulted in a significant (p <0.05)
reduction in KMO02 counts in relation to the control product, where only marinade and vacuum packaging were
applied. KMO2 cells in the control sample reached a critical spoilage value of 6 log CFU/g between 3 and 5 days
of refrigerated storage. BPEO- and TEO-treated samples did not exceed the value of 5.5 log CFU, which indicates
the antimicrobial effect of marinade supplemented with EOs. Interestingly, even as strictly aerobic bacteria,
KMO02, was still able to proliferate under vacuum conditions. A substantial number of pseudomonad cells, despite
vacuum packaging, were also observed in refrigerated trout fillet®. This is probably due to an inadequate barrier
material used for packaging or not completely evacuating the gas from samples and the ability of cells to thrive in
microaerophilic conditions. However, in comparison with aerobic storage, reducing the amount of oxygen results
in a considerable decrease in microbiological counts and is an effective method for fish preservation based on
hurdle technology®’. Inhibitory effects of marinades enriched with oregano, rosemary and juniper EOs on the
growth kinetics of psychotropic bacteria- contaminated foods were also observed by Siroli et al.®®. In that work,
marination showed the highest inhibition against Pseudomonas spp. and total coliforms. The molecular studies
of Wu et al.®’ revealed that selective compounds of EOs may competitively interact with the ATP binding site of
the DNA gyrase B subunit of bacteria. Thus, natural antimicrobials combine with DNA to form a complex that
eventually leads to DNA degradation, blocking cell transcription and replication”®. Some bioactive agents may
also cause the rearrangements of the nucleic acid double chain®'. Interference with nucleic acids by bioactive
compounds of EOs regulates bacterial metabolism and proliferation®'. Moreover, aside from the ability to improve
the safety and shelf-life of marinated fish, the utilization of EOs may also enhance consumers’ willingness to buy,
in light of the recent increasing consumption of clean-label products”.

Conclusions

In this work, bioinformatic analysis of genome and pangenome of KM02 revealed the ability of the strain to spoil
foods with high content of proteins and lipids. Inactivation of T2SS by subMICs of BPEO and TEO resulted in
reduced synthesis and secretion of lipases in KM02. The expression levels of most T2SS genes as well as lipA and
lipB genes encoding lipases of the KMO02 strain were downregulated by EOs. These features were observed in
in vitro conditions and fish juice medium which mimicked the seafoods ecosystem. The biopreservative prop-
erties of BPEO and TEO were confirmed in salmon-model products; the oil-vinegar marinade supplemented
with subMICs of the examined EOs impeded KMO2 proliferation in comparison to the growth of bacteria in
the control product, where only marinade and vacuum packaging were applied. Marinade supplemented with
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subMICs of BPEO and TEO can improve the quality of fresh salmon fillets in light of the recent increasing
consumption of clean-label products.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable
request. All of the sequencing data were deposited in NCBI under Accession Number NZ_CP049044.1.
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Supplementary Table 1. The list of primers used in RT-gPCR experiments.

Gene Forward primer Reverse primer m Product
name oC length
lipA GTGGGGCAATTGGTTTGA TGATTGACCATGCGCTGA 57 148
lipB CTACCTTTTTGTTACCCGTT ATCACGTCGTAGCATTTC 53 118
tadB1 CCCAGTACCAAAGCCGTCAT CAACGTTCAGATGGGGGTGA 60 231
tadC1 TGCTGAAGAATCACGCAGGT AGAGACGGCAACAGGAAGTG 60 262
gspH2 TCCACCAGCACTTGCAGATT CCTCGCAACGTGGTTTTACC 60 244
gspH1 CGCTTTTGATGTCTGCCACC CGCTACTTCAACAGCCTGGA 60 244
pulG CCACTGACTGGGAAAGTCCG AAGACCTGTTGCAGGACGAG 60 179
gspG TTGGTGGTACTGGTGGTCCT CTGCAAGCCTTGTTCGGTTG 60 177
pulF TCAGCCAGGAACTGACAACC CACAAGTGCAACGTAGAGCG 60 200

Supplementary Table S2. Features of Pseudomonas psychrophila KM02 genome.

Attributes Values
Genome size 5,313,922 bp
GC content 57.4%
Plasmid 0

Total predicted genes 4,813

Total CDS 4,713
Pseudogenes 54

Total RNAs 100

rRNAs (5S, 16S, 23S) 25(9, 8, 8)

tRNAs

71

NncRNASs

4




Supplementary Table S3. Characteristic of the selected CDSs involved in the type Il secretion system of
P. psychrophila KM02.

CDS Gene name  Gene definition and probable role
Type |1 secretion system F family protein, highly hydrophobic integral protein of
WP_048352188.1 tadB1 the inner membrane involved in a general secretion pathway (GSP) for the
export of proteins
Type |1 secretion system F family protein, highly hydrophobic integral protein of
WP_046810475.1 tadC1 the inner membrane, involved in a general secretion pathway (GSP) for the
export of proteins
Type 1l secretion system GspH family protein, required for the energy-
WP_019825587.1 gspH2 dependent secretion of extracellular from the periplasm
Type Il secretion system GspH family protein, required for the energy-
WP_019825589.1 gspH1 dependent secretion of extracellular from the periplasm
WP_019825591.1 pulG Type Il secretion system protein, p_seudqpllln_PuIG, one of the secretion
pseudopilins is found to assemble into pilus-like bundles
WP_046809061.1 9spG Type Il secretion system major pseudopilin GspG, it delivers toxins and a range
of hydrolytic enzymes to the cell surface or extracellular space
Type |l secretion system F family protein involved in the export of proteins
WP_019825560.1 pulF (toxins and a range of hydrolytic enzymes including proteases, lipases and

carbohydrate-active enzymes) to the cell surface or extracellular space




Supplementary Fig. S1 Distribution of GO annotations of P. psychrophila KM02 genome.
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