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Streszczenie

Rosliny, jako bogate zrodlo metabolitow wtdrnych o wielokierunkowej aktywnosci
biologicznej, stanowia istotny obiekt zainteresowan przemystu. Aby pogodzi¢ rosnace
wymagania rynku z ograniczonymi zasobami ro$linno$ci konieczne jest opracowywanie
zrownowazonych metod stymulowania produkcji pozadanych metabolitow wtornych.
Jednym z obiecujacych rozwigzan jest wykorzystanie egzogennych modulatorow
metabolicznych, w tym elicytorow chemicznych, aktywujacych roslinne mechanizmy
obronne. W pracy oceniono wptyw mleczanu chitozanu (ChL; 150 mg/L), seleninu sodu
(Se; 10 mg/L) 1 kwasu salicylowego (SA; 100 mg/L) oraz ich mieszaniny (ChL+Se+SA
w stosunku 1:1:1) na akumulacje¢ metabolitéw wtornych w kontrolowanych uprawach
doniczkowych trzech gatunkéw ros$lin leczniczych (Melissa officinalis, Hypericum
perforatum 1 Chelidonium majus). Analizowano takze oddzialywanie aplikowanych
substancji na podstawowe parametry fizjologiczne ro$lin oraz wybrane wskazniki stresu
oksydacyjnego. Wykazano, ze zastosowanie roztwordw pojedynczych elicytorow moze
efektywnie modyfikowa¢ biosynteze zwigzkéw Dbioaktywnych zaleznie od ich
przynalezno$ci do réznych klas metabolitow, istotnie zwigkszajac poziom zwigzkow
polifenolowych  (kwasy fenolowe, flawonoidy) oraz niektorych alkaloidow
1zochinolinowych. Odnotowane zmiany akumulacji metabolitow wtoérnych u M. officinalis
1 H. perforatum byly zwigzane ze zmianami statusu oksydacyjnego roslin (wzrost
akumulacji H2021 O2™, poziomu peroksydacji lipidow blonowych, stezenia wolnej proliny
1 aktywnos$ci enzymow antyoksydacyjnych). Zastosowanie elicytorow wplywato takze na
zwigkszenie aktywnos$ci antyoksydacyjnej ekstraktow z badanych gatunkow roslin
leczniczych. Efektywna indukcja akumulacji metabolitow wtornych nie wplywala
na biomas¢ ro$lin 1 nie wywotywata wizualnych objawow fitotoksycznosci, choc
w niektorych przypadkach prowadzita do obnizenia parametréw fizjologicznych
zwigzanych z fotosynteza (fluorescencja chlorofilu a, zawartos¢ barwnikow
fotosyntetycznych). Uzyskane wyniki dostarczaja nowych informacji na temat wptywu
zréznicowanych chemicznie elicytorow na akumulacje wyspecjalizowanych metabolitow
w roslinach leczniczych oraz ich kondycje fizjologiczng. Ponadto wskazuja, Ze elicytacja
moze by¢ skuteczng metoda stosowang w kontrolowanej produkcji doniczkowej wysokiej
jakosci surowcoéw roslinnych o zwigkszonej zawartosci metabolitow wtornych o cenionych

wlasciwosciach prozdrowotnych i1 szerokim spektrum dziatania biologicznego.

Stowa kluczowe: metabolity wtérne, rosliny lecznicze, chitozan, selen, kwas salicylowy



Abstract

Plants, as a rich source of secondary metabolites with diverse biological activities,
are of significant interest to industry. To reconcile the growing demands of the market with
limited plant resources, it is necessary to develop sustainable methods for stimulating the
production of desired secondary metabolites. One promising approach involves the use of
exogenous metabolic modulators, including chemical elicitors, that activate plant defense
mechanisms. In this study, the effects of chitosan lactate (ChL; 150 mg/L), sodium selenite
(Se; 10 mg/L), and salicylic acid (SA; 100 mg/L), as well as their mixture (ChL+Se+SA
in a 1:1:1 ratio), were evaluated in terms of their influence on the accumulation of
secondary metabolites in controlled pot cultivation of three medicinal plant species
(Melissa officinalis, Hypericum perforatum, and Chelidonium majus). The impact of the
applied substances on basic physiological parameters and selected oxidative stress
indicators was also assessed. The results demonstrated that the application of individual
elicitor solutions effectively modulated the biosynthesis of bioactive compounds
depending on their metabolic class, significantly increasing the levels of polyphenolic
compounds (phenolic acids, flavonoids) and certain isoquinoline alkaloids. The observed
changes in secondary metabolite accumulation in M. officinalis and H. perforatum were
associated with alterations in the oxidative status of the plants, including increased
accumulation of H20; and O, elevated membrane lipid peroxidation, free proline
concentration, and enhanced activity of antioxidant enzymes. Moreover, elicitor treatments
enhanced the antioxidant activity of extracts from the investigated medicinal plants.
Effective induction of secondary metabolite accumulation did not affect plant biomass and
did not induce visible symptoms of phytotoxicity, although in some cases a reduction in
physiological parameters related to photosynthesis was observed (chlorophyll a
fluorescence, content of photosynthetic pigments). The obtained results provide new
insights into the influence of chemically diverse elicitors on the accumulation of
specialized metabolites and the physiological condition of medicinal plants. Furthermore,
they suggest that elicitation may serve as an effective strategy in controlled potted
production of high-quality plant raw materials enriched in health-promoting secondary

metabolites with a broad spectrum of biological activity.

Keywords: secondary metabolites, medicinal plants, chitosan, selenium, salicylic acid



Wprowadzenie teoretyczne

Wstep

Ro$liny stanowig wyjatkowo bogate zrodlo zrdznicowanych pod wzgledem
struktury chemicznej 1 wlasciwosci biologicznych metabolitow. Szacuje si¢, ze kazdy
z pojedynczych gatunkow roslin zawiera ich okoto 5 000, co przektada si¢ na sume nawet
1 000 000 wystepujacych w krolestwie roslin zwigzkow chemicznych [Wang 1 in. 2019].
Oprocz metabolitow pierwotnych (biatka, tluszcze, weglowodany, kwasy nukleinowe),
zaangazowanych bezposrednio w podstawowe procesy fizjologiczne roslin (wzrost
1 rozw0j, fotosynteza, oddychanie komdrkowe, reprodukcja), syntetyzuja one réwniez caty
szereg niskoczasteczkowych zwigzkéw — metabolitow wtornych, ktore odgrywaja
kluczowa role w interakcjach ro$lin z otoczeniem, umozliwiajac ich przetrwanie
w zmiennych, niekorzystnych warunkach $rodowiska. Ze wzgledu na petnione funkcje
komunikacyjne, sygnatowe, obronne czy adaptacyjne, w ostatnich latach zwigzki te coraz
czgSciej okreSla si¢ mianem metabolitow wyspecjalizowanych. Sa one z reguly
specyficzne dla poszczegdlnych grup taksonomicznych roslin i akumulowane
w wyspecjalizowanych strukturach komoérkowych. Wsrod nich wyrdznia si¢ zwigzki
o szerokim spektrum aktywnos$ci biologicznej, ktore w zaleznosci od szlaku biosyntezy
klasyfikuje si¢ na trzy gldéwne grupy: zwiazki fenolowe, terpenoidy oraz niebiatkowe
zwiazki azotowe [Marone 1 in. 2022, Qaderi i in. 2023, Jalota i in. 2024].

Réznorodnosé, wielokierunkowe dziatanie oraz szereg potencjalnych zastosowan
roslinnych metabolitow wtornych zdeterminowaty ich kluczowa role w zyciu cztowieka.
Obecnie rosliny wykorzystywane sa w niemal wszystkich dziedzinach wspotczesnej
medycyny i farmakoterapii, jako $rodki lecznicze lub surowce do ich produkcji. Wedlug
Swiatowej Organizacji Zdrowia ponad 21 000 gatunkéw roslin wykorzystywanych jest
w celach terapeutycznych [Salmerén-Manzano i1 in. 2020, Pant i in. 2021]. Znajduja one
takze zastosowanie miedzy innymi jako suplementy diety, sktadniki kosmetykdéw
1 kosmeceutykow, dodatki do Zywnos$ci, barwniki czy $rodki ochrony ro$lin lub ich
komponenty [Kandoudi i Nemeth-Zamborine 2022, Jalota i in. 2024]. Z tego wzgledu
zawarto$¢ metabolitow wtornych w surowcach roslinnych jest jednym z najwazniejszych
wskaznikow ich jakosci [Pant i1 in. 2021]. Jednak z uwagi na ograniczenia zwigzane
z pozyskiwaniem tych substancji, znaczna ich czg¢$¢ do tej pory nie zostata wykorzystana

komercyjnie na szeroka skale. Gléwna przeszkode stanowig bardzo niskie stg¢zenia tych



zwigzkow w tkankach roslin, z reguly nieprzekraczajace kilku procent suchej masy.
Ponadto zawarto$¢ wyspecjalizowanych metabolitow wulega znacznym wahaniom
w zaleznosci od gatunku, wieku i kondycji fizjologicznej rosliny, a takze, ze wzgledu
na ich role w ztozonych odpowiedziach obronnych roslin, pod wpltywem oddziatywania
czynnikow srodowiskowych. Kazdy czynnik abiotyczny, wystepujacy w nadmiarze lub
niedoborze, jak i czynniki biotyczne, zwigzane z oddziatywaniem innych organizmow
moga by¢ dla roslin bodzcami stresowymi, odpowiedzialnymi za indukcj¢ mechanizméw
obronnych 1 przekierowanie metabolizmu w kierunku biosyntezy metabolitow wtornych
[Isah i in. 2019, Twaij i Hassan 2022, Jalota i in. 2024]. Z tego wzgledu wspotczesna,
dynamicznie rozwijajaca si¢ produkcja ro§linna musi stawaé przed wieloma wyzwaniami
zwigzanymi mig¢dzy innymi z produkcja wysokiej jako$ci surowcéw w warunkach
aktywnego oddziatywania czynnikow srodowiskowych [Zirak 1 in. 2019].

Jedna ze strategii laczacych powyzsze zagadnienia jest elicytacja, ktora
wykorzystuje korzystne oddziatywanie umiarkowanego stresu na rosliny w celu
pobudzenia ich reakcji biochemicznych oraz stymulowania i/lub indukcji biosyntezy
pozadanych metabolitow wtérnych. Metoda ta uznawana jest za jedno z bardziej
skutecznych 1 praktycznych narzedzi w produkcji waznych gospodarczo substancji
biologicznie aktywnych oraz moze stanowi¢ potencjalne rozwigzanie problemoéw
zwigzanych z niedostateczng, niepokrywajaca istniejacych potrzeb iloscig naturalnie
produkowanych przez rosliny metabolitow [Isah i in. 2019, Kandoudi i Nemeth-Zamborine
2022]. Elicytory, jako bodZce stresowe, stanowig obszerng i roznorodng grupe substancji
1 czynnikow, ktorych klasyfikacja uwzglednia przede wszystkim ich charakter — wedlug
tego kryterium wyrdznia si¢ elicytory abiotyczne i1 biotyczne. Biorge pod uwage miejsce
ich powstawania elicytory mozna dodatkowo podzieli¢ na endogenne i1 egzogenne.
Szczegotowa klasyfikacja wyrdznia takze czynniki pochodzenia chemicznego, fizycznego
1 substancje hormonalne oraz czynniki o zlozonym lub zdefiniowanym sktadzie
1 strukturze [Jakupi i Demirbas 2022]. Wszystkie typy elicytoréw moga by¢ stosowane
indywidualnie lub Iacznie, jako dodatek do roztwordéw hydroponicznych lub roslinnych
kultur zawiesinowych, a takze aplikowane dolistnie lub doglebowo, na réznych etapach
wzrostu roslin lub po ich zbiorze. Z tego wzgledu ich stosowanie wydaje si¢ stosunkowo
prostym 1 ekonomicznym rozwigzaniem. Ws$rod dodatkowych zalet tej metody nalezy
takze podkresli¢ jej zgodno$¢ z zalozeniami zroOwnowazonego rozwoju, a tym samym
bezpieczenstwo dla srodowiska i1 akceptacj¢ ze strony spoleczenstwa [Hawrylak-Nowak

11n. 2021, Kandoudi i Nemeth-Zamborine 2022].



Wymienione korzys$ci dotycza jednak prawidtowo opracowanej, zoptymalizowane;j
elicytacji, ktorej efektywno§¢ zalezy od szeregu czynnikéow, takich jak rodzaj
1 stezenie/natgzenie elicytora, sposob 1 czestotliwos¢ jego aplikacji oraz czas
oddziatywania. Dodatkowo wplyw powyzszych czynnikow nie jest jednakowy
dla wszystkich gatunkow roslin. Z tego wzgledu powodzenie elicytacji jest takze Scisle
zalezne od dostosowania jej parametrow do danego gatunku, a nawet odmiany ro$liny,
jej wieku 1 kondycji fizjologicznej, a takze wymaga uwzglednienia warunkow
zewngtrznych [Baenas 1 in. 2014, Kandoudi i Nemeth-Zamborine 2022]. Ztozono$¢ catego
procesu oraz wysokie koszty inwestycyjne zwigzane z opracowywaniem warunkow
elicytacji powoduja, ze mozliwosci komercyjnego wykorzystania tej metody sa wcigz
ograniczone. Pomimo szeregu badan prowadzonych nad wplywem roznego typu
elicytor6w na rosliny, szczegoétowy mechanizm ich biologicznej aktywno$ci wcigz nie
zostal dostatecznie poznany. Ponadto wigkszo$¢ eksperymentéw odbywata si¢
w warunkach in vitro, co wskazuje na potrzebe prowadzenia dalszych badan nad
aplikowaniem elicytoréw in vivo w calych systemach roslinnych [Halder i in. 2019,
Kandoudi i Németh-Zamboriné 2022].

W wyniku oddziatywania czynnika stresowego na rosliny dochodzi do pobudzenia
receptorow na powierzchni blony komoérkowej, rozpoznania bodzca i1 uruchomienia
kaskady mechanizméw obronnych na terenie komorki (biosynteza bialek 1 enzymow,
ekspresja gendw zwigzanych z reakcja obronng roslin, zmiany potencjalu osmotycznego
komorek, alkalizacja cytoplazmy). Podkresla si¢ jednak, ze wspdlnym mianownikiem
komorkowej odpowiedzi roslin na oddziatywanie czynnika stresowego, niezaleznie od jego
rodzaju, jest tzw. fala oksydacyjna lub wybuch oksydacyjny, czyli nagte uwolnienie
reaktywnych form tlenu. Inicjuje ona szereg reakcji oksydoredukcyjnych i zmian
metabolicznych, w nastgpstwie ktérych dochodzi do pobudzenia szlakow metabolizmu
wtérnego, a tym samym zwigkszonej biosyntezy 1 akumulacji zwigzkow warunkujacych
przetrwanie rosliny w warunkach stresowych. Cho¢ do tej pory doktadnie nie ustalono
mechanizmu, za poSrednictwem ktorego reaktywne formy tlenu uczestniczg
w komorkowej odpowiedzi roslin na stres, to przypisuje si¢ im przede wszystkim funkcje
sygnatowa. Wiadomo roéwniez, ze kontrolujg miedzy innymi ekspresje genow kodujacych
enzymy antyoksydacyjne czy enzymy uczestniczagce w szlakach biosyntezy metabolitow
wtornych [Baenas i in. 2014, Huang i in. 2019, Saleem i in. 2021]. Z drugiej strony, sg to
wysoce reaktywne czasteczki, ktore moga inicjowal szereg reakcji prowadzacych

do zaburzen struktur i funkcji komorkowych — inaktywacji biatek, peroksydacji lipidow
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btonowych czy degradacji kwaséw nukleinowych. Ze wzgledu na waski zakres stgzen,
w ktorym reaktywne formy tlenu przechodza od pelnienia funkcji sygnatowych
1 regulacyjnych do wywotywania efektow cytotoksycznych, rosliny wyksztatcity skuteczne
sposoby ich wychwytywania oraz kontrolowania poziomu zapewniajgce utrzymanie
homeostazy redoks w komorkach. Cho¢ zmiany te mogg by¢ wspdlnym mianownikiem
dla indukcji biosyntezy metabolitow wtdérnych w ramach reakcji stresowej roslin, nadal
konieczne sg dalsze badania wyjasniajace poszczegdlne elementy biologicznych podstaw

tych procesoOw [Huang i in. 2019, Choudhary i in. 2020, Hasanuzzaman i in. 2020].

Charakterystyka analizowanych elicytorow

Chitozan jako elicytor biotyczny

Chitozan jest biopolimerem, otrzymywanym w wyniku cze$ciowej, chemicznej
lub enzymatycznej deacetylacji chityny — jednego z najczeSciej wystepujacych
w przyrodzie polisacharydow. Jako materiat budulcowy, chityna powszechnie wystepuje
w Scianach komorkowych bakterii, grzybow 1 glonéw oraz w oskoérkach owadow,
pajeczakow oraz skorupiakow. W praktyce na skal¢ przemystowa chitozan pozyskuje si¢
najczesciej z chityny pochodzacej z pancerzy bezkrggowcow morskich (krewetki, kraby,
homary, kryle), stanowigcych czgsci odpadowe przetworstwa morskiego [Skotucka-Szary
1 in. 2016, Pandit 1 in. 2021, Hidangmayum 1 in. 2018]. Rosnace w ostatnich latach
zainteresowanie tym biopolimerem wynika z jego naturalnego pochodzenia,
biokompatybilnosci oraz biodegradowalnos$ci, a takze szerokiej aktywnosci biologicznej,
ktéra warunkuje szereg potencjalnych zastosowan chitozanu i jego pochodnych w wielu
dziedzinach. Z perspektywy produkcji roslinnej, najwieksze nadzieje wzbudza mozliwos¢
jego aplikacji jako biostymulatora, elicytora lub $rodka ochrony roslin. Potencjal ten
wynika ze zdolnosci chitozanu do pobudzania ~mechanizméw  obronnych
1 odporno$ciowych roslin oraz regulacji proceséw metabolicznych. Obejmuja one rdéznego
rodzaju zmiany fizjologiczne 1 biochemiczne, takie jak biosynteza metabolitow wtornych
(zwigzki polifenolowe, fitoaleksyny, flawonoidy, alkaloidy), enzymoéw (chitynaza,
glukonaza, proteaza), inhibitorow wzrostu (kwas abscysynowy, kwas jasmonowy, kwas
salicylowy) czy akumulacja ligniny i kalozy [El Hadrami i1 in. 2010, Malerba i Cerana
2016]. W aktywnosci biologicznej chitozanu nalezy jednak podkresli¢ jego dwojaka nature

— z jednej strony czesto jest charakteryzowany jako zwigzek o wlasciwosciach
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antyoksydacyjnych, zwigkszajacy aktywno$¢ enzymdéw biorgcych bezposredni udziat
w neutralizacji reaktywnych form tlenu; z drugiej strony, w komdrkowej odpowiedzi roslin
na stres chitozan moze takze indukowa¢ zmiany oksydacyjne i produkcje H>O», jako
czasteczki sygnatowej uczestniczacej w reakcjach obronnych, oraz zwigksza¢ aktywnos$¢
amoniakoliazy L-fenyloalaniny (PAL), co wptywa stymulujaco na biosynteze zwigzkow
fenolowych u wielu gatunkéw roslin [Katiyar i in. 2015, Mukhtar Ahmed 1 in. 2019,
Stasinska-Jakubas 1 in. 2023]. Dodatkowo wykazuje on aktywnos$¢ przeciwgrzybicza,
przeciwbakteryjng i1 przeciwwirusowa. Jednak na efektywno$¢ dziatania chitozanu, a tym
samym na mozliwo$¢ jego wykorzystania w produkcji roslinnej, wplywa szereg
czynnikow, wsrdd ktérych wymienia si¢ migdzy innymi pochodzenie surowca, warunki
izolacji, stopien deacetylacji, pH oraz rozpuszczalno$¢. Z tego wzgledu poddawany jest on
roznego rodzaju modyfikacjom, majagcym na celu przede wszystkim poprawe jego
wlasciwosci fizykochemicznych, a wsrod najczesciej stosowanych pochodnych znajduja
si¢ sole chitozanu, takie jak mleczan czy octan [Ostrowska-Czubenko 1 in. 2016,

Hawrylak-Nowak 1 in. 2021].

Kwas salicylowy — elicytor abiotyczny z grupy fitohormonow

Kwas salicylowy jest powszechnym, naturalnie wystgpujacym w krolestwie roslin
fitohormonem. Pod wzgledem biochemicznym nalezy do grupy prostych zwigzkow
fenolowych 1 jest pochodng kwasu benzoesowego. Jego biosynteza w roslinach ma miejsce
najprawdopodobniej w chloroplastach, a naturalnie wystgpuje on w postaci wolnej lub
w polaczeniach glikozydowych i estrowych. Kwas salicylowy pelni role czasteczki
sygnatowej oraz regulatora procesow fizjologicznych i metabolicznych roslin (kietkowanie
nasion, wzrost komorek, pobieranie jonéw fosforu i1 potasu, termogeneza, indukcja
kwitnienia, ruchy aparatéw szparkowych, biosynteza innych fitohormonéw). Podobnie jak
pozostate substancje z grupy zwigzkow fenolowych, kwas salicylowy odgrywa kluczowa
role w regulowaniu odpowiedzi odpornosciowych roslin na oddzialywanie zaréwno
abiotycznych, jak 1 biotycznych czynnikdéw stresowych, a w literaturze naukowej okreslany
jest takze mianem regulatora homeostazy redoks. Zwiazek ten, w zalezno$ci od stezenia
1 warunkow $Srodowiskowych, moze zaréwno zwigksza¢ akumulacje reaktywnych form
tlenu poprzez hamowanie aktywnos$ci enzymow antyoksydacyjnych, jak 1 wspiera¢ ich
detoksykacje, zmniejszajac negatywne skutki stresu oksydacyjnego [Janda i in. 2014,
Herrera-Vasquez 1 in. 2015, Saleem i in. 2021, Ali i in. 2021]. Wedlug jednej
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z powszechnych hipotez, ochronne dziatanie kwasu salicylowego w reakcjach
odporno$ciowych roslin polega na stymulowaniu systemu antyoksydacyjnego poprzez
indukcje aktywnos$ci enzymow antyoksydacyjnych — katalazy, dysmutazy ponadtlenkowej,
reduktazy glutationowej czy peroksydaz. Wptywa on réwniez na metabolizm proliny czy
tworzenie bialek zwigzanych z patogenezg. Dodatkowo wywiera korzystny wplyw
na wzrost 1 rozwdj roslin, efektywno$¢ fotosyntezy 1 akumulacje barwnikow
fotosyntetycznych oraz przyswajanie skladnikow mineralnych w warunkach stresu
[Armuta 2014, Subban i in. 2019, Ali i1 in. 2021]. Jednak wyniki badan prowadzonych nad
wpltywem egzogennej aplikacji kwasu salicylowego w roslinach uprawianych
w optymalnych warunkach sg niejednoznaczne. Z jednej strony, niektore doswiadczenia
potwierdzaja opisane wyzej efekty jego korzystnego oddzialywania. Jednak moze
on réwniez funkcjonowac jako czynnik stresowy, wplywajac negatywnie na podstawowe
procesy fizjologiczne. Dziatanie kwasu salicylowego jest wiec w duzej mierze zalezne
od szeregu czynnikéw, takich jak jego stezenie, gatunek rosliny i warunki §rodowiskowe
[Janda i in. 2014]. Przy uwzglednieniu i optymalizacji poszczegdlnych czynnikow kwas
salicylowy moze by¢ powszechnie stosowanym elicytorem, ktory w odpowiednich
stezeniach wykazuje duza skuteczno$¢ w stymulowaniu biosyntezy zwigzkow nalezacych

do réznych grup metabolitow wtornych [Ali 1 in. 2021, Urban 1 in. 2022].

Selen — elicytor abiotyczny z grupy pierwiastkow sladowych

Selen jest mikroelementem niezbednym dla prawidlowego funkcjonowania
organizméw ludzi, zwierzat oraz niektorych mikroorganizméw. Chociaz do tej pory nie
potwierdzono jego niezbednosci dla roslin, wykazano Ze niskie stezenia tego pierwiastka
wywierajg korzystny wptyw na kietkowanie, wzrost 1 rozw6j oraz odpowiedz
odpornosciowg roslin, zwigkszajac ich tolerancj¢ na niekorzystne czynniki srodowiskowe,
takie jak susza, wahania temperatury, zasolenie czy toksyczne metale §ladowe. Jednak
kluczowa jest $cista zalezno$¢ biologicznej aktywnosci selenu od jego st¢zenia. Dziatanie
ochronne tego pierwiastka polega gtdéwnie na zapobieganiu skutkom stresu oksydacyjnego
poprzez neutralizacje reaktywnych form tlenu. Stwierdzono, ze traktowanie roslin
zwigzkami selenu pobudza komorkowy system obrony antyoksydacyjnej poprzez
zwigkszanie aktywno$ci szeregu enzymoOw (katalazy, dysmutazy ponadtlenkowe;,
peroksydazy askorbinianowej, reduktazy glutationowej, peroksydazy glutationowe;,

reduktazy  dehydroaskorbinianowej) oraz = wzrost poziomu  przeciwutleniaczy
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nieenzymatycznych (glutation, flawonoidy, karotenoidy, askorbinian). Pierwiastek ten
moduluje rowniez ekspresje genow zaangazowanych w reakcj¢ roslin na stres 1 aktywno$¢
kodowanych przez nie biatek, stymuluje biosynteze metabolitow wtornych i akumulacje
osmoprotektantow, a takze wplywa korzystnie na biosynteze¢ chlorofilu, parametry
fotosyntezy oraz pobieranie wody i sktadnikow mineralnych [Hawrylak-Nowak i in. 2018,
Lukaszewicz i1 Politycka 2020, Bano i in. 2021, Yang i in. 2022, Bandehagh i in. 2023].
Jednak granica pomiedzy korzystnym, a toksycznym oddziatywaniem selenu na rosliny
jest bardzo waska, a po przekroczeniu krytycznego stezenia moze on wykazywac dziatanie
prooksydacyjne, powodujac uszkodzenia komorek. Nadmierne stgzenia selenu prowadza
do zmian chlorotycznych i nekrotycznych oraz zahamowania wzrostu roslin, szczegodlnie
w obrebie systemu korzeniowego. Aktywno$¢ biologiczna tego pierwiastka jest rowniez
Scisle uzalezniona od jego formy chemicznej oraz wrazliwos$ci poszczegdlnych gatunkoéw
roslin na selen, co jest zwigzane ze zdolnoscig do jego fitoakumulacji. Z tego wzgledu,
pomimo szeregu potencjalnych korzysci, niezbgdnos$¢ selenu dla roslin jest nadal
dyskusyjna i1 obecnie jest on klasyfikowany jako pierwiastek korzystny [Lukaszewicz
1 Politycka 2020, Bandehagh i in. 2023, Moulick 1 in. 2024].

Zwiazki selenu, stosowane w niskich stezeniach, moga by¢ z powodzeniem
aplikowane doglebowo lub dolistnie jako biostymulatory i/lub elicytory abiotyczne,
zwigkszajace odpornos¢ ro$lin i akumulacje pozadanych zwigzkow o wilasciwosciach
prozdrowotnych. Selen jest jednak jednym z mniej dostgpnych dla ro§lin pierwiastkow
chemicznych, a jego pobieranie w duzej mierze zalezy od biodostepnosci w podtozu [Yang
1 in. 2022]. Biorgc pod uwage kryterium rozpuszczalnosci i dostgpnosci dla roslin,
w praktyce preferowane s3 utlenione, nieorganiczne formy selenu jak selenin (SeOs3™)

czy selenian (SeO42) [Syed i in. 2021, Moulick i in. 2024].

Opis badanych gatunkow roslin

Melisa lekarska (Melissa officinalis L.)

Melisa lekarska jest byling nalezaca do rodziny jasnotowatych (Lamiaceae).
Pochodzi ze wschodniej czeéci basenu Morza Srodziemnego; obecnie wystepuje takze
w umiarkowanych strefach Azji, w Ameryce Poinocnej i Brazylii. W Europie i1 Polsce jest
gatunkiem stosunkowo dobrze zaaklimatyzowanym — jest uprawiana niemal na terenie

catego kraju. Melisa osigga okoto 60-100 cm wysokosci, posiada rozgateziona, bogato
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ulistniong i charakterystyczng dla rodziny Lamiaceae czterokanciasta todyge, na ktorej
naprzeciwlegle osadzone sa dlugoogonkowe liscie barwy jasnozielonej, o sercowato-
jajowatej 1 delikatnie owtosionej blaszce lisciowej, na brzegu okraglo pitkowanej. Melisa
kwitnie od czerwca do sierpnia, a jej kwiaty sa drobne, dwuwargowe, grzbieciste,
zrostoptatkowe, barwy od bialej po jasnor6zows, zebrane w katach lisci w nibyokotkach.
Owocem jest czterodzielna roztupnia, ktéra po dojrzeniu na przetomie sierpnia i wrze$nia
rozpada si¢ na brgzowe lub czarne, jajowato wydluzone roztupki [Nurzynska-Wierdak
2013, Krol 2018, Draginic 2021]. Cata ro$lina wytwarza silny, cytrynowy aromat.
Surowcem farmakopealnym sg li$¢ (Melissae folium) i ziele (Melissae herba) pozyskiwane
na poczatku kwitnienia [Krél 2018]. Srednia zawarto$¢ olejku, bedacego gtownym
sktadnikiem surowca, wynosi od 0,1% do 0,3%, a jego gldownymi komponentami s3:
cytral, cytronelal, geranial, geraniol, neral, B-pinen, a-pinen i B-kariofilen. Surowce melisy
sg takze bogatym zrédlem kwasow fenolowych (rozmarynowy, kawowy, chlorogenowy),
flawonoidow (kwercetyna, luteolina), garbnikdéw, goryczy, saponin i soli mineralnych
[Nurzynska-Wierdak 2013, Petrisor i in. 2022]. Dzigki obecnos$ci metabolitow wtdrnych
znajduja one szerokie zastosowanie jako sktadniki réznorodnych lekéw, komercyjnych
preparatdw leczniczych i prozdrowotnych czy kosmetykow.

W medycynie tradycyjnej wielu krajow melisa jest rosling szczeg6lnie ceniong
ze wzgledu na wlasciwosci uspokajajace 1 przeciwdepresyjne, poprawiajace funkcje
poznawcze, dzialanie przeciwdrobnoustrojowe, rozkurczowe, przeciwnowotworowe,
przeciwzapalne oraz ogolnie wspomagajace prace ukladu nerwowego, sercowo-
naczyniowego 1 trawiennego [Draginic 1 in. 2021]. Gatunek ten znajduje takze
zastosowanie w farmakoterapii poczatkowych etapow choroby Azheimera, bdlach
reumatycznych i migrenowych oraz napigciowych bolach glowy [Moradkhani 2010].
Wymieniona powyzej aktywno$¢ oraz mozliwo$¢ wykorzystania ekstraktow z melisy
w prewencji 1 leczeniu schorzeh ukladu sercowo-naczyniowego wynika gltownie
z zawartych w surowcu substancji o wlasciwosciach antyoksydacyjnych, takich jak kwasy
fenolowe [Draginic i in. 2021]. Wiele badan in vitro wskazuje rowniez, ze wodne ekstrakty
z ziela melisy charakteryzuja si¢ wysoka aktywno$cia przeciwko wirusowi opryszczki
pospolitej typu 1 (HSV-1). Z kolei olejek eteryczny wykazuje dziatanie przeciwzapalne,
przeciwdrobnoustrojowe oraz przeciwutleniajace, a ze wzgledu na wlasciwosci sedatywne

znajduje szerokie zastosowanie w aromaterapii [Dobros 2017].
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Dziurawiec zwyczajny (Hypericum perforatum L.)

Dziurawiec zwyczajny jest jednym z najlepiej poznanych i najpopularniejszych
gatunkow w rodzinie dziurawcowatych (Hypericaceae). Jest rosling wieloletnia,
wystepujaca naturalnie w Europie Srodkowo-Wschodniej, Afryce Péhnocnej, Azji
1 Ameryce Poocnej [Crockett i Robson 2011, Shasmita i in. 2023]. Dziurawiec dorasta
do 60-100 cm wysokos$ci; posiada prosta, wzniesiong 1 rozgateziong w gornej czesci
todyge, na ktérej naprzeciwlegle ulozone sg calobrzegie, lancetowate liscie. Nazwa
dziurawca wskazuje na wyglad jego blaszek liSciowych, na ktéorych umiejscowione sg
zbiorniki olejkowe, widoczne w postaci charakterystycznych, przeswitujacych, niewielkich
plam. Kwitnie od czerwca do wrze$nia, wytwarzajac na szczytach pedow zoétte kwiaty,
zebrane w geste baldachogrona. Owocem jest torebka, zawierajgca drobne,
ciemnobrunatne nasiona o cylindrycznym ksztalcie i1 charakterystycznej, ce¢tkowanej
powierzchni [Gruszczyk 2018].

Surowcem leczniczym jest ziele dziurawca (Hyperici herba), zbierane w trakcie
kwitnienia, zawierajace nie mniej niz 0,08% zwigzkéw diantronowych w przeliczeniu
na hiperycyng. Wsrdd najwazniejszych komponentow w sktadzie chemicznym surowca
wyrdznia si¢ takze pochodne floroglucyny (gtéwnie hiperforyne), flawonoidy (hiperozyd,
kwercetyna, rutyna, kwercytryna, izokwercytryna), olejek eteryczny, garbniki katechinowe
oraz kwasy fenolowe (gtownie chlorogenowy i kawowy) [Zirak 1 in. 2019, Nobakht 1 in.
2022]. Bogaty sktad chemiczny tego gatunku warunkuje jego wielokierunkowe dziatanie
oraz globalne zastosowanie w lecznictwie. Pomimo szerokiej aktywnosci biologicznej,
popularno$¢ dziurawca wynika gtownie z jego ugruntowanej pozycji w leczeniu jednej
z najczescie] wystepujacych chordb cywilizacyjnych, jaka jest depresja — to plasuje go
w czoléwce najlepiej sprzedawanych roslinnych antydepresantow i suplementéw diety
[Barnes i in. 2018, Mullaicharam 1 Halligudi 2018, Nobakht i in. 2022]. W literaturze
naukowej podkresla si¢, ze dziurawiec stanowi jedyny roslinny zamiennik syntetycznych
lekoéw przeciwdepresyjnych o wysokiej skutecznosci [Agapouda i1 in. 2019]. Dodatkowo
gatunek ten znajduje szerokie =zastosowanie jako S$rodek przeciwdrobnoustrojowy,
przeciwutleniajacy, przeciwzapalny, przeciwbolowy oraz przeciwdzialajacy chorobom
neurodegeneracyjnym. Nalezy jednak podkresli¢, ze kierunek dziatania preparatéw z ziela
dziurawca uzalezniony jest od sposobu ich przygotowania. Do najczesciej stosowanych
naleza wyciagi alkoholowe, ktoére wplywaja korzystnie na funkcjonowanie uktadu

nerwowego — oprocz wymienionych wiasciwosci przeciwdepresyjnych, tagodza stany
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napigcia i wyczerpania nerwowego oraz utatwiajg zasypianie. Aktywnos¢ ta przypisywana
jest wspotdziataniu kilku substancji bioaktywnych, w tym gtownie flawonoidow oraz
hiperycyny i1 hyperforyny. Dziatanie fotouczulajgce hiperycyny na promieniowanie
ultrafioletowe jest dodatkowo wykorzystywane w dermatologii, w leczeniu bielactwa
1 luszczycy oraz terapii fotodynamicznej nowotwordéw, zwlaszcza skory. Z kolei ekstrakty
wodne i olejowe z ziela dziurawca zawieraja gtownie garbniki i flawonoidy o dzialaniu
antyseptycznym 1 $ciggajacym. Z tego wzgledu stosowane sg glownie zewnetrznie jako
srodki wspomagajace leczenie ran i oparzen skory, podraznien i standw zapalnych oraz
nerwobolow. Dodatkowo, z uwagi na dzialanie przeciwzapalne, zolciopgdne
1 poprawiajace trawienie, moga by¢ one rowniez stosowane wewnetrznie w zaburzeniach
zoladkowo-jelitowych [Zirak i in. 2019, Rizzo 1 in. 2020, Dong i in. 2021, Nobakht 1 in.
2022, Shasmita i in. 2023].

Glistnik jaskolcze ziele (Chelidonium majus L.)

Glistnik jaskotcze ziele jest gatunkiem synantropijnym, nalezacym do rodziny
makowatych (Papaveraceae). Wystgpuje pospolicie na terenie calego kraju oraz
we wszystkich rejonach Europy 1 Azji. Jest byling o rozgatezionym pokroju, osiagajaca
wysoko$¢ od 50 do 100 cm. Na charakterystycznej, pustej w przekroju todydze glistnika
znajduja si¢ pierzastosieczne liscie o wcigtych lub karbowanych brzegach 1 jasnozielonej
barwie. Blaszki liSci odziomkowych s3 duze, ogonkowe 1 zebrane w rozete; liscie
lodygowe sa niewielkie 1 siedzace. Glistnik jaskotcze ziele kwitnie od kwietnia
do pazdziernika 1 posiada promieniste, zottopomaranczowe kwiaty, zebrane
w baldaszkowate kwiatostany. Owocem jest wydluzona, wielonasienna torebka
zawierajaca ciemnobrazowoczarne, btyszczace 1 opatrzone w elajosomy nasiona
o jajowatym ksztatcie. Wszystkie organy tego gatunku zawieraja duze ilosci
z6ttopomaranczowego soku mlecznego (lateksu), wykorzystywanego powszechnie
w medycynie w leczeniu kurzajek, odciskow, egzemy, zakazen grzybiczych i innych
schorzen skornych [Arora i Sharma 2013, Zielifiska 1 in. 2018, Dumitru i Ganescu 2022,
Borges 1 in. 2024].

Gléwnym surowcem farmakopealnym, dla ktérego uprawiany jest glistnik jaskotcze
ziele jest pozyskiwany jesienig korzen (Chelidonii radix), zawierajacy do 3% alkaloidow
izochinolinowych. W grupie alkaloidow glistnika zidentyfikowano okoto 30 zwigzkow,

wsrdod ktorych dominujagcymi sg: chelidonina, chelerytryna, sangwinaryna, berberyna
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1 koptyzyna. Oproécz alkaloidow, w korzeniu znajduja si¢ takze saponiny, flawonoidy,
kwasy fenolowe, garbniki, karotenoidy oraz kwasy organiczne. Drugim surowcem
leczniczym sg kwitngce, ulistnione szczyty pedow glistnika (Chelidonii  herba),
zawierajace nie mniej niz 0,6% sumy alkaloidéw w przeliczeniu na chelidoning. Ziele
glistnika jest glownie zrodtem alkaloidéw 1 flawonoidow. Ze wzglgdu na dziatanie
z6lciopedne, rozkurczowe 1 przeciwwrzodowe, surowce glistnika oraz ich wyciagi
najczesciej wchodzag w sktad preparatow stosowanych w leczeniu schorzen oraz
dolegliwosci ze strony przewodu pokarmowego i1 drog zotciowych. Surowce pozyskiwane
z glistnika wykazuja aktywno$¢ przeciwbakteryjng, przeciwgrzybiczng i przeciwwirusowa
oraz immunomodulujgca, przeciwzapalng i przeciwbolowa. Stwierdzono takze stabe
dziatanie uspokajajace oraz tagodzace wstrzas anafilaktyczny [Gilca 1 in. 2010, Arora
1 Sharma 2013, Zielinska 1 in. 2018, Dumitru i Ganescu 2022]. Ze wzgledu na zawarto$¢
alkaloidéw izochinolinowych, ekstrakty z glistnika jaskotczego ziela wykazuja potencjat
przeciwnowotworowy poprzez silne dziatanie antyoksydacyjne, antyproliferacyjne,
proapoptotyczne i cytotoksyczne na niektore linie komoérek nowotworowych [Nadova i in.
2008, Yun i in. 2021].

Bioragc pod uwage powyzsze informacje, w ramach niniejsze] pracy
przeanalizowano wplyw dolistnej lub doglebowej aplikacji wybranych zwigzkéw
chemicznych (mleczan chitozanu, kwas salicylowy, selenin sodu), reprezentujacych rézne
typy elicytoréw, na wybrane parametry fizjologiczne oraz metabolizm wtdrny trzech
waznych gospodarczo gatunkoéw roslin leczniczych: melisy lekarskiej, dziurawca
zwyczajnego 1 glistnika jaskolczego ziela w warunkach in vivo. Okre§lono réwniez wplyw
aplikowanych substancji na poziom stresu oksydacyjnego i odpowiedz antyoksydacyjng
ro$lin jako procesow, ktore moga stanowi¢ wspolne podloze dla indukcji szlakow
biosyntezy metabolitow wtornych nalezacych do roznych, charakterystycznych

dla analizowanych gatunkoéw roslin, klas zwigzkow chemicznych.
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Hipoteza i cel badan

Hipoteza badawcza

W ramach weryfikowanej hipotezy badawczej przyjgto, ze egzogenna aplikacja
substancji o charakterze elicytorow wplywa pozytywnie na biosyntez¢ i akumulacje
metabolitow wtoérnych w roslinach leczniczych oraz indukuje zmiany homeostazy redoks

w komorkach.

Cel badan

Celem badan bedacych przedmiotem rozprawy doktorskiej byla ocena wpltywu
substancji nalezacych do réznych typdéw elicytorow chemicznych (mleczan chitozanu,
selenin sodu, kwas salicylowy) na akumulacje wybranych metabolitow wtérnych
o potwierdzonym potencjale terapeutycznym, charakterystycznych dla badanych gatunkoéw
roslin leczniczych: melisy lekarskiej (Melissa officinalis L.) (P2), dziurawca zwyczajnego
(Hypericum perforatum L.) (P3) oraz glistnika jaskotczego ziela (Chelidonium majus L.)
(P4). Analizowano takze oddziatywanie aplikowanych zwigzkéw na poziom stresu
oksydacyjnego oraz odpowiedz antyoksydacyjng roslin jako zjawisk, ktére potencjalnie
moga stanowi¢ wspdlne podtoze biologiczne dla indukcji szlakéw biosyntezy metabolitow

wtornych nalezacych do zréznicowanych klas chemicznych.

W celu weryfikacji postawionej hipotezy badawczej wyodrebniono nastepujace
cele szczegotowe, ktore realizowano kolejno w odniesieniu do poszczegdlnych gatunkow
roslin leczniczych:

1) Wyznaczenie optymalnych stezen stosowanych substancji dla indukcji

metabolizmu wtérnego roslin w zaleznosci od rodzaju elicytora chemicznego.

2) Okreslenie zmian poziomu metabolitow wtornych w czasie 4-10 dni
po aplikacji zwiazkow elicytujacych w celu wyznaczenia minimalnego czasu
wymaganego do ich maksymalnej akumulacji w tkankach.

3) Ocena zalezno$ci pomigdzy poziomem akumulacji produktoéw metabolizmu
wtornego, a zmianami fizjologicznymi oraz nat¢zeniem stresu oksydacyjnego

w tkankach ros$linnych.
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Materialy i metody

Przygotowanie roztworow elicytorow

Optymalizacji stezen wodnych roztworéw badanych elicytorow do dalszych
eksperymentéw dokonano na podstawie dostepnych danych literaturowych oraz wynikoéw
przeprowadzonych badan wstgpnych. Do doswiadczen wytypowano nastepujace roztwory:
mleczan chitozanu — ChL (stopien deacetylacji: 80-95%; Heppe Medical Chitosan,
Niemcy) o stezeniu 100 mg/L, selenin sodu — Se (Na2SeOs; % 5 H>O; Fluka, Szwajcaria)
o stezeniu 10 mg/L 1 kwas salicylowy — SA (PoCH, Polska) o stezeniu 150 mg/L.
Roztwory przygotowano poprzez rozpuszczenie badanych substancji w wodzie
destylowanej. Bioragc pod uwagg ograniczong penetracje elicytorow przez kutykule,
w przypadku roztwordéw przeznaczonych do oprysku roslin (P2, P3) wszystkie kombinacje
roztworéw, w tym takze woda destylowana stosowana do oprysku roslin kontrolnych,
zostaty wzbogacone w $rodek zmniejszajacy napiecie powierzchniowe (0,02% Tween®20,
Sigma-Aldrich, USA). Roztwory aplikowane doglebowo (P4) przygotowano analogicznie,
jednak bez dodatku Tween®20.

Uprawa roslin i uklady eksperymentalne

Melissa officinalis L. (P2)

Nasiona M. officinalis (PNOS, Ozarow Mazowiecki) wysiano po 25 sztuk
do plastikowych doniczek o pojemnosci 0,5 L, wypelionych podlozem uniwersalnym
(pH 5,5-6,5; Kronen). Nastepnie spryskano je woda destylowang 1 pozostawiono
do wykielkowania w kontrolowanych warunkach laboratoryjnych. Eksperyment
prowadzono w klimatyzowanym fitotronie wyposazonym w lampy LED, przy 14 h
fotoperiodzie i temperaturze 26°C/22°C (dzien/noc) oraz 60-65% wilgotnosci wzgledne;.
Gestos$¢ strumienia fotondw, na poziomie wierzchotkéw roslin, wynosita okoto 250-300
pumol m? s, Po 3 tygodniach od wysiewu nasion, siewki M. officinalis przepikowano tak,
aby w kazdej z doniczek znajdowato si¢ po 8 roslin o podobnych rozmiarach i cechach
morfologicznych.

Po 6 tygodniach od wysiewu nasion rosliny opryskano roztworami testowanych
elicytorow. Zastosowano nastgpujagce kombinacje doswiadczalne, z czterema

powtorzeniami w kazdej z nich: kontrola (woda destylowana), 100 mg/L ChL, 10 mg/L Se,
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150 mg/L SA oraz mieszanina ChL+Se+SA w proporcji 1:1:1. Elicytory aplikowano przy
pomocy atomizera, w objetosci 10 mL na doniczke, zapewniajacej pelne i rOwnomierne
wysycenie blaszek lisciowych. Zrdznicowany schemat oprysku zastosowano dwukrotnie
w dwudniowym odstepie. Podczas wegetacji rosliny podlewano regularnie wodag
wodociggowq.

W pozyskanych w 4., 6., 8. 1 10. dniu elicytacji probkach materiatu ro$linnego
przeprowadzono analizy biochemiczne (identyfikacja 1 analiza ilosciowa wybranych
metabolitow wtornych, oznaczenia calkowitej zawartosci zwigzkéw polifenolowych
i flawonoidow, poziom peroksydacji lipidow, akumulacja H>O,, zdolno$¢ ekstraktow
do redukcji rodnika DPPH, aktywno$¢ enzyméw antyoksydacyjnych), histochemiczne
(wizualizacja H2O2 1 O w liSciach), fizjologiczne (zawartos¢ barwnikéw

fotosyntetycznych, fluorescencja chlorofilu a) 1 biometryczne (sucha masa pedow).

Hypericum perforatum L. (P3)

Nasiona H. perforatum (PNOS, Ozaréw Mazowiecki) wymieszano w plastikowym
pojemniku z wilgotnym podtozem w stosunku 1:10 i stratyfikowano przez 9 tygodni
w temperaturze 5 °C. Przygotowany w ten sposOb material umieszczono na tacy
do wysiewu nasion i pozostawiono do wykietkowania w klimatyzowanym fitotronie pod
lampami LED o gesto$ci strumienia fotonéw w zakresie 170-200 pmol m™ s’
Do$wiadczenie prowadzono przy 16 h fotoperiodzie, temperaturze 25 °C/22 °C (dzien/noc)
1 60-65% wilgotnosci wzglednej. Po 6 tygodniach od wysiewu nasion, przesadzono
po 10 roslin H. perforatum do wypelionych podtozem doniczek o pojemnosci 0,5 L.
Do stratyfikacji, kietkowania nasion oraz p6zniejszej uprawy roslin wykorzystano podtoze
przygotowane poprzez wymieszanie ziemi uniwersalnej COMPO BIO (pH 6,0; Kronen)
z piaskiem w stosunku 3:1.

Po 12 tygodniach od wysiewu nasion dokonano pierwszego oprysku roslin
roztworami badanych zwigzkow. Wyodrebniono pig¢ kombinacji doswiadczalnych
z czterema powtdrzeniami kazdej z serii: kontrola (woda destylowana), 100 mg/L ChL,
10 mg/L Se, 150 mg/L SA oraz mieszanina ChL+Se+SA w proporcji 1:1:1. Roztwory
aplikowano za pomocg atomizera, w objetosci 10 mL na doniczke. Zgodnie
ze zroznicowanym schematem doswiadczenia, elicytory stosowano dwukrotnie
w trzydniowym odstgpie. Podczas wegetacji ro$liny podlewano regularnie woda

wodociggowa.
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W pozyskanych w 5., 8. i 10. dniu elicytacji probkach materialu roslinnego
przeprowadzono analizy biochemiczne (identyfikacja i oznaczenie zawarto$ci wybranych
metabolitow wtornych, catkowita zawarto$¢ polifenoli 1 flawonoidéw, aktywnosc
antyoksydacyjna ekstraktow, aktywnos$¢ enzymoéw antyoksydacyjnych, zawartos¢ wolnej
proliny), histochemiczne (wizualizacja H2O2 1 Oz w lisciach), fizjologiczne (zawarto$§¢
barwnikéw fotosyntetycznych, fluorescencja chlorofilu a) i biometryczne ($wieza masa

pedow).

Chelidonium majus L. (P4)

Nasiona C. majus (HORTICO S.A.) wysiano po 25 sztuk do plastikowych doniczek
o pojemnosci 0,5 L, wypetionych podlozem uniwersalnym COMPO BIO (pH 6,0;
Kronen), a nastgpnie spryskano woda destylowang i pozostawiono do wykietkowania.
Eksperyment prowadzono w klimatyzowanym fitotronie, wyposazonym w lampy LED
(gesto$¢ strumienia fotonéw na poziomie wierzchotkéw roslin 170-200 pmol m? s;
temperatura 26/22 °C dzien/noc; wilgotnos¢ wzgledna 60-65%), poczatkowo przy
fotoperiodzie 14/10 h, a nastgpnie 16/8 h (dzien/noc). Po 3 tygodniach rosliny
przepikowano tak, aby w kazdej z doniczek znajdowalo si¢ po 8 podobnie rozwinigtych
siewek. Podczas kielkowania nasion 1 wzrostu roslin regularnie podlewano je odpowiednig
objetoscig wody. Po 5 tygodniach fotoperiod wydtuzono do 16 h, a rosliny podlano taka
samg objetoscig pozywki Hoagland’a [Hoagland i Arnon 1950].

Po 10 tygodniach od wysiewu nasion dokonano zréznicowania do$wiadczenia.
Ze wzgledu na silnie hydrofobowa powierzchni¢ lisci C. majus, roztwory elicytorow
wprowadzono doglebowo w objetosci 30 mL na doniczke. Zastosowano cztery kombinacje
eksperymentalne, z czterema powtdrzeniami w kazdej serii: kontrola (woda destylowana),
100 mg/L ChL, 10 mg/L Se i 150 mg/L SA. Podczas wegetacji rosliny podlewano co 2-3
dni woda wodociaggow3.

Pozyskane w 4., 7. 1 10. dniu elicytacji probki materialu roslinnego poddano
analizom biochemicznym (identyfikacja i oznaczenie zawartosci wybranych alkaloidow,
catkowita zawarto$¢ zwigzkow polifenolowych i1 flawonoidow, zdolno$¢ ekstraktow
do redukcji rodnika DPPH, aktywno$§¢ wybranych enzymow antyoksydacyjnych,
zawartos¢ wolnej proliny), histochemicznym (wizualizacja H2O0, 1 O w lisciach),
fizjologicznym (zawarto$¢ barwnikow fotosyntetycznych, fluorescencja chlorofilu @) oraz

biometrycznym ($wieza masa pedow).
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Oznaczenie zawartosci wybranych metabolitow wtornych (P2, P3, P4)

Przygotowanie ekstraktow roslinnych do analiz laboratoryjnych

Tab. 1. Parametry ekstrakcji badanych surowcow roslinnych

Terminy Rodzaj i ilos¢ Parametry
Gatunek Charakterystyka | zbioru Nawazka | rozpuszczalnika | ekstrakcji (rodzaj
rosliny surowca (dzien uzytego do i charakterystyka)
elicytacji) ekstrakcji
Melissa liscie, wysuszone | 4,6,8,10 | 50 mg metanol 80% Ekstrakcja
officinalis do statej masy (v/v), 2 mL ultradzwickowa
(P2) w temperaturze (Sonic-3,
pokojowe;j; Polsonic),
zmielone temperatura
w miynku pokojowa, 15 min.
laboratoryjnym
Hypericum liscie, wysuszone | 5,8, 10 200 mg metanol 80% Ekstrakcja
perforatum do statej masy (v/v), 5mL ultradzwickowa
(P3) w temperaturze (Sonic-3,
pokojowej; Polsonic);
zmielone temperatura
w porcelanowym pokojowa, 30 min.
mozdzierzu
Chelidonium | ziele, wysuszone | 4,7, 10 750 mg metanol 100%, Ekstrakcja przy
majus (P4) do statej masy 22 mL uzyciu Accelerated

W temperaturze
pokojowe;j;
zmielone

w porcelanowym
mozdzierzu

Solvent Extractor
(Dionex ASE 350,
Thermo Scientific);
stalowa  komora
ekstrakcyjna,
temperatura 80 °C,
15 min. pod statym
ci$nieniem 1500
psi

Analiza jakosciowa i iloSciowa metabolitow wtérnych (P2, P3, P4)

Ekstrakty z lisci M. officinalis (P2) analizowano metodg ultrawysokosprawnej

chromatografii cieczowej (UHPLC) przy uzyciu systemu Infinity Series II, potaczonego

z detektorem spektrofotometrycznym (DAD) oraz detektorem masowym Agilent 6224
ESI/TOF (Agilent Technologies, Santa Clara, CA, USA). Rozdziat chromatograficzny

przeprowadzono w temperaturze 30 °C, a szybko$¢ przeplywu fazy ruchomej wynosita

0,2 mL/min. Szczegdélowy opis metody oraz warunkow separacji przedstawiono w pracy
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Stasinska-Jakubas i in. [2023]. Analiza ilo$ciowa zidentyfikowanych zwigzkéw zostata
przeprowadzona z wykorzystaniem krzywych kalibracyjnych sporzadzonych dla kwasu
rozmarynowego, kwasu litospermowego, kwasu salwianolowego A, kwasu kaftarowego
1 kwasu kawowego (Sigma-Aldrich, USA).

Metabolity wtorne w ekstraktach z lisci H. perforatum (P3) analizowano za pomoca
wysokosprawnej chromatografii cieczowej (HPLC) z uzyciem systemu VWR Hitachi Elite
LaChrom, wyposazonego w detektor diodowy i1 oprogramowanie EZChrom Elite (Merck,
Darmstadt, Niemcy), zgodnie z metodyka opisang przez Dreslera i in. [2018].

Alkaloidy w ekstraktach C. majus (P4) oznaczono zgodnie z metoda opisang
w pracy Wojciak-Kosior i in. [2019], przy uzyciu chromatografu VWR Hitachi
Chromaster 600 z detektorem spektrofotometrycznym (DAD) oraz oprogramowaniem
EZChrom Elite (Merck). Zwigzki w ekstraktach roslinnych identyfikowano przez
porownanie ich czasow retencji 1 widm UV-Vis z odpowiednimi materiatami
referencyjnymi. Analize iloSciowa przeprowadzono przy nastepujacych dhugosciach fal:
A=288 nm dla protopiny, allokryptopiny i chelidoniny, A=357 nm dla koptyzyny,
A=327 nm dla sangwinaryny, A=344 nm dla berberyny oraz A=268 nm dla chelerytryny.

Ogolna zawartos¢ zwiazkéw fenolowych (P2, P3, P4)

Ogo6lng zawartos¢ zwigzkow fenolowych w badanych ekstraktach roslinnych
oznaczono metoda spektrofotometryczng z wykorzystaniem odczynnika Folina-Ciocalteau
[Wang 1 in. 2011]. Do probdéwek pipetowano po 1,9 mL wody destylowanej, 1 mL
odczynnika F-C oraz 50 pL badanego ekstraktu. Otrzymang w ten sposoéb mieszaning
reakcyjng mieszano przy uzyciu mikrowytrzgsarki. Po uptywie 5 minut dodano 3 mL
nasyconego roztworu Na;COs i ponownie wymieszano. Nastgpnie probki inkubowano
przez 30 minut w temperaturze 40°C. Absorbancje roztworéw zmierzono
spektrofotometrycznie przy diugosci fali A=756 nm (Cecil CE 9500, Cecil Instruments,
Cambridge, UK). Ogo6lng zawarto$¢ zwigzkoéw fenolowych odczytano z krzywej

standardowej sporzadzonej dla kwasu galusowego.

Zawartos$¢ rozpuszczalnych flawonoli (P2, P3, P4)

Ogo6lng zawarto$¢ flawonoli w ekstraktach oznaczono wedtug uproszczonej metody

Christa-Miillera [Farmakopea Polska V, 1999], opartej na ich zdolnosci do tworzenia
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kompleksowych potaczen z jonami glinu. Do probéwek pipetowano po 450 uL 80%
metanolu, 750 pL 2% AICls oraz 300 pL badanego ekstraktu, a nastgpnie wymieszano przy
uzyciu mikrowytrzasarki. Roztwory umieszczono w zacienionym miejscu w temperaturze
pokojowej. Po uptywie 30 minut zmierzono ich absorbancj¢ przy dtugosci fali A=425 nm
(Cecil CE 9500, Cecil Instruments, Cambridge, UK). Koncentracj¢ flawonoli odczytano

z krzywej standardowej sporzadzonej dla rutyny.

Oznaczanie wybranych parametrow statusu oksydacyjnego roslin

Poziom peroksydacji lipidow (P2, P3, P4)

Poziom peroksydacji lipidow oszacowano na podstawie stezen substancji
reagujacych z kwasem tiobarbiturowym (TBARS). Do oznaczen stosowano
zmodyfikowana metode Heatha i Packera [1968], wykorzystywana do oceny peroksydacji
lipidow blon komorkowych, ktorej produktem ubocznym jest dialdehyd malonowy. Prébki
swiezego materiatu roslinnego (0,5 g) pobierano w dniu likwidacji eksperymentu (po 10
dniach od pierwszej aplikacji elicytoréw), z trzeciej pary liSci wiasciwych liczac
od wierzchotka wzrostu (P2, P3) lub ze $rodkowej czgéci pedu (P4). Probki rozcierano
z 4,5 mL 0,1% kwasu trichlorooctowego (TCA) 1 wirowano (10 minut, 10 000 rpm).
Nastegpnie do 1 mL supernatantu dodawano 4 mL 20% TCA zawierajacego 0,5% kwasu
tiobarbiturowego (TBA). Aby zapobiec powstawaniu TBARS podczas reakcji, roztwor
TCA+TBA wzbogacono butylowanym hydroksytoulenem (BHT). Uzyskane mieszaniny
reakcyjne ogrzewano w tazni wodnej przez 30 minut w temperaturze 95 °C, a nastgpnie
szybko schtodzono w lodzie i ponownie zwirowano (10 minut; 10 000 rpm). Absorbancje
roztworow zmierzono przy dtugosciach fal A=532 nm 1 A=600 nm (Cecil CE 9500, Cecil
Instruments, Cambridge, UK). Stezenie TBARS obliczono na podstawie molowego

wspotczynnika absorbancji kompleksu TBARS-TBA wynoszacego e=155 mM™! cm™.

Stezenie nadtlenku wodoru (P2, P3, P4)

Zawarto$¢ nadtlenku wodoru (H202) w liSciach badanych gatunkéw roslin
okreslono za pomoca metody Jena i Choudhuri [1981]. Probki $wiezego materialu
roslinnego (0,25 g) homogenizowano w 3 mL 50 mM buforu fosforanowego o pH 6,5

w temperaturze 4 °C, a nastgpnie wirowano (30 minut; 6 000 rpm). W celu przygotowania
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mieszaniny reakcyjnej, do probéwek pipetowano po 1,5 mL supernatantu i 0,5 mL 0,1%
ditlenku tytanu (TiO2) w 20% H2SOs4 i ponownie wirowano (15 minut; 6 000 rpm).
Intensywnos$¢ zottego zabarwienia supernatantu zmierzono spektrofotometrycznie przy
dtugosci fali A=410 nm (Cecil CE 9500, Cecil Instruments, Cambridge, UK). Stezenie

H,0: obliczono uwzgledniajac jego molowy wspétczynnik absorbancji (6=0,28 uM™! cm™).

Aktywnos$¢ enzyméw antyoksydacyjnych (P2, P3, P4)

Probki swiezego materiatu ro§linnego (250 mg) pobierano z trzeciej i czwartej pary
lisci whasciwych liczac od wierzchotka wzrostu (P2, P3) lub ze srodkowej czgéci pedu
(P4). Probki homogenizowano w 0,05 M buforze fosforanowym o pH 7,0 (oznaczenie
aktywnosci katalazy (CAT) 1 peroksydazy gwajakolowej (GPOX)) lub w 0,1 M buforze
fosforanowym o pH 6,0 zawierajacym kwas etylenodiaminotetraoctowy (EDTA),
poliwinylopirolidon (PVP) oraz askorbinian sodu (oznaczanie aktywno$ci peroksydazy
askorbinianowej (APOX)). Otrzymane supernatanty wirowano przy predkosci 10 000 rpm
(10 minut, 4 °C). Aktywno$¢ enzymow oznaczono spektrofotometrycznie (Cecil CE 9500,
Cecil Instruments, Cambridge, UK). Do pomiaru aktywnosci CAT wykorzystano metode
Golan 1 1n. [2013]. Absorbancj¢ probek mierzono przy dlugosci fali A=240 nm,
a aktywnos$¢ CAT obliczano wykorzystujac molowy wspotczynnik absorbancji (€=0,036
mM™! cml). Aktywnos¢ GPOX okreé§lono na podstawie zmodyfikowanej metody
Malolepszej 1 in. [1994]. Absorbancj¢ probek odczytywano przy dtugosci fali A=480 nm
przez 4 minuty w odstgpach 1-minutowych. Aktywnos¢ APOX oznaczono metoda
opracowang przez Nakano 1 Asada [1981]. Utlenianie askorbinianu mierzono przy dlugosci

fali A=290 nm przez 5 minut w odstepach 1-minutowych.

Wizualizacja reaktywnych form tlenu w tkankach lisci (P2, P3)

Histochemicznej detekcji H2O2 1 Oz dokonano z wykorzystaniem metody Kumar
1 in. [2014] przy wuzyciu odpowiednio 3,3'-diaminobenzydyny (DAB) i biekitu
nitrotetrazoliowego (NBT). Roztwory do barwienia przygotowywano bezposrednio przed
ich wykorzystaniem. DAB (1mg/mL) rozpuszczano w wodzie destylowanej przy pH 3.8
na mieszadle magnetycznym az do uzyskania klarownego roztworu. Z kolei 0,2% roztwor
NBT uzyskano rozpuszczajac NBT w 50 mM buforze fosforanowym (pH 7,5). Cate liscie

delikatnie pobierano z trzeciej lub czwartej pary liSci wlasciwych liczac od wierzchotka
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wzrostu (P2, P3) lub ze srodkowej czgsci pedu (P4). Nastgpnie umieszczano je na szalkach
Petri’ego z roztworami barwigcymi i pozostawiono w ciemnosci na minimum 24 godziny
w temperaturze pokojowej. Po uplywie tego czasu, liscie wyplukano 1 usunigto
z nich chlorofil zanurzajac w 96% goracym etanolu. Reaktywne formy tlenu
zidentyfikowano na podstawie charakterystycznego dla poszczegdlnych reakcji
zabarwienia — w pozbawionych chlorofilu tkankach H>O» widoczny jest w postaci
bragzowych przebarwien powstalych w wyniku jego reakcji z DAB, natomiast NBT
w reakcji z O2 " ulega redukcji tworzac nierozpuszczalny formazan o ciemnoniebieskiej

barwie.

Aktywnos$¢ antyoksydacyjna metoda redukcji rodnika DPPH (P2, P3, P4)

Aktywnos$¢ antyoksydacyjng ekstraktow roslinnych okre§lono metoda redukcji
syntetycznego rodnika DPPH  (1,1-difenylo-2-pikrylohydrazyl). W tym celu
do kuwet spektrofotometrycznych pipetowano po 2 mL 200 puM roztworu DPPH
w metanolu oraz 15 pL (P2), 50 puL (P3) lub 100 pL (P4) badanego ekstraktu
metanolowego 1 wymieszano. Zréznicowana objetos¢ ekstraktow umozliwita uchwycenie
réznic w ich zdolno$ci do redukcji DPPH. Réwnolegle przygotowano probe kontrolng
(A0), w ktorej wyciag roslinny zastapiono taka samag objetosciag 80% (P2, P3) lub 100%
(P4) metanolu. Po 15 minutach od dodania ekstraktu dokonano pomiaru absorbancji
roztwordw przy dtugosci fali A=517 nm (Cecil CE 9500, Cecil Instruments, Cambridge,
UK). Zdolnos¢ ekstraktow do redukcji DPPH obliczono wedlug nastepujacego wzoru
[Molyneux 2004]:

% redukcji DPPH = 100 X (Ao — Ais5) / Ao
gdzie:

Ao — wartos¢ absorbancji proby kontrolnej
As— wartos¢ absorbancji po 15 minutach od dodania proby badanej

Oznaczanie parametrow biometrycznych i fizjologicznych

Sucha (P2) i Swieza (P3, P4) masa pedow

W dniu likwidacji eksperymentu zebrano po trzy pedy melisy lekarskiej z kazdej
z doniczek (9 roslin z kazdej serii) 1 wysuszono je w temperaturze pokojowej. Nastgpnie

okreslono ich mas¢ przy pomocy wagi laboratoryjnej. Wyniki wyrazono w gramach
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na ro$ling (P2). Swieza masg peddéw dziurawca i glistnika jaskotcze ziele okreslono w dniu
likwidacji eksperymentu. Pedy ros§lin w kazdej z doniczek odcigto kilka milimetrow
nad powierzchnig podtoza i zwazono. Wyniki wyrazono w gramach na doniczk¢ (P3)

lub w gramach na rosling (P4).

Wybrane parametry fluorescencji chlorofilu a (P2, P3, P4)

Wskazniki fluorescencji chlorofilu a mierzono z wykorzystaniem przeno$nego
fluorymetru Handy-PEA (Hansatech Instruments, Japan). Oznaczono nast¢pujace
parametry: Fo — fluorescencj¢ minimalng, Fn — fluorescencje¢ maksymalng
oraz F\/Fm — stosunek fluorescencji zmiennej do fluorescencji maksymalnej, uwazany
za nieinwazyjny i najbardziej wiarygodny wskaznik maksymalnej wydajnosci kwantowe;j
fotosystemu PSII po adaptacji w ciemnos$ci [Murchie i Lawson 2013]. Fragmenty blaszek
lisSciowych zaciemniano przy pomocy specjalnych klipséw. Po uptywie 15 minut

dokonywano pomiaru i odczytu analizowanych wartosci.

Zawarto$¢ barwnikow fotosyntetycznych (P2, P3, P4)

Zawartos¢ barwnikow fotosyntetycznych (chlorofilu @ 1 b oraz karotenoidow)
oznaczono metodg Lichtenthaler 1 Wellburn [1983]. Material ro§linny do analiz pobierano
z trzeciej pary lisci liczac od wierzchotka wzrostu (P2, P3) lub ze srodkowej czegsci pedu
(P4) 1 wazono. W celu ekstrakcji barwnikow, proby rozcierano w mozdzierzu z dodatkiem
80% acetonu. Powstaly homogenat przenoszono ilosciowo na saczek sprzezony z pompa
prozniowa, a nastepnie przemywano niewielkimi iloSciami acetonu. Otrzymany ekstrakt
przenoszono do kolb miarowych i uzupeliano roztworem acetonu do objgtosci 25 mL.
Absorbancje badanych roztwordw mierzono przy trzech dlugosciach fal: A=663 nm,
A=646 nm oraz A=470 nm (Cecil CE 9500, Cecil Instruments, Cambridge, UK). Stezenie
poszczeg6lnych barwnikow fotosyntetycznych wyliczono na podstawie ponizszych

wzoréw, a nastepnie przeliczono na mg g'!' $wiezej masy lisci:

C chiorofita = ((12,21 % Agez — 2,81 X Agas ) X 25) / (m x 1000)

C chiorofit b= ((20,13 x Asa6 — 5,03 X Agez ) x 25) / (m % 1000)

C karotenoidy — ((1000 X A470 - 3,27 xC chlorofila — 104 x C chlorofil b ) / 227) / (m X 1000)
gdzie:

A — absorbancja roztworu przy danej dlugosci fali

m — masa probki wyrazona w gramach
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Akumulacja wolnej proliny (P3, P4)

Zawarto$¢ proliny w liSciach H. perforatum 1 C. majus o0znaczono
standardowg metoda Bates i in. [1973]. Okoto 0,5 g materialu ro§linnego homogenizowano
w 10 mL 3% wodnego roztworu kwasu sulfosalicylowego, a homogenat przesaczono przez
saczki jakosciowe Whatman’a (typ 42). Do probowek pipetowano po 2 mL przesaczu,
2 mL kwasnej ninhydryny i 2 mL lodowatego kwasu octowego, a nastgpnie umieszczono
w tazni wodnej w temperaturze 100 °C. Po godzinie reakcj¢ zatrzymano poprzez
schlodzenie probowek. Nastepnie mieszaning reakcyjng ekstrahowano z 4 mL toluenu
intensywnie mieszajac. Faze toluenowa oddzielano od fazy wodnej i1 odczytano jej
absorbancje przy dlugosci fali A=520 nm. St¢zenie proliny obliczono na podstawie krzywe;j

standardowej sporzadzonej dla czystej proliny i przeliczono na §wieza masg.

Analiza statystyczna (P2, P3, P4)

Eksperymenty przeprowadzono w catkowicie losowym ukladzie. Wyniki dotyczace
stezen metabolitow 1 aktywno$ci antyoksydacyjnej ekstraktow z lisci M. officinalis
1 H. perforatum (P2, P3) poddano dwuczynnikowej analizie wariancji (ANOVA), w ktorej
glownymi czynnikami byly rodzaj elicytora i czas jego oddziatywania. Wyniki analizy
statystycznej tych danych przedstawiaja wptyw czynnikow gléwnych oraz zachodzace
pomiedzy nimi interakcje. Pozostale dane, dotyczace parametrow biometryczno-
fizjologicznych poddano jednoczynnikowej analizie wariancji, aby oceni¢ jedynie reakcje
ro$lin na zastosowanie elicytorow w dniu likwidacji eksperymentu. Istotno$¢ rdznic
oceniono przy uzyciu testu Tukeya przy p < 0,05. Wszystkie dane liczbowe z analiz
laboratoryjnych przeprowadzonych na C. majus (P4) poddano jednoczynnikowej analizie
wariancji (ANOVA) 1 analizie post hoc przy uzyciu testu NIR Fischer’a przy p < 0,05,
aby bezposrednio oceni¢ reakcje roslin na zastosowane elicytory.

Do analizy statystycznej danych wykorzystano oprogramowanie Statistica ver. 13.3
(TIBCO Software Inc. 2017, USA) (P2, P3, P4). Wartosci procentowe znormalizowano
za pomocy transformacji katowej Blissa przed dokonaniem analizy wariancji (P2, P3, P4).
Mape cieplng stworzono przy uzyciu programu Microsoft Excel (2010) na podstawie

danych standaryzowanych (P2).
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Omowienie wynikow

Metabolity wtorne zidentyfikowane w ekstraktach z badanych gatunkow
roslin leczniczych
W metanolowych ekstraktach roslinnych zidentyfikowano i oznaczono zawarto$¢

poszczegbdlnych zwigzkdéw nalezacych do réznych klas metabolitow, charakterystycznych

dla sktadu chemicznego badanych gatunkéw roslin (Tab. 2).

Tab. 2. Metabolity wtorne zidentyfikowane w ekstraktach metanolowych z lisci M. officinalis
i H. perforatum oraz z ziela C. majus

Melisa lekarska (Melissa officinalis L.) (P2)

kwas rozmarynowy HO o~ 5
glukozyd kwasu rozmarynowego HO™ SN ‘f'o"‘['JL‘OH
kwas litOSpermowy kwas rozmarynowy ’ \I:; H’IOH
Kwasy kwas salwianolowy oM
fenolowe pochodna kwasu salwianolowego C crey’ .
kwas kaftarowy o i o B
glukozyd kwasu kaftarowego . L™
kwas kaWOWY was litospermowy OH
Dziurawiec zwyczajny (Hypericum perforatum L.) (P3)
epikatechina -
hiperozyd er,\_ QOH’.
. rutozyd Ho™ "o~ &
Flawonoidy . L .
izokwercetyna cpikatechnia iy
kwercetyna
(dwie niezidentyfikowane pochodne kwercetyny)
Kwasy kwas chlorogenowy W B o A
fenolowe TN o
Naftodiantrony hlperycyna
pseudohiperycyna
Floroglucynole hiperforyna peryeyma
Glistnik jaskolcze ziele (Chelidonium majus L.) (P4)
koptyzyna o & oy
. chehdqmna koptyzyna '”(rli“ P ngiNAIl/;j,
. Allfalo.ldy protopina RN \.‘NII (O:ll/ﬁffl/mzﬂu'
izochinolinowe berberyna ' ._Oj!\?._.vj 0 OH
allokryptopina chelidonina
chelerytryna
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Zmiany zawartosci metabolitow wtornych pod wplywem elicytorow

w badanych gatunkach roslin leczniczych

Biorac pod uwage udziat metabolitow fenolowych w sktadzie chemicznym surowca
M. officinalis (P2), oceny efektywnos$ci dolistnej aplikacji badanych substancji (150 mg/L
ChL, 10 mg/L Se, 100 mg/L SA; mieszanina ChL+Se+SA w proporcji 1:1:1)
z uwzglednieniem czasu ich oddzialywania (4., 6., 8., 10. dzien) dokonano gléwnie
w oparciu o zmiany calkowitego stezenia zwigzkow (poli)fenolowych i rozpuszczalnych
flawonoli oraz o$miu zidentyfikowanych kwaséw fenolowych. Zawarto§¢ oznaczonych
metabolitow w ekstraktach z liSci melisy zmieniata si¢ w zaleznosci od rodzaju elicytora
oraz czasu jego oddzialywania (Rys. 1; Tab. 3). ChL i SA na ogét charakteryzowaly sie
wigksza efektywnos$cig w stymulowaniu biosyntezy zidentyfikowanych zwigzkéw niz Se,
a mieszanina ChL+Se+SA z reguly nie powodowata istotnych zmian ich zawarto$ci.
Niezaleznie od rodzaju elicytora najwyzsze st¢zenia metabolitow fenolowych notowano
przewaznie w 8. dniu elicytacji. Najwigksza efektywnos¢ w indukcji biosyntezy zwigzkow
(poli)fenolowych ogoétem, w odniesieniu do roslin kontrolnych, stwierdzono po 6 i 10
dniach od pierwszej aplikacji SA — ich zawarto$¢ wzrosta wowczas o odpowiednio 80%
140% (Rys. 1A). Réwniez w tych samych terminach po aplikacji Se obserwowano 46%
1 48% wzrost ogolnej zawartosci zwigzkow (poli)fenolowych. Ich stezenie zwigkszylo sie
jedynie o 36% po 10 dniach od zastosowania ChL. Testowane elicytory w mniejszym
stopniu wplywaly na akumulacj¢ rozpuszczalnych flawonoli, a analiza statystyczna
interakcji pomigdzy badanymi czynnikami wykazata istotny wzrost ich zawartosci (o 37—

61% w poréwnaniu z kontrolg) jedynie w 10. dniu eksperymentu (Rys. 1B).
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Rys. 1. Wptyw dolistnej aplikacji elicytorow (ChL — mleczan chitozanu; Se — selenin sodu; SA —
kwas salicylowy; ChL+Se+SA — mieszanina elicytorow) na calkowita zawarto$¢ zwigzkow
(poli)fenolowych (A) i rozpuszczalnych flawonoli (B) w lisciach M. officinalis w 4., 6., 8. 1 10.
dniu elicytacji. Wartosci $rednie (£ odchylenie standardowe; n = 3) oznaczone réznymi literami
roznig si¢ statystycznie istotnie (p < 0,05). Istotne réznice dla czynnikéw gtéwnych (typ elicytora
oraz dlugos¢ procesu elicytacji) oznaczono analogicznie wielkimi literami. GAE — ekwiwalent
kwasu galusowego; RUE — ekwiwalent rutyny.

W ekstraktach z liSci M. officinalis zidentyfikowano i oznaczono ilo$ciowo osiem
metabolitow  fenolowych,  wsérod  ktorych ~ dominowaly  pochodne  kwasu
hydroksycynamonowego — kwas rozmarynowy (14,57-23,21 mg g™ s.m.) i litospermowy
(10,00-19,20 mg g! s.m.) (Tab. 3). Wydhluzenie czasu ekspozycji roélin na dziatanie
elicytorow wptywato korzystnie na akumulacj¢ kwasu rozmarynowego — po 10 dniach
od zastosowania ChL, Se 1 SA jego stezenie wzrosto o odpowiednio 120%, 92% 1 107%
w odniesieniu do roslin kontrolnych. Stezenie heksozydu kwasu rozmarynowego
w badanych ekstraktach byto znacznie nizsze, jednak wzrastalo nawet kilkukrotnie pod
wptywem elicytacji. W pierwszych dniach po zastosowaniu SA odnotowano az 9-10 razy

wickszg zawartos¢ tego metabolitu w porownaniu z kontrolg. Z kolei akumulacja kwasu
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litospermowego byta najefektywniej stymulowana po 8 dniach od pierwszej aplikacji Se
oraz mieszaniny elicytoréw, wzrastajac o odpowiednio 40% i 52%. Najwyzsze stezenia
kwasu salwianolowego odnotowano po zastosowaniu ChL — w 10. dniu eksperymentu jego
poziom w odniesieniu do ro$lin kontrolnych wzrést az o 150%, a w 6. 1 8. dniu
odpowiednio o 66% i 41%. Pozostale elicytory lub ich mieszanina charakteryzowaty si¢
nizszg skuteczno$cia — istotny wzrost stezenia kwasu salwianolowego stwierdzono jedynie
w 10. dniu elicytacji pod wptywem Se 1 SA (wzrost o 60% 1 73%). Pozostate
ze zidentyfikowanych kwasow fenolowych wystepowaty w znacznie mniejszych ilosciach,
a ich poziom ulegal mniejszym wahaniom pod wplywem testowanych zwigzkow.
ChL i SA powodowaly najwigcksze zmiany w akumulacji kwasu kaftarowego i jego
heksozydu, ktorych stezenie wzrosto o okoto 100-150% w poréwnaniu z kontrola. Z kolei
zawarto$¢ kwasu kawowego w najmniejszym stopniu wahata si¢ pod wplywem
zastosowanych elicytorow, a podwyzszong akumulacje tego metabolitu obserwowano

jedynie w roslinach traktowanych ChL+Se+SA w 4. dniu elicytacji (Tab. 3).
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Tab. 3. Wpltyw dolistnej aplikacji elicytorow (ChL — mleczan chitozanu; Se — selenin sodu; SA — kwas salicylowy; ChL+Se+SA — mieszanina elicytorow)
na zawarto$¢ kwasoéw fenolowych w lisciach M. officinalis w 4., 6., 8. 1 10. dniu elicytacji. Wartosci $rednie (+ odchylenie standardowe; n = 3) oznaczone
réznymi literami r6znig si¢ statystycznie istotnie (p < 0,05). Kolorem zielonym wyrézniono komorki z wartosciami srednimi dla zwigzkéw, ktore wykazywaty
najwyzszy stopien indukcji pod wptywem elicytorow.

Melissa officinalis L. (P2)

4. dziei 6. dzici 8. dzich 10. dziei
Kwasy fenolowe ChL ChL ChL ChL
Kontrola | ChL | Se SA +Se | Kontrola | CHL | Se SA +Se | Kontrola | ChL Se SA +Se | Kontrola | ChL | Se SA +Se
+SA +SA +SA +SA
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Badania dotyczace wptywu modulatorow metabolicznych (150 mg/L ChL, 10 mg/L
Se, 100 mg/L SA, mieszaniny ChL+Se+SA w proporcji 1:1:1) na metabolizm wtorny
H. perforatum, na podstawie ktorych przygotowano drugg publikacj¢ oryginalng (P3),
wskazujg na ich niejednoznaczne oddziatywanie. Catkowita zawartos¢ zwigzkéw
(poli)fenolowych w ekstraktach zmieniata si¢ w zaleznos$ci od dlugosci ekspozycji roslin
na dolistne dziatanie elicytorow (5., 8. lub 10. dzien), a najwyzsze stezenia (poli)fenoli
we wszystkich grupach doswiadczalnych, z wyjatkiem ChL+Se+SA, odnotowano
w 10. dniu eksperymentu (Rys. 2A). W tym terminie stwierdzono takze najwigksza
aktywno$¢  elicytacyjng  testowanych zwiazkéw, a najwyzsza skuteczno$cia
charakteryzowat si¢ roztwor Se — po jego zastosowaniu zawarto$¢ (poli)fenoli ogdtem
wzrosta o 23% w odniesieniu do ro$lin kontrolnych. Aplikacja SA 1 ChL rowniez
skutkowata odpowiednio 16% 1 12% wzrostem stezenia tych zwigzkow. Podobnag
tendencje obserwowano w 5. dniu elicytacji — po oprysku roslin Se i SA caltkowita
zawartos$¢ (poli)fenoli w lisciach dziurawca wzrosta o 19% i 12%. Jednak zastosowanie
mieszaniny ChL+Se+SA skutkowalo z reguly obniZzeniem poziomu tych zwiazkow.
Wyjatek stanowit 8. dzien elicytacji — wowczas catkowite stg¢zenie zwigzkoéw fenolowych
bylo o 12% wigksze niz w roslinach kontrolnych. Z kolei najwyzsze st¢zenia
rozpuszczalnych flawonoli odnotowano w 5. dniu eksperymentu (Rys. 2B). Ich akumulacja
byta wowczas najwyzsza w roslinach kontrolnych i traktowanych roztworem Se (okoto
27 mg RUE g! sm.), ale ulegata wyraznej redukcji pod wplywem ChL+Se+SA.
Aplikowanie ChL najefektywniej stymulowato biosynteze rozpuszczalnych flawonoli,

ale tylko w 10. dniu elicytacji (Rys. 2B).
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Rys. 2. Wplyw dolistnej aplikacji elicytoréw (ChL — mleczan chitozanu; Se — selenin sodu; SA —
kwas salicylowy; ChL+Se+SA — mieszanina elicytorow) na calkowity zawarto$¢ zwigzkow
(poli)fenolowych (A) i rozpuszczalnych flawonoli (B) w lisciach H. perforatum w 5., 8. 1 10. dniu
elicytacji. Wartos$ci $rednie (= odchylenie standardowe; n = 3) oznaczone réznymi literami r6znig
si¢ statystycznie istotnie (p < 0,05). Istotne réznice dla czynnikéw gtéwnych oznaczono w ten sam
sposob wielkimi literami. GAE — ekwiwalent kwasu galusowego; RUE — ekwiwalent rutyny.

Zawarto$¢ zidentyfikowanych metabolitow wtornych w  ekstraktach z lisci
H. perforatum zmieniala si¢ zarowno w zaleznos$ci od rodzaju elicytora, jak 1 czasu jego
oddziatywania (Tab. 4). Ponownie, najwigksza efektywno$cig charakteryzowaly sie
z reguly roztwory pojedynczych elicytorow, a najwigksze zmiany analizowanych
parametréw obserwowano wraz z wydluzeniem czasu ekspozycji roslin na ich dziatanie,
szczegblnie w 10. dniu eksperymentu. Gléwnymi komponentami ekstraktow
metanolowych byly flawonoidy, a dominujagcym w tej grupie skladnikiem byla
epikatechina, cho¢ jej zawarto$¢ z reguly nie zmieniata si¢ istotne pod wplywem
elicytorow. Najwigkszy wzrost jej stezenia (o 20-21% w odniesieniu do roslin
kontrolnych) odnotowano po 10 dniach od pierwszej aplikacji Se 1 SA. Z kolei zawartos¢

kwercetyny we wszystkich grupach eksperymentalnych utrzymywata si¢ na wysokim
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poziomie w 5. dniu eksperymentu. Roztwory pojedynczych substancji w podobnym
stopniu wptywaty na zwigkszenie st¢zenia tego metabolitu po 10 dniach od oprysku —
porownujagc z odpowiednig kontrola, zawarto§¢ kwercetyny wzrosta o ok. 48%
po zastosowaniu ChL i SA oraz o 41% pod wptywem Se. Stezenie izokwercytryny nie
zmieniato si¢ istotnie pod wptywem elicytorow z wyjatkiem Se — po 5 dniach od jego
zastosowania zawartos¢ tego flawonoidu wzrosta o 83% w odniesieniu do kontroli.
Dolistna aplikacja pojedynczych elicytoréw powodowata réwniez istotne zmiany stezenia
rutozydu — po 10 dniach od zastosowania ChL 1 SA jego zawarto$¢ podwyzszyla si¢
o odpowiednio 50% i 58% w poréwnaniu z kontrolag. W tym terminie nieznacznie mniejsza
skuteczno$¢ odnotowano w przypadku Se (wzrost o 36%). Podobne zmiany obserwowano
w zawarto$ci hiperozydu — po 10 dniach od zastosowania SA stezenie tego metabolitu
wzrosto 0 40%. W tym samym czasie roztwory ChL i Se charakteryzowaty si¢ mniejsza
efektywnoscia, a po ich aplikacji zawarto$¢ hiperozydu w liSciach dziurawca wzrosta
0 ok. 29% w poréwnaniu z kontrolg. Zastosowanie ChL+Se+SA powodowato na og6t
znaczaca redukcje stezenia tego flawonoidu, szczeg6lnie po 5 dniach elicytacji.

Chociaz wérdéd oznaczonych metabolitéw wtornych dominujacym pod wzgledem
ilosSciowym byt kwas neochlorogenowy, jego stezenie na ogdl nie zmieniato si¢ pod
wpltywem elicytorow. Istotny wzrost akumulacji tego fenolokwasu odnotowano jedynie
po 5 dniach od pierwszej aplikacji Se 1 SA — jego zawarto$¢ podwyzszyla si¢
o odpowiednio 51% 1 41% w odniesieniu do kontroli. Stezenie naftodiantronow
w ekstraktach bylo znacznie nizsze oraz w wigkszym stopniu zalezne od rodzaju
zastosowanego elicytora niz czasu jego oddziatywania. Najwyzszy poziom hiperycyny
1 pseudohiperycyny stwierdzono w ro$linach kontrolnych w 5. dniu trwania eksperymentu.
Pod wptywem badanych elicytorow akumulacja hiperycyny wykazywata jednak tendencje
spadkowa — jej zawarto$¢ po 5 dniach od oprysku ChL+Se+SA byla az czterokrotnie
nizsza niz w ro$linach kontrolnych. Pojedyncze modulatory metaboliczne réwniez
powodowaty istotny spadek jej stezenia o 38%, 30% 1 21% po oprysku odpowiednio SA,
ChL i Se. W kolejnych dniach eksperymentu zawartos¢ hiperycyny ulegata podwyzszeniu,
szczegblnie pod wptywem Se i SA. Jednak jej st¢zenie w odniesieniu do odpowiedniej
kontroli znaczaco wzrosto (o 69%) dopiero po 8 dniach od oprysku SA. Podobne tendencje
obserwowano w przypadku pseudohiperycyny — najwyzszg jej akumulacj¢ odnotowano
w 5 dniu elicytacji w liSciach ro$lin kontrolnych oraz traktowanych Se. Aplikacja

pozostalych elicytorow z reguly nieznacznie redukowata poziom tego zwigzku (Tab. 4).
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Tab. 4. Wpltyw dolistnej aplikacji elicytorow (ChL — mleczan chitozanu; Se — selenin sodu; SA — kwas salicylowy; ChL+Se+SA — mieszanina elicytorow)
na zawarto$¢ wybranych metabolitéw wtornych w lisciach H. perforatum w 5., 8. i 10. dniu elicytacji. Wartos$ci $rednie (£ odchylenie standardowe; n = 3)
oznaczone réznymi literami roznig si¢ statystycznie istotnie (p < 0,05). Kolorem zielonym wyr6zniono komorki z warto§ciami $rednimi dla zwigzkow, ktore
wykazywaly najwyzszy stopien indukcji pod wptywem elicytorow.

Hypericum perforatum L. (P3)
5. dzien 8. dzien 10. dzien
ChL ChL Chi
Kontrola ChL Se SA +Se Kontrola ChL Se SA +Se Kontrola ChL Se SA +Se
+SA +SA +SA
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g
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W ramach badan przeprowadzonych na C. majus (P4), poréwnano wplyw
doglebowej aplikacji elicytorow (150 mg/L ChL, 10 mg/L Se, 100 mg/L SA) na profil
alkaloidow w zielu w odniesieniu do czasu trwania elicytacji (4., 7. 1 10. dzien). Zawartos¢
poszczegbdlnych metabolitow wtérnych w badanych ekstraktach zmieniata si¢ w zaleznos$ci
od czasu oddziatywania oraz rodzaju zastosowanego elicytora (Rys. 3; Tab. 5). Najwicksza
akumulacje zwiazkéw (poli)fenolowych ogotem odnotowanopo 4 dniach od aplikacji Se —
ich stezenie byto wyzsze o 79% niz w ro$linach kontrolnych (Rys. 3A). Jednak najwyzsza
aktywnos$¢ elicytacyjng obserwowano po 10 dniach od zastosowania SA — catkowita
zawarto$¢ (poli)fenoli byta wéwcezas ponad dwukrotnie wyzsza w pordwnaniu z kontrola.
Z kolei w 7. dniu doswiadczenia wszystkie analizowane elicytory charakteryzowaly si¢
podobng efektywnos$cia, powodujac 96-120% wzrost poziomu (poli)fenoli. Roztwor ChL
stymulowal ich akumulacje¢ rowniez w 10. dniu elicytacji — stezenie tych zwigzkow
wzrosto o 124% w odniesieniu do kontroli. Doglebowa aplikacja elicytorow nie wplywata
jednak na akumulacje rozpuszczalnych flawonoli u C. majus, a ich zawarto$¢
w poszczegbdlnych kombinacjach doswiadczalnych utrzymywala si¢ na podobnym

poziomie w trakcie trwania eksperymentu (Rys. 3B).
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Rys. 3. Wplyw doglebowej aplikacji elicytorow (ChL — mleczan chitozanu; Se — selenin sodu; SA
— kwas salicylowy) na calkowitg zawartos¢ zwigzkow (poli)fenolowych (A) i rozpuszczalnych
flawonoli (B) w zielu C. majus w 4., 7. i 10. dniu elicytacji. Wartosci $rednie (= odchylenie
standardowe; n = 3) oznaczone r6znymi literami r6znig si¢ statystycznie istotnie (p < 0,05). GAE —
ekwiwalent kwasu galusowego; RUE — ekwiwalent rutyny.
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W ekstraktach metanolowych pozyskanych z ziela C. majus zidentyfikowano oraz
oznaczono ilosciowo sze$¢ alkaloidéw izochinolinowych. Stezenia poszczegdlnych
komponentow wahaly si¢ w zaleznosci od rodzaju aplikowanego elicytora oraz czasu
ekspozycji roslin na jego dziatanie, jednak w wigkszos$ci przypadkow analiza statystyczna
nie potwierdzila istotno$ci obserwowanych zmian (Tab. 5). Cho¢ dominujacym wsrdd
oznaczonych alkaloidow byta koptyzyna, jej st¢zenie nie zmieniato si¢ istotnie pod
wptywem elicytacji. Zastosowane elicytory réwniez w niewielkim stopniu wptywaty
na poziom chelidoniny. Najwigkszy wzrost zawartos$ci tego alkaloidu (o 38%) odnotowano
po 10. dniach od zastosowania SA. Pozostate alkaloidy wystgpowaly w znacznie nizszych
stezeniach (<1 mg g' s.m.), ale ich poziom w wigkszym stopniu zmieniat si¢ pod
wplywem elicytorow. Akumulacja protopiny byta najefektywniej stymulowana przez SA —
w 7. dniu eksperymentu jej zawarto§¢ wzrosta o 188%, poroéwnujac z odpowiednia
kontrolag. W tym samym czasie nieznacznie mniejsza aktywnos$ciga -elicytacyjna
charakteryzowat si¢ Se, ktoérego zastosowanie spowodowato dwukrotny wzrost stezenia
protopiny w odniesieniu do roslin kontrolnych. Najwigksze zmiany w zawartosci
berberyny obserwowano po 4 i 7 dniach od zastosowania elicytorow. Ponownie, najwyzsza
efektywnos¢ wykazywat SA — po 4 dniach od jego aplikacji zawartos¢ berberyny wzrosta
0 140%. Pozostate elicytory w tym samym czasie w mniejszym stopniu oddziatywaty
na akumulacj¢ tego alkaloidu — steZenie berberyny wzrosto o 108% i 57% w odniesieniu
do kontroli pod wptywem odpowiednio ChL i Se. Najwyzsze st¢zenie allokryptopiny oraz
jednoczes$nie najwickszy wzrost jej poziomu (o 85% w odniesieniu do odpowiedniej
kontroli) obserwowano po 7 dniach od zastosowania SA. Aplikowanie ChL stymulowato
akumulacje tego alkaloidu w roslinach, ale jedynie w 4. dniu elicytacji, gdzie odnotowano
86% wzrost jego stezenia. Nie obserwowano istotnego wplywu analizowanych elicytoréw

na poziom chelerytryny (Tab. 5).
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Tab. 5. Wptyw doglebowej aplikacji elicytorow (ChL — mleczan chitozanu; Se — selenin sodu; SA — kwas salicylowy; ChL+Se+SA — mieszanina elicytorow)
na zawarto$¢ wybranych metabolitow wtornych w zielu C. majus. Wartosci $rednie (+ odchylenie standardowe; n = 3) oznaczone réznymi literami r6znig si¢
statystycznie istotnie (p < 0,05). Kolorem zielonym wyrdzniono komorki z warto$ciami §rednimi dla zwiazkow, ktore wykazywaty najwyzszy stopien indukcji

pod wplywem elicytorow.

Chelidonium majus L. (P4)
4. dzien 7. dzien 10. dziei
Alkaloidy
izochinoli
OCHINOTNOWE | Kontrola ChL Se SA Kontrola ChL Se SA Kontrola ChL Se SA
koptyzyna 129 1482 1232 14,1* 122@ 1092 1212 11.6* 9,14 954 102* 25

chelidonina 1,98 2b w2 3 1840 2,153 1782 1,832 2,072 2252 2,022 2,082 2,102 298

protopina 0342 0.54 2 0372 0,49 032° 041° | 0622 0,922 0.46 ® 0432 0,66 0.56

berberyna 0352 | 0732 | 0552 | 0842 0,54 0.49 0552 0492 032 | 0372 | o040% | 0772

mgg' sm.

allokryptopina | (),15 0282 | 0192 | 25 0212 0,19 2 0272 039 @ 022" 024" 0352 0,34 2

cheleryryna | (,18 2P 0,194 0,13° 0.17 2 0.17* 015" 0.15% 0,15% 0,15 * 0,12 0,16 * 0,172
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Wplyw elicytorow na status oksydoredukcyjny roslin leczniczych

Dolistna aplikacja elicytorow w zréznicowany sposob wplywala na poziom
peroksydacji lipidow bton komoérkowych, akumulacje H>O> oraz aktywno$¢ enzymow
antyoksydacyjnych w li§ciach M. officinalis (P2). Najwicksze zmiany prooksydacyjne
stwierdzono w ro$linach traktowanych SA, gdzie odnotowano ponad 2,5 razy wigksze
stezenie H>O» oraz 75% wzrost poziomu TBARS (wskaznika stopnia peroksydacji
lipidow). Pozostate elicytory réwniez powodowaly zmiany akumulacji H»O»; pod
wplywem ChL i Se odnotowano odpowiednio 60% i 56% wzrost stezenia HzO:
w odniesieniu do kontroli. Z kolei poziom peroksydacji lipidow, bedacy konsekwencja
zwigkszonego poziomu reaktywnych form tlenu, podwyzszyt si¢ o 31% pod wpltywem
ChL, ale pozostal na poziomie kontroli pod wplywem Se. Zastosowanie mieszaniny
ChL+SA+Se powodowato wzrost akumulacji H2O2> 1 TBARS o0 27%. Wyniki te sg zgodne
z rezultatami uzyskanymi w wyniku wizualizacji reaktywnych form tlenu (H202 1 O27).
Ich zwigkszong akumulacje obserwowano gtownie w ogonkach li§ciowych, jednak byto to
prawdopodobnie wynikiem mechanicznego uszkodzenia tkanek podczas odcinania lisci.
Krotko po aplikacji elicytorow (po 1 dniu) podwyzszony poziom O widoczny byt
jedynie w liSciach ro$lin traktowanych ChL. Z kolei po uplywie 8 dni obserwowano
wyrazng akumulacje H>O, w tkankach ro$lin traktowanych SA w formie pokrywajacych
blaszke lisciowa punktowych przebarwien. Na podstawie zmian aktywno$ci wybranych
enzymoOw antyoksydacyjnych stwierdzono, ze elicytory (z wyjatkiem ChL) wptywaty
na nieznaczne obnizenie aktywnos$ci CAT; natomiast aktywnos¢ APX wzrosta (o 31%
1 35%) pod wptywem SA oraz ChL+Se+SA, cho¢ réznice te nie byly istotne statystycznie.
W lisciach melisy nie wykazano aktywnosci GPOX. Zastosowane elicytory wywieraty
z reguly korzystny wptyw na zdolnos$¢ ekstraktow roslinnych do redukcji rodnika DPPH.
Najwigkszy wzrost aktywno$ci antyoksydacyjnej odnotowano w  ekstraktach
pochodzacych z roslin po 10 dniach elicytacji. Po tym czasie stopien redukcji DPPH
w ekstraktach z ro$lin kontrolnych wynosit ok. 62%, podczas gdy w ekstraktach z ro$lin
traktowanych ChL, Se lub SA warto$¢ tego parametru osiggata 88-93%.

Wizualizacja reaktywnych form tlenu (H2O2, O2") w liSciach H. perforatum (P3)
nie ujawnita ich zwigkszonej akumulacji krotko po zastosowaniu elicytorow (1 dzien
po oprysku). Podobnie jak w przypadku melisy, najwicksze stezenia obserwowano gtoéwnie
w ogonkach lisciowych 1 wzdluz unerwienia blaszki lisciowej. Jednak po 8. dniach

od oprysku roztworami pojedynczych elicytorow, wyrazne zmiany zabarwienia
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wskazywaly na zwigkszony poziom reaktywnych form tlenu, zwlaszcza O>". W tym
samym czasie, akumulacja H>O» byta widoczna w postaci niewielkich, punktowych zmian
na blaszce liSciowej roslin traktowanych roztworami ChL i Se. Wyniki dotyczace
aktywnos$ci enzymoéw antyoksydacyjnych w lisciach H. perforatum pod wpltywem
elicytorow sa jednak niejednoznaczne. Najwigksze zmiany aktywnosci APX (ponad
dwukrotny wzrost w odniesieniu do kontroli) odnotowano po uptywie jednego dnia
od aplikacji SA oraz po 10 dniach od zastosowania ChL+Se+SA. W przypadku CAT
poczatkowo wszystkie zastosowane elicytory powodowaly istotny spadek aktywnosci tego
enzymu w odniesieniu do roslin kontrolnych, a najnizsza aktywnos¢ CAT (ponad
dwukrotnie) odnotowano po oprysku SA. Jednak po 10 dniach elicytacji stwierdzono
nawet czterokrotny wzrost aktywno$ci tego enzymu po zastosowaniu Se. Pozostale
elicytory rowniez w istotny sposob zwigkszaty aktywnos$¢ CAT (o 118-257%). Z kolei
aktywno$¢ GPX z reguly wykazywala tendencj¢ spadkowa pod wptywem testowanych
substancji, niezaleznie od czasu ich oddziatywania. Wyjatek stanowila mieszanina
ChL+Se+SA — po jej aplikacji aktywnos¢ GPX zwigkszylta si¢ zardéwno w po 1, jak 1 po 10
dniach od oprysku ro$lin (wzrost o odpowiednio 116% 1 150%). Zastosowane zwiazki
z reguly nie wptywatly istotnie na aktywno$¢ antyoksydacyjng badanych ekstraktow
roslinnych. Jednak wszystkie analizowane elicytory znaczaco zwigkszaty akumulacje
wolnej proliny w lisciach H. perforatum. Po 3 dniach od pierwszej aplikacji ChL
1 ChL+Se+SA odnotowano ok. 60% podwyzszenie jej steZenia; po zastosowaniu Se 1 SA
byto ono 0 45% wyzsze w odniesieniu do roslin kontrolnych.

Akumulacja H>O> w lisciach C. majus (P4) wahata si¢ w zaleznosci od czasu
oddziatywania elicytorow (2 lub 10 dni). Po aplikacji Se i SA poczatkowo notowano
32-40% wzrost poziomu H>O» w odniesieniu do roslin kontrolnych. Jednak szczeg6lnie
wyrazne zmiany obserwowano dopiero po 10 dniach — wowczas kazdy z testowanych
elicytoréw zwigkszat stezenie H,O», ktore wzrastalo ponad dwukrotnie pod wpltywem ChL
1 SA oraz okoto 2,5 razy pod wptywem Se. Elicytory w podobnym stopniu wptywaty
na poziom peroksydacji lipidow w lisciach C. majus, krétko po ich aplikacji
(po 2 dniach) powodujac ok. 31% wzrost stezenia TBARS pod wplywem ChL i Se oraz
24% wzrost pod wptywem SA, w odniesieniu do kontroli. Po uptywie 10 dni odnotowano
jednak 40% spadek zawartosci TBARS pod wpltywem SA. Aktywnos¢ CAT w lisciach
C. majus utrzymywata si¢ na podobnym poziomie w analizowanych terminach i seriach
doswiadczalnych. Jedynie po 10 dniach od zastosowania Se aktywno$¢ tego enzymu

znaczaco wzrosta (o 95% w porownaniu z odpowiednig kontrolg). Z kolei aktywnos¢
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GPOX oznaczona w 2. dniu elicytacji utrzymywala si¢ na bardzo niskim poziomie, ale pod
wptywem doglebowej aplikacji Se wzrosta az 15 razy w porownaniu z kontrolg. W dniu
likwidacji eksperymentu (10. dzien elicytacji) aktywno$¢ tego enzymu byta znacznie
wieksza, jednak ulegata wyraznej redukcji po zastosowaniu elicytoréw, szczegdlnie ChL
i Se (spadek o potowe). W lisciach C. majus nie wykryto aktywnosci APOX. Ekstrakty
z ziela C. majus charakteryzowaty si¢ stosunkowo niskg zdolnoscig do redukcji rodnika
DPPH, ktora zmieniata si¢ w zalezno$ci od rodzaju zastosowanego elicytora oraz terminu
zbioru materialu ro§linnego. Najwigksze zmiany aktywnosci antyoksydacyjnej ekstraktow
odnotowano po 10 dniach od aplikacji SA (prawie trzykrotny wzrost w odniesieniu
do kontroli). W tym samym czasie, po zastosowaniu ChL i Se odnotowano odpowiednio
96% 1 84% wzrost aktywnosci antyoksydacyjnej ekstraktow. Ste¢zenie wolnej proliny
w li$ciach C. majus byto réwniez zalezne od rodzaju elicytora oraz czasu ekspozycji roslin
na jego oddzialywanie, jednak nie wszystkie z zastosowanych substancji powodowatly
istotne zmiany akumulacji tego aminokwasu. Po 2 dniach od aplikacji Se obserwowano
az czterokrotny wzrost stezenia wolnej proliny. Z kolei po 10 dniach od zastosowania SA
jej zawarto$¢ wzrosta o 91% w odniesieniu do kontroli. W analizowanych terminach

nie odnotowano istotnego wptywu ChL na poziom tego aminokwasu.

Wplyw elicytorow na procesy fizjologiczne roslin leczniczych

Analizowane elicytory nie wptywatly istotnie na biomas¢ pedow M. officinalis (P2).
W poréwnaniu z ros§linami kontrolnymi obserwowano jednak niewielki spadek zawarto$ci
chlorofilu b i karotenoidow (ok. 11-17%). Sposrod testowanych substancji jedynie Se nie
wywierat istotnego wplywu na koncentracje barwnikow fotosyntetycznych. Ponadto
dolistne aplikowanie elicytorow powodowalo niewielkie, chociaz w niektérych
przypadkach istotne, wahania parametrow fluorescencji chlorofilu a. Po 10 dniach
od aplikacji badanych zwigzkéw odnotowano spadek maksymalnej wydajnosci
fotosystemu PSII (wskaznik F./Fn), jednak tylko w roslinach traktowanych SA. Wartos¢
Fm ulegala istotnemu obnizeniu w poréwnaniu do kontroli we wszystkich kombinacjach
doswiadczalnych, przy czym najwigkszy spadek odnotowano po zastosowaniu SA.

Dolistna aplikacja elicytoréw nie powodowata takze istotnych zmian w biomasie
pedow H. perforatum (P3). Jednak ich zastosowanie wywotalo, podobnie jak w przypadku
melisy, redukcje zawartosci chlorofilu @ 1 b (0o ok. 11-12% w odniesieniu do roslin

kontrolnych). Pod wptywem aplikowanych substancji stwierdzono réwniez wahania
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warto$ci wybranych parametréw fluorescencji chlorofilu a. Po 4 dniach od pierwszego
oprysku roslin roztworem ChL+Se+SA odnotowano 15% wzrost warto$ci Fo oraz
jednoczesnie 5% spadek wartosci Fv/Fm. Z kolei w 10. dniu elicytacji istotne obnizenie
parametru F./Fm oraz wzrost Fo wykazano po zastosowaniu roztworoOw Se oraz SA.
Warto$¢ Fn ulegla znaczacemu obnizeniu po zastosowaniu pojedynczych elicytoréw, przy
czym najwiekszy spadek odnotowano pod wptywem ChL i Se.

Doglebowe aplikowanie elicytoréw nie wywierato istotnego wptywu ani na biomase
pedoéw C. majus, ani na oznaczane parametry fluorescencji chlorofilu a (P4). Poczatkowo,
w 4. dniu elicytacji, nie obserwowano takze istotnych zmian w koncentracji barwnikow
fotosyntetycznych. Jednak po 10 dniach od aplikacji elicytoréw zawartos¢ chlorofilu a i b
ulegta redukcji pod wptywem Se — ich poziom zmniejszyl si¢ o odpowiednio 32% 1 26%

w odniesieniu do ro$lin kontrolnych.
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Dyskusja

Zawarto$¢ metabolitow wtérnych jest jednym z najwazniejszych wskaznikow
jako$ci, warto$ci terapeutycznej oraz ekonomicznej produkowanych surowcow
leczniczych pochodzenia roslinnego [Li i in. 2020]. Jednak gatunki roslin bedace zrodiem
ich pozyskiwania, rosngc w optymalnych warunkach z reguly nie akumuluja
wystarczajacych ilosci pozadanych zwigzkoéw. Z kolei ich uprawa w warunkach polowych
czesto prowadzi do znaczacych i1 nieprzewidywalnych wahan w zawarto$ci substancji
bioaktywnych, wywotanych oddzialywaniem abiotycznych i biotycznych czynnikow
srodowiskowych. Z tego wzgledu zmienno$¢ jakosciowa 1 ilo§ciowa sktadu chemicznego
ro$lin leczniczych jest jednym z gldwnych ograniczen, z jakimi mierzy si¢ wspotczesny
przemyst zielarski. Aby sprosta¢ rosngcym wymaganiom rynku, wiele dzialan
podejmowanych w kierunku optymalizacji produkcji ro$linnej koncentruje si¢
na stymulowaniu metabolizmu wtoérnego ro$lin z wykorzystaniem elicytoréw, a literatura
naukowa czesto potwierdza ich korzystny wptyw na akumulacje zwigzkéw aktywnych
biologicznie nalezacych do réznych klas chemicznych, zwlaszcza z grupy (poli)fenoli
[Ghasemian i in. 2020, Hawrylak-Nowak 1 in. 2021, Li i in. 2021, Kandoudi i in. 2022].
Efektywnos$¢ dziatania elicytorow jest jednak uzalezniona od szeregu czynnikow (st¢Zenie,
sposOb aplikacji 1 czas oddzialywania elicytora; gatunek, odmiana, wiek 1 kondycja
fizjologiczna ro$liny; warunki $srodowiskowe). Ponadto znaczna cze¢$¢ prowadzonych
obecnie eksperymentéw koncentruje si¢ na efektywnym wykorzystaniu elicytoréw jedynie
w warunkach in vitro, podczas gdy niemal wylacznym Zrédlem wielu waznych
ekonomicznie gatunkéw roslin leczniczych, w tym réwniez M. officinalis 1 H. perforatum,
sg uprawy polowe [Gadzovska Simic i in. 2014, Murthy 1 in. 2014, Shakya 1 in. 2017,
Barnes 1 in. 2018]. Prowadzenie badan nad biologiczng aktywnoscig elicytorow
w warunkach polowych jest jednak znacznie utrudnione ze wzgledu na oddziatywanie
czynnikow S$rodowiskowych, ktérych wpltyw na wiasciwosci fitochemiczne surowcoéw
roslinnych jest niejednoznaczny i wrecz niemozliwy do przewidzenia [Shasmita 1 in.
2023]. Z tego wzgledu, dla wiarygodnego oszacowania skutecznosci elicytacji, istotne jest
planowanie 1 prowadzenie wigkszej iloSci eksperymentdw na poszczegdlnych gatunkach
roslin z zastosowaniem elicytorow w warunkach in vivo, ale przy zachowaniu
kontrolowanych warunkéw uprawy [Kandoudi 1 in. 2022].

Z uwagi na ztozonos$¢ sktadu chemicznego badanych gatunkéw roslin leczniczych,

oceny skutecznosci elicytacyjnej testowanych zwiazkéw dokonano gtownie w oparciu
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0 zmiany zawartosci gtownych metabolitow wtornych, determinujacych ich aktywnos¢
terapeutyczng. Cho¢ poréwnywane elicytory réznig si¢ pod wzgledem chemicznym, ich
wspolng cecha jest funkcja regulacyjna w procesach fizjologicznych 1 metabolicznych
roslin, w tym réwniez reakcjach obronnych i odpornosciowych. W przeprowadzonych
badaniach po raz pierwszy porownano ich aktywnos$¢ elicytacyjng w réznych gatunkach
roslin leczniczych w warunkach in vivo, uwzgledniajac czas trwania procesu elicytacji.

Uzyskane wyniki wskazujg, ze efektywnos$¢ stymulowania metabolizmu wtérnego
badanych gatunkow byta zalezna od rodzaju i sposobu aplikacji analizowanych elicytorow,
czasu ekspozycji roslin na ich dziatanie, jak réwniez gatunku ro$liny i przynaleznos$ci
produkowanych przez nig wyspecjalizowanych metabolitow do poszczegoélnych klas
zwigzkow chemicznych. W pierwszym do$wiadczeniu (P2) potwierdzono wysoka
aktywnos$¢ biologiczna analizowanych substancji, zwlaszcza ChL 1 SA, ktoére bardzo
efektywnie pobudzaly akumulacj¢ metabolitow fenolowych w liciach melisy lekarskie;j.
Pod wpltywem elicytorow najwigkszy, czasami nawet kilkakrotny wzrost, odnotowano
w przypadku glikozydu kwasu rozmarynowego, a najmniejsze wahania obserwowano
w zawarto$ci kwasu kawowego. Z kolei stezenie kwasu rozmarynowego, dominujacego
pod wzgledem ilosciowym kwasu fenolowego, w lisciach melisy traktowanej
pojedynczymi elicytorami bylo okolo dwukrotnie wyzsze (42-48 mg g' s.m.)
niz w roélinach kontrolnych (22 mg g s.m.) w 10. dniu elicytacji. Wysoka efektywno$¢
indukcji biosyntezy przewazajacych iloSciowo kwasow fenolowych u melisy lekarskiej
moze wynika¢ z ich podobnej struktury chemicznej 1 wspolnych szlakow biosyntezy.
Przeprowadzone wczesniej badania dotyczace mozliwosci zwigkszenia akumulacji kwasu
rozmarynowego u tego gatunku nie wykazaty tak efektywnej indukcji biosyntezy ani pod
wptywem NaCl, gdzie wykazano 40-67% wzrost jego st¢zenia [Hawrylak-Nowak 1 in.
2021], ani pod wplywem stresu cieplnego, gdzie notowano wzrost o 59% w odniesieniu
do kontroli [Pistelli 1 in. 2019].

Poréwnujac rezultaty otrzymane w ramach badan prezentowanych w publikacjach P2
1 P3, dotyczace efektywnos$ci dolistnej aplikacji elicytorow stwierdzono, ze skuteczno$é
tych zwiazkoéw do zwigkszania biosyntezy wyspecjalizowanych metabolitow, szczegdlnie
fenolowych, byta znacznie wigksza w przypadku melisy lekarskiej niz dziurawca
zwyczajnego. Przykltadowo ponad 20% wzrost ogolnej puli (poli)fenoli, ktory
obserwowano po 10 dniach od aplikacji Se, jednego z najskuteczniejszych w przypadku
dziurawca elicytoréw, w melisie byl ponad dwukrotnie wyzszy. Zastosowanie elicytorow

stymulowalo réwniez akumulacje niektorych kwasow fenolowych lisciach melisy,
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a zawarto$¢ heksozydu kwasu rozmarynowego po zastosowaniu SA wzrosta nawet
dziesigciokrotnie w porownaniu z kontrola. W przypadku dziurawca najwigkszy wzrost
stezenia kwasu neochlorogenowego odnotowano po oprysku Se, ale wynosit on jedynie
50% w odniesieniu do ro$lin kontrolnych. Dostepne doniesienia literaturowe wskazuja
na skuteczno$§¢ wymienionych powyzej modulatorow metabolicznych w indukcji
biosyntezy waznych dla jakosci surowca dziurawca zwyczajnego zwigzkow bioaktywnych
w warunkach in vitro. W$rdd najczesciej stosowanych elicytoréw abiotycznych, zwtaszcza
w produkcji hiperycyny, wymienia si¢ czasteczki sygnalowe, w tym rowniez SA.
Przyktadowo obecnos¢ 50, 100 lub 200 uM SA w kulturach zawiesinowych H. perforatum
powodowata okoto dwukrotny wzrost zawarto$ci hiperycyny i pseudohiperycyny
w odniesieniu do kontroli, niezaleznie od zastosowanego stezenia [Gadzovska i in. 2013].
Zwigkszong akumulacj¢ hyperforyny wykazano takze pod wplywem 1 M SA w kulturach
merystemow wierzchotkowych pedéw tego gatunku [Sirvent i Gibson 2002]. Z kolei
zastosowanie chitozanu w kulturach korzeni dziurawca stymulowato produkcje
epikatechiny, ksantondéw i terpenoidow [Brasili i in. 2014]. Z tego wzgledu mniejsza
skuteczno$¢ elicytacyjna, jaka obserwowano w przeprowadzonym eksperymencie (P3),
zwigzana jest najprawdopodobniej z pewnymi cechami morfologicznymi roslin z rodzaju
Hypericum — niewielka powierzchnia blaszki liSciowej, pokryta silnie hydrofobowa
kutykulg o wysokiej zawartosci lipidow moze silnie ogranicza¢ dyfuzj¢ i1 penetracje
aplikowanych dolistnie elicytoréw [Li i in. 2017].

Wyniki eksperymentu przeprowadzonego na dziurawcu zwyczajnym (P3)
potwierdzity takze odnotowang wczesniej w przypadku melisy lekarskiej (P2) przewage
roztworéw pojedynczych elicytoréw nad ich mieszaning, ktorej zastosowanie u dziurawca
skutkowalo nawet obnizeniem st¢zenia niektérych metabolitow. Przykladowo po 5 dniach
od oprysku ro$lin ChL+Se+SA odnotowano az czterokrotny spadek zawarto$ci
hiperycyny. Niewielka efektywno$¢ zastosowane] mieszaniny mogla by¢ zwigzana
ze znacznie nizszymi st¢zeniami zawartych w niej zwigzkéw, ktore odpowiadaty jedynie
1/3 ich zawarto$ci w roztworach pojedynczych elicytoréw, co prawdopodobnie byto
przyczyna ograniczonej aktywnos$ci biologicznej. Biorac jednak pod uwage negatywny
wptyw ChL+Se+SA na akumulacje niektorych komponentow skladu chemicznego
dziurawca nie mozna takze wykluczy¢ wzajemnych oddzialywah pomigdzy elicytorami,
szczegoOlnie pomigdzy Se i1 SA. Zgodnie z obecnym stanem wiedzy, Se moze wpltywac
na funkcjonowanie ukladu hormonalnego roslin, zaré6wno pozytywnie — zwickszajac

poziom endogennego SA oraz zwickszajac odpornos¢ roslin stres, jak i negatywnie —
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zaburzajac jego prawidlowe funkcje. Z drugiej strony, SA wraz z innymi fitohormonami
petni funkcje regulatora w procesie pobierania i akumulacji Se w roslinach, odgrywajac
istotng role w tagodzeniu objawow fitotoksycznosci tego pierwiastka [Tamaoki
1 Maruyama-Nakashita 2017, Mostofa i1 in. 2020, Skrypnik 1 in. 2022]. Niemniej jednak,
aby potwierdzi¢ te zalozenia, konieczne s3 dodatkowe eksperymenty i analizy, poniewaz
w innych badaniach z powodzeniem stosowano mieszaning Se i SA w stymulowaniu
produktywnosci roslin [Norouzi i in. 2018].

W ramach ostatniej publikacji eksperymentalnej poréwnano wptyw doglebowe;]
aplikacji badanych elicytoréw na szeroki profil alkaloidéw C. majus w odniesieniu
do czasu trwania procesu elicytacji (P4). Biorac jednak pod uwage wyniki eksperymentéw
przeprowadzonych wczesniej na M. officinalis (P2) 1 H. perforatum (P3), do§wiadczenie to
zostalo odpowiednio zmodyfikowane. Zrezygnowano z aplikacji mieszaniny ChL+Se+SA,
ktéra wykazywata nieznaczny lub nawet negatywny wplyw na biosyntez¢ niektorych
metabolitow wtérnych. Ponadto, biorac pod uwage silnie hydrofobowa kutykule lisci
C. majus oraz jej ograniczajacy wplyw na przenikanie 1 skutecznos$¢ aplikowanych
dolistnie elicytorow, ktory obserwowano w przypadku H. perforatum, zmieniono forme
aplikacji 1 wszystkie roztwory badanych substancji zostaly wprowadzone doglebowo.

Nie wykazano istotnego wplywu elicytorow na akumulacje koptyzyny
1 chelidoniny — alkaloidéw dominujacych w ekstraktach metanolowych z ziela C. majus.
Pod wptywem SA i Se stwierdzono jednak zwigkszong akumulacje innych kluczowych
alkaloidow, takich jak protopina, berberyna 1 allokryptopina. Sposréd testowanych
elicytor6w ChL okazat si¢ najmniej skuteczny w stymulowaniu biosyntezy tych
metabolitow — po 4 dniach od jego zastosowania obserwowano jedynie wzrost poziomu
allokryptopiny. Analizowane elicytory skutecznie zwigkszyly takze catkowity poziom
zwigzkow (poli)fenolowych (ale nie rozpuszczalnych flawonoli), nawet dwukrotnie
w porownaniu z odpowiednig kontrolg. Chociaz badania nad zastosowaniem elicytoréw
w stymulacji produkcji alkaloidow, zwtaszcza u C. majus s nadal niewystarczajace,
rozwazano juz kilka strategii zwigkszajacych ich akumulacje. Jednym z przyktadow sa
badania szklarniowe, w ktdrych analizowano wptyw stresu suszy oraz jasmonianu metylu
(MeJa) 1 SA na zawarto$¢ metabolitow wtérnych w trzech gatunkach ro$lin, w tym
glistniku jaskotczym ziele [Kleinwichte 1 in. 2015]. Wykazano, ze zar6wno umiarkowany
stres suszy, jak i1 zastosowanie MelJa wptywalo korzystnie na catkowita zawarto$¢
alkaloidéw u tego gatunku. Te same elicytory testowano w kulturach in vitro, gdzie pod

wptywem MelJa odnotowano istotny wzrost poziomu chelidoniny 1 sangwinaryny
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[Hashemi i in. 2021]. Cho¢ w niniejszym eksperymencie generalnie nie obserwowano
istotnego wplywu elicytorow abiotycznych na akumulacj¢ dominujacych alkaloidéw
w zielu C. majus to warto podkresli¢, ze koncentracja innych waznych alkaloidow, takich
jak protopina czy berberyna byla efektywnie stymulowana pod wpltywem SA i Se.
Opracowanie skutecznych strategii optymalizacji produkcji najbardziej istotnych pod
katem wiasciwosci tej rosliny alkaloidow wymaga lepszego zrozumienia szlakow ich
biosyntezy. Pojawiajg si¢ juz pierwsze prace eksperymentalne, w ktérych C. majus stanowi
gatunek modelowy w badaniach nad biosynteza alkaloidow izochinolinowych
[Yahyazadeh i in. 2018]. W do$wiadczeniach Yahyazadeha i in. [2018] zbadano wplyw
stresu suszy 1 zasolenia na akumulacje alkaloidow u tego gatunku. Stwierdzono,
ze znaczacy wzrost biosyntezy dihydrokoptyzyny w roSlinach C. majus, ktory
obserwowano w warunkach stresu, miat zwigzek ze =zwickszong aktywnoS$cia
enzymatyczng syntazy stylopiny, enzymu odgrywajacego kluczowa role w biosyntezie
alkaloidéw izochinolinowych.

Literatura naukowa zawiera kilka doniesien dotyczacych prac badawczych
prowadzonych in vivo z wykorzystaniem ChL, Se lub SA, ktére potwierdzaja skuteczno$¢
tych elicytorow w efektywnej elicytacji metabolitow wtornych u innych gatunkoéw roslin
leczniczych. Skuteczno$¢ tych zwigzkow moze by¢ zwigzana ze zdolnoscig
do indukowania ekspresji genow odpowiedzialnych za biosyntez¢ pewnych grup
wyspecjalizowanych metabolitow (kwaséw fenolowych, flawonoidow) [Habibi i in. 2016;
Mukhtar Ahmed 1 in. 2019]. Stwierdzono, ze dolistna aplikacja ChL skutkowala
podwyzszeniem ogodlnej zawartosci (poli)fenoli, kwasu rozmarynowego 1 antocyjandéw
u M. officinalis oraz kwasu rozmarynowego u O. basilicum [Hawrylak-Nowak 1 in. 2021],
a takze ogolnego stezenia (poli)fenoli, flawonoidéw, antocyjanow oraz niektorych kwasow
fenolowych u Plectranthus amboinicus [Stasinska-Jakubas 1 in. 2023]. Z kolei w uprawie
polowej Artemisia annua oprysk roztworem chitozanu okazal si¢ najskuteczniejszym,
sposrod porownywanych elicytorow, zabiegiem stymulujagcym biosynteze¢ artemizyny
1 olejku eterycznego [Sayed i Ahmed 2022]. W badaniach Kandoudi i in. [2022] po dwdch
tygodniach od zastosowania oprysku SA w warunkach polowych obserwowano
zwigkszenie catkowitej zawartosci zwigzkow (poli)fenolowych oraz aktywnosci
antyoksydacyjnej u Origanum majorana, Mentha piperita 1 O. basilicum. SA okazal si¢
rébwniez  najskuteczniejszym  modulatorem  metabolicznym, spos$réd  zwigzkow
stosowanych dolistnie w uprawie polowej Echinacea purpurea, stymulujacym akumulacje

catkowitej puli (poli)fenoli [Kuzel i in. 2009]. W uprawach hydroponicznych M. officinalis
50



obecno$¢ Se zwigkszata akumulacje niektorych komponentow olejku eterycznego
(kariofilenu, tlenku kariofilenu, z-citralu, cytralu i octanu geranylu) [Tavakoli i in. 2020]
oraz 0g6lng zawarto$¢ (poli)fenoli 1 kwasu rozmarynowego u O. basilicum [Puccinelli 1 in.
2020]. W przypadku H. perforatum dolistna aplikacja Se w stezeniu 8 mg/L lub 10 mg/L
zwigkszata poziom odpowiednio hiperycyny i hyperforyny w warunkach szklarniowych
[Nazari i in. 2022].

Ze wzgledu na ztozonos$¢ procesu elicytacji, uwzglednienie czasu ekspozycji roslin
na oddzialywanie badanych zwigzkow jest waznym wskaznikiem w ocenie ich
efektywnosci. W przeprowadzonych eksperymentach wyrazny wzrost akumulacji
analizowanych metabolitow wtérnych obserwowano z reguly wraz z wydluzeniem
ekspozycji roélin na dziatanie elicytorow. Wzrost akumulacji metabolitow fenolowych
w liciach melisy lekarskiej (P2) nastgpowal dopiero w 6. dniu elicytacji, natomiast
najwyzszy wzrost w odniesieniu do odpowiedniej kontroli stwierdzono w 10. dniu
elicytacji. Rowniez istotng odpowiedz dziurawca zwyczajnego (P3) odnotowano po 10
dniach od pierwszej aplikacji badanych elicytorow. W przypadku glistnika jaskotczego
ziela (P4) najbardziej znaczace zmiany obserwowano w 7. 1 10. dniu elicytacji. Podobne
efekty obserwowano w kulturach korzeni witosnikowych Ocimum tenuiflorum, gdzie
najwiekszg akumulacj¢ metabolitow wtornych (kwas ursolowy 1 eugenolowy) odnotowano
po 8 dniach ekspozycji roslin na dziatanie trzech réznych elicytoréw (ekstrakt drozdzowy,
Mela, SA) [Sharan i in. 2019]. W innym eksperymencie zastosowanie krotkotrwalego
stresu cieplnego (38 °C, 5 h) w hydroponicznej uprawie melisy lekarskiej skutkowato
podwyzszeniem zawartosci kwasu rozmarynowego juz po 2 h, ktora wzrastata stopniowo
w ciagu kolejnych 24 h [Pistelli i in. 2019]. Z kolei efekt elicytacyjny salicylanow, w tym
SA, utrzymywat si¢ nawet po 20 dniach od ich ostatniej aplikacji [Kuzel i in. 2009].
Tak wigc zmiany metabolizmu wtdérnego wymagaja odpowiedniego, ale jak wskazuja
powyzsze przyktady, niekiedy bardzo zr6znicowanego czasu.

Wzmozona produkcja reaktywnych form tlenu, szczegdlnie H>O, i O%, jest jedna
ze wspolnych 1 powszechnych reakcji roslin na oddziatywanie czynnikow stresowych.
Cho¢ ich rola w odpowiedzi komoérkowej roslin na dzialanie elicytorow nie jest do konca
poznana, przypisuje si¢ im najczesciej role czasteczek sygnatowych, powigzanych
z produkcja metabolitow wtornych. Istotng rolg w utrzymaniu homeostazy redoks odgrywa
takze prolina, a jej zwigkszona akumulacja jest jedna ze strategii adaptacji roslin
do warunkow stresowych [Ghosh i in. 2022]. Poréwnywane w doswiadczeniu substancje

naleza do zréznicowanych pod wzgledem chemicznym elicytorow, jednak ich wspolng
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cechg jest rola regulacyjna w utrzymaniu rownowagi oksydoredukcyjnej [Skrypnik i in.
2020]. W tym kontek$cie wszystkie analizowane w niniejszej pracy elicytory
charakteryzuje dwojaka natura — w zaleznosci od stezenia 1 warunkéw Ssrodowiskowych,
moga zaréwno zwicksza¢ akumulacje reaktywnych form tlenu, jak i1 wspiera¢ ich
detoksykacj¢, zmniejszajac negatywne skutki stresu oksydacyjnego [Herrera-Vasquez i in.
2015, Saleem i in. 2021]. Wyniki eksperymentéw prowadzonych in vitro oraz in vivo
wskazujg takze na pewne powigzania pomi¢dzy zmianami homeostazy redoks, a aktywacja
odpowiedzi obronnych roslin pod wptywem elicytorow. Sugeruje si¢ nawet bezposredni
udzial reaktywnych form tlenu w biosyntezie niektorych metabolitéw wtornych.
Indukowana dziataniem elicytorow produkcja H>O, jako czasteczki sygnatowej
w reakcjach obronnych i zwigkszaniu aktywnosci enzymu PAL, moze stymulowaé
biosyntez¢ zwigzkdéw fenolowych, co potwierdzono u wielu gatunkow roslin [Katiyar 1 in.
2015, Mukhtar Ahmed i in. 2019], a takze posrednio wykazano we wlasnych
doswiadczeniach. W badaniach przeprowadzonych przez Mejia-Teniente i in. [2013]
réwniez obserwowano wzrost zawartosci H2O», indukcje ekspresji gendw i aktywnoS$ci
CAT 1 PAL po zastosowaniu SA i ChL w uprawie Capsicum annuum. Z kolei wedlug
Moon 1 Mitra [2016] zwiekszone stezenie H>O, aktywuje kluczowe enzymy szlaku
szikimowego, stymulujagc tym samym biosyntez¢ ksantonéw. W warunkach in vitro
wykazano pozytywna korelacj¢ pomig¢dzy podwyzszong zawartosciag flawonoidow
1 hiperycyny w pedach, a zwigkszona aktywnoscig peroksydazy (POD) u H. perforatum
rosngcym w obecnosci polisacharydow (chityna, pektyna, dekstran) [Gadzovska Simic 1 in.
2014]. Podobne zjawisko stwierdzono w przypadku ro$lin kurkumy poddanych
oddziatywaniu chitozanu — wraz ze wzrostem aktywno$ci POD notowano zwigkszong
akumulacje kurkuminy [Sathiyabama et al. 2016]. Wyniki badan wtasnych takze wskazuja,
ze obserwowana pod wplywem ChL, Se i SA wzmozona biosynteza metabolitow
fenolowych w liciach M. officinalis byta powigzana z podwyzszonymi stgzeniami H>O»,
02" 1 wigkszym poziomem peroksydacji lipidow (P2). W przypadku H. perforatum
analizowane elicytory, zwlaszcza Se 1 SA, zwiekszyly akumulacje zwigzkéw fenolowych
1 niektérych flawonoidow. Jednoczes$nie obserwowano wzrost poziomu wolnej proliny
1 Oy ', a takze zmiany aktywno$ci analizowanych enzyméw antyoksydacyjnych (P3).
Jednak na podstawie wynikdw otrzymanych w doswiadczeniu przeprowadzonym
na C. majus nie mozna wskaza¢ jednoznacznej zalezno$ci pomigdzy statusem
oksydoredukcyjnym ro$lin, a akumulacjg analizowanych alkaloidéw (P4). Moze to

wynika¢ z innej, doglebowej metody aplikacji elicytoréw, ktora mogta znaczaco wptynaé
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na reakcje roslin. Jednocze$nie wszystkie analizowane w niniejszych do$wiadczeniach
elicytory powodowaty z reguly podwyzszenie aktywnosci antyoksydacyjnej ekstraktow
z lisci M. officinalis, H. perforatum i ziela C. majus, co jest stosunkowo powszechne przy
wzroscie zawartosci zwigzkow z grupy (poli)fenoli.

Zgodnie z zatozeniami hormezy, oddziatywanie stresorow na podstawowe procesy
fizjologiczne ro$lin jest jednym z waznych elementéw badan nad procesem elicytacii,
a brak oddziatywan fitotoksycznych stanowi kluczowy element efektywnego zastosowania
elicytorow [Godinez-Mendoza i1 in. 2023]. W przeprowadzonych doswiadczeniach nie
obserwowano objawow fitotoksycznosci aplikowanych zwigzkéw, cho¢ w niektérych
przypadkach wywieraty one istotny wplyw na analizowane parametry zwigzane
z funkcjonowaniem aparatu fotosyntetycznego (fluorescencja chlorofilu a, st¢zenie
chlorofilu a, b 1 karotenoidow). Nalezy podkresli¢, ze nawet nieznaczne wahania
koncentracji barwnikéw fotosyntetycznych moga wpltywaé na przebieg fotosyntezy,
determinujgc tym samym wzrost i rozw0j roslin oraz akumulacj¢ metabolitow wtornych.
Z tego wzgledu jest to kolejny czynnik, ktory moégt wywiera¢ potencjalny wplyw
na efektywno$¢ stymulowania metabolizmu wtoérnego poréwnywanych gatunkow roslin
leczniczych. Nie wykazano jednak istotnego wptywu ChL, Se i SA na biomase
M. officinalis, H. perforatum 1 C. majus (P2, P3, P4). Wyniki eksperymentow
z zastosowaniem testowanych elicytorow in vivo rowniez wskazuja na ich niewielki
lub nieistotny wplyw na wzrost ro$lin oraz funkcjonowanie aparatu fotosyntetycznego
u innych gatunkow roslin leczniczych: M. officinalis, O. basilicum [Ghasemian 1 in. 2020,
Hawrylak-Nowak 1 in. 2021], Plectranthus amboinicus [Stasinska-Jakubas 1 in. 2023].

Weryfikowana w ramach niniejszej pracy hipoteza badawcza zakladata,
ze egzogenna aplikacja elicytorow o réznym charakterze chemicznym moze indukowaé
biosyntezg 1 akumulacje metabolitow wtornych w roslinach leczniczych oraz wywolywac
zmiany w ich w statusie oksydoredukcyjnym. Hipoteza ta zostala potwierdzona.
Wykazano, ze zastosowanie roztworoOw pojedynczych elicytor6w moze prowadzié
do zwigkszenia akumulacji pozadanych zwigzkéw bioaktywnych w zalezno$ci od ich
przynalezno$ci do okreslonych grup metabolitow. Stwierdzono takze, ze efektywna
indukcja biosyntezy metabolitow wtornych nie wplywa negatywnie na biomase roslin i nie
wywotuje wizualnych objawow fitotoksycznosci, cho¢ moze prowadzi¢ do obnizenia
niektorych parametrow fizjologicznych zwigzanych 2z funkcjonowaniem aparatu
fotosyntetycznego, takich jak zawarto$¢ barwnikow fotosyntetycznych czy fluorescencja

chlorofilu a.
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Whioski

Na podstawie wynikéw badan przeprowadzonych w ramach niniejszej rozprawy

doktorskiej sformutowano nastepujace wnioski:

1.

Egzogenna aplikacja elicytoréw (mleczan chitozanu, selenin sodu, kwas
salicylowy) w warunkach in vivo wptywa w zrdéznicowanym stopniu na biosynteze
1 akumulacj¢ metabolitow wtoérnych w ro$linach leczniczych (M. officinalis,
H. perforatum, C. majus). Efektywno$¢ pobudzania wyspecjalizowanego
metabolizmu badanych gatunkow zalezy od rodzaju i sposobu aplikacji elicytorow,
czasu ekspozycji roslin na ich dziatanie oraz gatunku ro$liny i klasy chemicznej
indukowanych metabolitow.

Zastosowanie roztworow pojedynczych elicytorow charakteryzuje si¢ znacznie
wicksza skuteczno$cia w zwigkszaniu akumulacji metabolitow wtornych
w poréwnaniu z aplikacjg ich mieszaniny.

Najwyzszy poziom akumulacji metabolitow wtornych w roslinach leczniczych oraz
najwigkszy przyrost ich zawarto$ci pod wplywem testowanych elicytorow
odnotowano pomigdzy 7. a 10. dniem od aplikacji. W okresie wcze$niejszym,
tj. do 4. dnia elicytacji zmiany w poziomie badanych zwiazkow z reguly nie byly
istotne.

Aplikowanie elicytoréw wpltywa pozytywnie na calkowita zawartos¢ zwigzkow
(poli)fenolowych u wszystkich badanych gatunkow ros$lin leczniczych oraz
rozpuszczalnych flawonoli u M. officinalis 1 H. perforatum.

Dolistna aplikacja elicytorow znaczaco zwigksza akumulacje¢ metabolitow
fenolowych w lisciach M. officinalis, powodujac nawet kilkukrotny wzrost ste¢zenia
heksozydu kwasu rozmarynowego oraz okoto dwukrotny wzrost zawartosci kwasu
rozmarynowego, litospermowego i salwianolowego.

Dolistna aplikacja elicytorow stymuluje biosynteze¢ i akumulacj¢ flawonoidow
w lisciach H. perforatum, ale jednoczesnie powoduje redukcje zawartosci
zwiazkow z grupy naftodiantronow.

Doglebowa aplikacja elicytor6w wptywa pozytywnie na akumulacj¢ niektérych
alkaloidow izochinolinowych w zielu C. majus, zwigkszajac poziom protopiny,
berberyny i allokryptopiny.

Sposrod  testowanych elicytorow, mleczan chitozanu 1 kwas salicylowy

najefektywniej pobudzaja biosynteze kwaséw fenolowych u M. officinalis; selenin
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10.

11.

12.

13.

sodu i kwas salicylowy najskuteczniej stymuluja biosynteze flawonoidow
u H. perforatum oraz alkaloidow izochinolinowych u C. majus.

Zastosowanie testowanych elicytorow zwigksza potencjal antyoksydacyjny
ekstraktow metanolowych uzyskanych z badanych gatunkow roslin leczniczych.
Aplikowanie elicytoréw indukuje zmiany homeostazy redoks w tkankach badanych
gatunkow ro$lin leczniczych, powodujac podwyzszenie aktywnosci enzymow
antyoksydacyjnych, zwickszenie akumulacji reaktywnych form tlenu (H202, O2")
oraz poziomu peroksydacji lipidéw. Zastosowana metoda elicytacji wywotuje takze
podwyzszenie akumulacji wolnej proliny w liSciach H. perforatum i C. majus.
Odnotowane zmiany warto$ci parametrow oksydoredukcyjnych sa na ogot dodatnio
skorelowane ze zwigkszong akumulacja metabolitow wtornych u M. officinalis
1 H. perforatum, ale nie sg jednoznacznie powigzane z ich produkcja u C. majus.
Aplikacja elicytorow nie wplywa na biomas¢ roslin leczniczych oraz nie wywoluje
widocznych objawéw fitotoksycznosci, ale powoduje niewielkie zaburzenia
parametrow fluorescencji chlorofilu a oraz zmiany zawarto$ci barwnikow
fotosyntetycznych u M. officinalis 1 H. perforatum.

Zastosowanie elicytorow w kontrolowanych uprawach roslin leczniczych
umozliwia skuteczne zwigkszenie akumulacji pozadanych substancji biologicznie
aktywnych, zwlaszcza z grupy metabolitow fenolowych oraz stanowi obiecujace
narzgdzie w optymalizacji produkcji wysokiej jako$ci surowcow roslinnych

o podwyzszonych wlasciwosciach prozdrowotnych 1 terapeutycznych.
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Abstract: Chitosan is a biodegradable and biocompatible polysaccharide obtained by partial deacety-
lation of chitin. This polymer has been gaining increasing popularity due to its natural origin,
favorable physicochemical properties, and multidirectional bioactivity. In agriculture, the greatest
hopes are raised by the possibility of using chitosan as a biostimulant, a plant protection product,
an elicitor, or an agent to increase the storage stability of plant raw materials. The most important
properties of chitosan include induction of plant defense mechanisms and regulation of metabolic
processes. Additionally, it has antifungal, antibacterial, antiviral, and antioxidant activity. The
effectiveness of chitosan interactions is determined by its origin, deacetylation degree and acetylation
pattern, molecular weight, type of chemical modifications, pH, concentration, and solubility. There is
a need to conduct research on alternative sources of chitosan, extraction methods, optimization of
physicochemical properties, and commercial implementation of scientific progress outcomes in this
field. Moreover, studies are necessary to assess the bioactivity and toxicity of chitosan nanoparticles
and chitosan conjugates with other substances and to evaluate the consequences of the large-scale
use thereof. This review presents the unique properties of chitosan and its derivatives that have the
greatest importance for plant production and yield quality as well as the benefits and limitations of
their application.

Keywords: chitosan; biostimulants; biotic elicitor; polycationic polymers; secondary metabolites

1. Introduction

Chitosan is a biopolymer obtained from chitin, which is the second most common nat-
ural polysaccharide after cellulose [1,2]. The discovery and first research on this compound
date back to the 19th century, when the links between chemistry, botany, and medicine were
discerned. Chitin was probably discovered in 1799 by English scientist A. Hachett, who
extracted the compound from shells of marine invertebrates and described it as “a material
with particular resistance to ordinary chemicals”. However, he did not conduct further
research on this compound. For this reason, it is believed that chitin, originally called
fungine, was first isolated from fungi by French researcher H. Braconnot and subsequently
described by Swiss chemist A. Hoffman in his doctoral thesis. Almost 20 years later, the
same compound was isolated from insect cuticle by A. Odier and named chitin (Greek:
chiton—tunic, coat). In turn, chitosan was discovered accidentally in 1859 by French
physiologist C. Rouget during the production of natural soap. The process of boiling
water-dissolved chitin with the addition of concentrated potassium hydroxide resulted in
the deacetylation of chitin in the alkaline solution yielding chitosan. Intensive research on
the structure and properties of chitin and chitosan was carried out in the following years.
The modified form of chitin was eventually named “chitosan” by German chemist and
physiologist F. Hoppe-Seiler in 1894; however, the chemical structure of this compound
was determined only in the mid-20th century [3-7].

Currently, the term chitosan denotes a group of biopolymer substances obtained in
the process of chemical or enzymatic deacetylation of chitin with different (but not lower
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than 50%) deacetylation degrees. Both chitosan and chitin are linear copolymers consisting
of D-glucosamine and N-acetyl-D-glucosamine linked together by [3-1,4-glycosidic bonds.
The main difference between these polymers is their deacetylation degree (DD) expressed
as a percentage and defined as the ratio of the number of amino groups (-NH,) to the
total number of acetylamino groups (-NHCOCHj3) present in chitin [1,4,8]. In addition,
the solubility in dilute acids is a practical criterion for discriminating chitosan from chitin.
The extraction of chitin begins with demineralization aimed at dissolving the calcium
carbonate by acid treatment followed by deproteinization which uses, depending on the
method (biological or chemical), enzymes or alkaline solutions. In order to obtain pure and
colorless chitin, the last step is decolorization (Figure 1). The deacetylation process results
in the removal of the acetyl groups (-CH3CO) from chitin and substitution of reactive
-NH; groups, thus resulting in the formation of chitosan, whose deacetylation degree
depends primarily on the duration of the reaction, the temperature (90-120 °C), and the
concentration of the aqueous NaOH solution (40-50%) used in the process. Although it
occurs naturally in the cell walls of some fungi, bacteria, and algae as well as insect cuticles,
chitosan for industrial and laboratory use is obtained from chitin derived mainly from
the shells of marine invertebrates (shrimps, crabs, lobsters, and krill), which are wastes
of marine food processing industry [1,8-10]. Until recently, the use of marine resources
was considered one of the most effective methods for the extraction of chitin and the
production of chitosan. An additional advantage was the possibility of disposal of a huge
amount of waste generated by the marine food sector. However, some disadvantages
and threats posed by this practice have been noticed in recent years, e.g., dependence
on the fish industry, environmental hazards, and allergenicity of the final product, which
depends on its purity. According to Ravindranathan et al. [11], chitosan thoroughly purified
from impurity proteins and endotoxins is low-allergenic. However, the global chitin and
chitosan market is developing very dynamically, and it has become important to look for
alternative sources of these polymers for commercial and sustainable production. Currently,
an increase in the number of studies on the production and applications of chitosan from
various insect species can be observed. The primary cause of the interest is the speed of
insect reproduction and the possibility of year-round breeding. Additionally, the results
of many studies show that insect chitosan has even more favorable properties than that
derived from shellfish. Recently, there have been attempts to produce chitosan from chitin
derived from cell walls of fungi, which are the second-largest source of chitin after marine
invertebrates [10,12-15], and biological methods are increasingly being used to obtain these
polymers [2].

Chitosan is a compound with a number of physicochemical properties determining its
suitability to be used in medicine, pharmacy, environmental protection, and agriculture as
well as food, cosmetic, textile, and paper industries. These properties include nontoxicity;
biodegradability; biocompatibility; hydrophilicity; film-forming properties; high sorption
capacity; and high affinity for metals, proteins, and dyes. A summary of the extraction
and applications of chitosan is presented in Figure 1. However, chitosan also exhibits
many physicochemical properties that impede its wider use in some areas. The main
limitation is its solubility, which largely depends on the isolation conditions, degree of
deacetylation, type of acetyl group distribution, and molecular weight. There are many
types of chitosan which are well soluble in both alkaline and neutral media, but in most
cases, the best solvents for this group of polysaccharides are some acids. Additionally,
chitosan swells strongly in an acidic environment and is characterized by poor mechan-
ical and chemical strength. Therefore, chitosan is subjected to various types of physical
and chemical modifications primarily aimed at improvement of its solubility and other
physicochemical properties, e.g., mechanical strength, thus expanding the spectrum of
its potential applications [8,13,16-19]. Three basic groups of chitosan modification tech-
niques are used, i.e., methods leading to an increase in the molecular weight or extension
of the chitosan chain; generation of chitosan derivatives through substitution reactions;
and methods of physical, chemical, or enzymatic depolymerization. Chitosan derivatives
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obtained through modifications are an important object in research on their application in
biotechnology, agro-technology, and medicine as well as food, pharmaceutical, and textile
industries [20,21].
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Figure 1. Extraction, preparation, and applications of chitosan and chitosan derivatives.

2. Biological Activity of Chitosan

Chitosan is a biopolymer with a wide potential for application in plant production
mainly due to its biocompatibility and biodegradability as well as high biological activity.
Although it is not part of the structure of plant tissues, chitosan exerts a considerable impact
on plant growth and development. It initiates and modulates various types of physio-
logical reactions, e.g., defense and immune responses in plants, and regulates metabolic
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processes [22]. Chitosan also exhibits strong antibacterial, antifungal, and antiviral prop-
erties. The first investigations of its antimicrobial activity were reported in 1979 by Allan
and Hadwiger, whose publication contributed to the growing interest in the potential
application of chitosan in the agricultural industry. However, the practical use of this
compound in plant production became possible with the wider availability of industrial
amounts of chitosan. The compound has been used for protecting plants against pathogens
and fighting diseases affecting plants during the vegetation and postharvest period only
since the 1990s [23].

The mechanism of the antimicrobial activity of chitosan has not been fully elucidated
yet, but many literature reports indicate that it is most probably related to its polycationic
nature. The interactions of chitosan molecules with negatively charged molecules on
the surface of microbial cells lead to agglutination of their cell walls, loss of intracellular
components, and cell death. Another hypothesis assumes that chitosan limits the entry
of pathogens into plant cells by reduction in stomatal opening. In turn, the antifungal
activity of chitosan results from its ability to bind and inhibit the synthesis of toxins
and stimulate induced systemic resistance and production of many secondary fungistatic
metabolites, e.g., phytoalexins, abscisic acid, methyl jasmonate, and phenolic compounds,
and various enzymes such as hypha-degrading chitinase and 3-glucanase. Additionally,
microscopic studies have shown that chitosan induces clear morphological changes in
fungal cells at various stages of development. This polymer also reinforces plant cell
walls through lignification and constitutes a mechanical barrier limiting plant contact
with adverse external factors [4,24-29]. Consequently, the effectiveness of chitosan action
against microorganisms is associated with its bidirectional action: control of the presence
of pathogens and induction of plant defense reactions [30].

The high biological activity of chitosan in the induction of plant immune response
may be related to the processes taking place in plant cell walls. Acid pectins present in
the cell walls bind calcium and form chain dimers at higher concentrations of the element.
Cationic chitosan can interact with negatively charged pectin and pectin dimers, thus
influencing their supramolecular conformation, which induces a specific alarm signal
informing plant cells about the degradation of cell walls and the presence of pathogens.
The plant response to chitosan—pectin dimer complexes is considerably stronger than that
in the case of separately interacting components [31].

Chitosan has been shown to have antioxidant activity consisting in the neutralization
of such reactive oxygen species (ROS) as superoxide anion radicals, free hydroxyl radicals,
and hydrogen peroxide (HyO,). It is also involved in interactions of hydroxyl and amine
groups with metal ions resulting in metal chelation, adsorption, and ion exchange [27,32].
However, research results have indicated that chitosan can also induce the synthesis
of HyO; in plant cells as a signal molecule in defense reactions to stress and increase
the activity of superoxide dismutase (SOD), peroxidases (POX), and catalase (CAT), i.e.,
enzymes involved in the direct neutralization of ROS [33]. As reported by Hawrylak-
Nowak et al. [34], spraying plants with a chitosan lactate solution increased CAT and
guaiacol peroxidase (GPOX) activity in Ocimum basilicum and ascorbate peroxidase (APX)
in Melissa officinalis. Similarly, foliar application of chitosan nanoparticles increased the
activity of CAT, APX, and glutathione reductase (GR) in Catharanthus roseus exposed to
salt stress [35]. In turn, Quitadamo et al. [36] reported an important role of chitosan as
a regulator of antioxidant responses to salinity in Triticum durum. It was observed that
the use of this polymer neutralized the harmful effects of stress through a reduction in
the content of superoxide radicals, HyO;, and malondialdehyde and via enhancement of
CAT activity. In turn, the addition of chitosan as an elicitor in Psammosilene tunicoides hair
root cultures was found to induce the production of nitric oxide and increase the activity
of ROS-scavenging enzymes [37]. A similar effect was observed in Curcuma longa [38],
where chitosan contributed to an increase in the activity of POX and polyphenol oxidase
(PPO). Additionally, the results of research on the induction of oxidative responses by
salicylic acid, chitosan, and exogenous H,O, in Capsicum annuum plants demonstrated
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that, in comparison with other substances, the foliar application of chitosan induced the
lowest HyO, accumulation in the leaves of this species [39]. The antioxidant activity of
chitosan is also one of the criteria of its suitability to be used for enhancement of the storage
stability of raw materials, which is described in detail in the next section. For example, in a
study conducted by Wang and Gao [40], treatment of strawberries with chitosan induced
a number of defense reactions; i.e., it increased the activity of CAT, GPOX, glutathione
peroxidase (GSH-POX), dehydroascorbate reductase (DHAR), and monodehydroascorbate
reductase (MDHAR).

The biological activity of chitosan and the viscosity of its solutions, and thus the
effectiveness of its use, are determined by a number of different factors, e.g., the origin,
type of modifications, polymerization and deacetylation degrees, pH, positive charge,
concentration, solubility, and chelation capacity [26,41]. Recent studies also indicate the
importance of the pattern of chitosan acetylation, which may be an important molecular
carrier of information [42].

The effect of chitosan depends on the plant species, developmental stage, and physio-
logical condition. In turn, the antimicrobial activity of this polymer depends on the type
of microorganisms. However, molecular weight is the most important parameter with
a large impact on the level of biological activity of chitosan [26,33]. For example, it was
observed in an experiment carried out by Kulikov et al. [43] that a decrease in the molecular
weight of chitosan was accompanied by an increase in its inhibitory activity against mosaic
virus infection in Phaseolus vulgaris. Animal-derived chitosan is a high-molecular-weight
polymer. Moreover, it exhibits antimicrobial activity only in an acidic environment, in
which it is soluble. Therefore, it is important to develop technologies for modification
and adaptation of chitosan in order to elicit adequately targeted biological activity of this
compound [9,44].

3. Application of Chitosan as a Biostimulant in Cultivation of Plants

Plant production is one of the most important elements of agriculture and the economy,
which require continuous progress. The introduction of various novel technologies has
contributed to the rapid increase in agricultural performance, but the search for ecological
solutions increasing the efficiency of plant production has currently become essential [33].
Pro-ecological activities in this area are also enforced by the latest changes in agricultural
policies, such as the European Green Deal, with one of the strategies aimed at a reduc-
tion in the use of plant protection products and the promotion of organic farming [45].
Hence, the interest in the use of natural-origin substances as stimulants of plant growth
and development, the so-called biostimulants, has increased in recent years. The concept of
biostimulants was proposed at the end of the 20th century but has not been clearly defined
to date. Moreover, there are no adequate legal regulations for the systematization of avail-
able preparations or registration of new agents. However, the term “plant biostimulant” is
assumed to denote any substance or formulation that is not a plant constituent, fertilizer,
or pesticide but contains natural compounds (single or mixtures) or microorganisms. It is
intended to be applied onto the whole plant, a part of a plant, or the rhizosphere in order
to intensify natural physiological processes, increase plant resistance to stress, enhance the
utilization of minerals, and improve the size and quality of crop yields [46—48].

Given its biological activity and film-forming properties, chitosan is widely used in
treatments improving the propagation material, such as coating or encapsulation. It is most
often used as an independent bioactive compound or a binding substance in combination
with other agents stimulating plant growth and development and ensuring protection
against pathogens. It is believed that coating the propagation material with a solution of this
polymer mainly ensures adequate water and gas permeability, thus stimulating germination
and development of seedlings [25,49]. It is also suggested that chitosan can activate
hydrolytic enzymes required for the degradation and mobilization of storage substances,
such as starch and protein [50]. A study conducted by Ruan and Xue [51] showed that
coating Oryza sativa seeds with chitosan accelerated their germination and increased the
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tolerance of these plants to salt stress. In turn, experiments carried out on tubers of
freesia [52] showed that the application of a 0.2% chitosan solution increased the biomass
and the number of progeny tubers in this species. Subsequent studies [53] demonstrated a
positive effect of coating Ornithogalum saundersiae bulbs with a 0.5% aqueous solution of
oligochitosan with 5000 or 100,000 g x mol~! molecular weight on plant yields and most
of the analyzed biometric and physiological indicators. It was also found that different
doses of chitosan stimulated seed germination and had a positive effect on the fresh weight
of cucumber roots and shoots [54]. Similar results were reported by Zeng et al. [55]; i.e.,
treatment with a chitosan solution stimulated germination and increased yields in soybean.

Current literature reports indicate a high effectiveness of foliar or soil application of
chitosan in the stimulation of plant growth. This may be related to its stimulating effect
on the uptake of water and essential minerals and its impact on the osmotic pressure in
cells [41]. It was reported that a solution of this polymer sprayed on strawberry plants
exerted a beneficial effect on plant growth and fruit yield [56]. This finding was confirmed in
a study conducted by Rahman et al. [57], where foliar treatment of strawberry with chitosan
had a positive effect not only on the growth and yield of fruits but also on their chemical
composition. Furthermore, the results reported by Poterariska et al. [58] indicated that foliar
application of chitosan-containing agents had a positive effect on the weight of haskap
berries. In turn, Eustoma grandiflorum plants grown in soil with the addition of chitosan
flowered much earlier and produced a larger number and greater weight of flowers [59].
Equally positive results were reported by Chookhongkha et al. [60], who additionally
indicated a variable effectiveness of chitosan depending on its molecular weight. It was
found that 1% high-molecular-weight chitosan applied to soil had a beneficial effect on
fruit and seed yields in Capsicum annuum.

The literature provides information on the potential use of chitosan in the fertilizer
industry as an ingredient for the production of sustained (SRF) or controlled release (CRF)
fertilizers. The interest in this polymer has mainly been aroused by its beneficial effect
on soil and plants and some physicochemical features. Given its film-forming properties
as well as high biocompatibility and biodegradability, chitosan can be used as a coating
material regulating the rate of release of minerals into the soil solution; additionally, it
can be used to solve the problem with the disposal of residues of coatings produced from
non-biodegradable polymers. In the agrochemical industry, chitosan nanoparticles are
used both to optimize the activity and efficiency of various types of formulations and to
reduce their toxicity to the environment [23,61,62]. An example of such an application was
shown in an experiment carried out by Abdel-Aziz et al. [63], in which the foliar application
of a nanochitosan-NPK fertilizer contributed to an increase in wheat growth and yields
compared to plants treated with traditional forms of nitrogen, phosphorus, and potassium.

4. Chitosan as a Plant Protection Agent

The presence of harmful organisms poses a serious threat to agriculture and many
industries worldwide. According to data published in 2019 by the Food and Agriculture
Organisation of the United Nations (FAO), agrophages cause approximately 20-40% of
losses of the world’s crops annually [64]. The use of chemical plant protection products
raises increasing concerns related to their negative impact on the environment despite
their effectiveness. Given the growing ecological and consumer awareness and changes in
the agricultural sector, the search for natural and safe methods for the protection of crops
against pathogens and pests has become relevant. Chitosan is commonly described in the
literature as a stimulant of plant resistance inducing natural defense mechanisms, which
may reduce the amounts of synthetic plant protection products used in cultivation [33].
With its film-forming properties, this polymer can also act as a physical barrier limiting the
contact between plants and pathogenic microorganisms [65]. Moreover, due to their potent
antimicrobial activity, chitosan-based products can be used separately or in combination
with other agents as biocides applied as hydrogels for coating tubers, fruits, and seeds; as a
solution for soil or foliar application during or after vegetation; or as medium supplements



Molecules 2022, 27, 2801

7 of 17

in hydroponic or tissue cultures [33]. Numerous studies have been carried out to assess
the potential use of chitosan as a plant health-promoting agent. It was shown that soaking
freesia tubers in a 0.2% solution of chitosan with different molecular weights (in the range of
2000-970,000 g x mol 1) exerted a positive effect on their health [52]. In turn, the treatment
of cucumber seeds with chitosan increased the resistance of seedlings to Phytophthora
capsici in a concentration-dependent manner (0, 125, 250, and 500 ppm). The highest
concentration ensured complete resistance of young cucumber plants to blight caused
by the pathogen [54]. Treatment of soybeans with a chitosan solution was reported to
reduce the presence of herbivorous insects [55]. Moreover, chitosan was found to induce
an effective reduction in the viability of Phomopsis viticola spores [66]. Given its properties,
it is also possible to use this polymer for the protection of herbal plants against pathogens.
Szczeponek et al. [67] demonstrated the efficacy of a chitosan-based formulation against
fungal species that infest lemon balm and peppermint most frequently. Chitosan can also be
used to control pathogenic soil nematodes and increase plant resistance to these pests [41].

Chitosan is also one of the few active substances contained in formulations and
fungicides approved for use in forestry for the protection of forest nurseries against
pathogenic diseases [68]. As shown in an experiment carried out by Aleksandrowicz-
Trzcinska et al. [69], foliar application of a chitosan-containing formulation increased the
resistance of Scots pine to fungal infections. Other results of laboratory studies indicated
that chitosan exerted a negative effect on growth and caused changes in the morphological
and structural structure of Cylindrocladium floridanum, Cylindrocarpon destructans, Fusarium
acuminatum, and Fusarium oxysporum fungi responsible for root rot in forest nurseries [70].
Moreover, there are a number of chitosan-based agents on the market for coating injuries
and wounds in trees and shrubs.

5. Application of Chitosan in Storage

The main goal of storage is to reduce food losses by ensuring the longest possible
shelf life, good quality of stored products, and the best possible protection of product
stability before further distribution. An important role in this process is mainly played
by the selection of optimal conditions and storage methods as well as the monitoring
of such product quality parameters as the color, weight, firmness, content of bioactive
compounds, and rate of ethylene and carbon dioxide production. However, in the case of
low-processed raw materials, it is often necessary to employ various types of preservation
methods. One of the options to preserve the quality of stored raw materials consists in a
reduction in respiration and transpiration through the use of natural edible coatings. The
potential of using chitosan in storage is associated with its physicochemical properties
and biological activity. Given its natural origin, ability to form semipermeable coatings,
and high antioxidant and antimicrobial activity, this polymer facilitates the maintenance
and optimization of the postharvest stability of raw materials and food products and
influences their chemical composition. Additionally, chitosan delays fruit ripening through
the limitation of ethylene and carbon dioxide release. Therefore, it can be widely used in
the production of biodegradable films, food packaging, fibers, gels, and films with high
strength and flexibility. It can also be used as nanoparticles. Moreover, this polymer can be
applied directly to fruits and vegetables as a single ingredient or in combination with other
substances in order to create edible protective coatings with bacteriostatic and fungistatic
properties [28,44,71]. Modifications achieved by combining chitosan with various types of
substances offer many possibilities for the production of edible coatings and food packaging
with required properties. For instance, conjugates of chitosan with phenolic (gallic and
caffeic) acids produced durable films with adequate properties to serve as a barrier against
water vapor and oxygen. They exhibited stronger antioxidant and antimicrobial activity
than films based on traditional chitosan [72].

Numerous reports have demonstrated the suitability of chitosan for storage purposes,
as its properties help to enhance the stability and quality of stored products. One of the ex-
amples is the research on the effect of chitosan coatings on the shelf life and quality of plum
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fruit. The results of the experiment showed that the use of coatings containing 2% chitosan
had a significant effect on the maintenance of the color, firmness, and weight of fruit stored
at low temperature [73]. Similar results were obtained in a study of guava fruit stored at
low temperature; i.e., the use of 2% chitosan coatings exerted a positive effect on the quality,
firmness, and weight of fruit [74]. It was also observed that chitosan coatings increased
the antioxidant properties of apricot fruits and contributed to the longer maintenance of a
high total content of phenolic compounds [75]. Moreover, another experiment showed that
chitosan coatings increased the storage stability of longan fruits and had a positive effect
on their quality, color, and weight during storage [76]. A similar effect was reported in a
study of Actinidia melanandra fruits, whose storage stability increased after the application
of gel coatings containing this polymer [77]. In an experiment conducted by Zhu et al. [78],
the application of chitosan coatings delayed the maturation and degradation of mangoes.

A study conducted by Tayel et al. [79] demonstrated that coating lemon fruit with
chitosan inhibited the occurrence of Penicillium fungi. Moreover, the application of a
chitosan-based formulation during the potato vegetation period was found to exert a
limiting effect on the presence of Fusarium spp. and P. carotovorum subsp. carotovorum
causing dry and wet tuber rot during storage [80]. A similar protective effect against
the presence of the bacterial pathogen Acidovorax citrulli, which causes fruit blotch, was
achieved in the case of watermelon seedlings [81]. In turn, as reported by He et al. [82],
the use of a chitosan spray before harvesting strawberries had a beneficial effect on the
quality and shelf life of the fruit through maintenance of the content of sugars; vitamin
C; and numerous secondary metabolites, e.g., total phenolic compounds, flavonoids, and
anthocyanins. Furthermore, the use of different concentrations of chitosan with different
molecular weights was shown to increase the resistance of tomato fruit to grey mold caused
by Botrytis cinerea. This was associated with both the direct antifungal activity of chitosan
and the induction of a biochemical defense response in the fruit, which resulted in increased
accumulation of phenolic compounds and enhanced activity of PPO [83].

6. Chitosan and its Derivatives as Biotic Elicitors

The potential for application of chitosan and its derivatives in the elicitation process
is related to the biological activity of this compound, which primarily involves the ability
to stimulate natural plant defense mechanisms and increase plant resistance to stress.
This is associated with various types of physiological and biochemical changes, such as
oxidative stress; accumulation of HyO,; synthesis of secondary metabolites (polyphenolic
compounds, phytoalexins, flavonoids, alkaloids), enzymes (chitinase, glucanase, protease),
and growth inhibitors (abscisic acid, jasmonic acid, salicylic acid); and accumulation of
lignin and callose. The effect of chitosan on plants is reflected in changes in the chromatin
structure, the inhibition of H*-ATPase activity in the cell membrane, the activation of MAP
kinases, and an increase in the cytosolic CaZ* concentration [23,44,84]. Elicitation is aimed
at stimulation of the biosynthesis of secondary metabolites present in plants or induction of
the formation of new substances. It can solve problems related to the insufficient amount
of bioactive compounds produced by plants, which does not cover the current needs, and
bring benefits by providing high-quality raw materials with increased content of health-
enhancing compounds [85]. The effectiveness of chitosan in elicitation largely depends on
its solubility; therefore, chitosan salts, such as lactate or acetate, are the most commonly
used derivatives of this polymer [21,34].

Numerous research publications report the effectiveness of chitosan and its derivatives
in the elicitation process. Studies on Curcuma longa [86] indicated that the foliar application
of a 0.1% chitosan solution triggered defense responses in the plants and had a positive
effect on both plant growth and accumulation of curcumin in their rhizomes. A stimulating
effect of 0.1% and 0.2% chitosan solutions was also reported in a study of Stevia rebaudiana.
The application of chitosan increased the biomass and concentration of phenolic compounds
and rebaudioside A [87]. A field experiment conducted on Origanum vulgare ssp. hirtum
demonstrated that the use of different concentrations of chitosan oligosaccharides (50,
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200, 500, or 1000 ppm) exerted a beneficial effect on plant growth and the content of
polyphenolic compounds [88].

The study conducted by Gerami et al. [89] suggested the possibility of the use of
chitosan as an elicitor increasing S. rebaudiana tolerance to salinity and reducing its phyto-
toxic effects on these plants. Similar results were obtained in an experiment conducted by
Safikhan et al. [90], in which chitosan mitigated the harmful effects of salt stress, stimulated
growth, and had a positive effect on the physiological parameters of Silybum marianum.
Furthermore, a study conducted in water deficit conditions showed that chitosan treatment
of Salvia officinalis reduced the negative impact of drought stress. It also had a positive effect
on the quantity and quality of essential oil, the total content of phenolic compounds and
flavonoids, and the antioxidant properties of sage extracts [91]. A stimulating effect of a chi-
tosan suspension and a chitosan solution in 1% acetic acid on the production of flavonoids
in Ononis arvensis in in vitro conditions was demonstrated as well [92]. A chitosan solution
in acetic acid used as an elicitor in Mentha piperita suspension cultures produced a signif-
icant increase in the accumulation of menthol [93]. In turn, the treatment of M. piperita
with chitosan in greenhouse conditions increased the total content of phenolic compounds
and flavonoids and enhanced the antioxidant activity of the extracts [94]. Chitosan also
stimulated the production of triterpenoid saponins in Psammosilene tunicoides hair root
cultures [37]. Moreover, the polymer was found to have a beneficial effect on biomass
accumulation in cell cultures of three basil species: Ocimum basilicum, O. sanctum, and
O. gratissimum [95]. Other studies carried out on O. basilicum indicated the effectiveness of
chitosan elicitation in the stimulation of biomass growth, intensified accumulation of total
phenolic and terpene compounds, elevation of rosmarinic acid and eugenol concentrations,
and enhancement of antioxidant activity [96]. The foliar application of chitosan lactate
stimulated the biosynthesis of rosmarinic acid, anthocyanins, and phenolic compounds in
O. basilicum and M. officinalis raw materials [34].

The effects of the application of chitosan and its derivatives on the accumulation of
secondary metabolites in selected plant species are shown in Table 1.

Table 1. Effects of application of chitosan and its derivatives on the level of secondary metabolites in
selected plant species.

) Dose, Method, and Effect of Chitosan
. Plant Growth Chitosan . on the Level of
Plant Species o Number of Chitosan Reference
Conditions Form Avplications Secondary

PP Metabolites

laboratory conditions; 50, 100, or 150 mg L™" of increased artemisinin

Artemisia annua hai y ! chitosan chitosan added to hairy . Putalun et al. [97]
airy root cultures production
root cultures
0.1% chitosan; foliar increased curcumin
Curcuma longa field conditions chitosan application; seven content Sathiyabama et al. [38]
treatments
enhanced

biosynthesis of total

Dracocephalum glasshouse; mixture 100 or 400 mg L~ of phenolic and
kots cp i of peat, sandy soil, chitosan chitosan; triple foliar flavonoid Kahromi and Khara [98]

Y and perlite substrate application compounds,

including rosmarinic

acid and apigenin
chitosan 1% chitosan
greenhouse; sandy . nanoparticles; single increased alkaloid =
Catharanthus roseus . nanoparti- . .0 . Hassan et al. [35]

soil cles foliar application in accumulation

salinity stress conditions
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Table 1. Cont.

Plant Growth Chitosan Dose, Method, and Eifzctl(::fldce}‘::etlozin
Plant Species Conditions Form Number of Chitosan Seconda Reference
Applications Y
Metabolites
increased amount of
125, 250, 500, or phenolic compounds,
Fragaria x annanasa field conditions chitosan 1000 ppm.chl.t osan foliar carotgn oids, Rahman et al. [57]
application; six flavonoids, and
treatments anthocyanins in
strawberry fruits
, . laboratory conditions; 25, 50,100, or 200 mg L erggatgfaeldﬂzif%ili)ciggn
Ginkgo biloba ’ chitosan of chitosan added to MS . Elateeq et al. [99]
callus cultures medium and total phenolic
edia compounds
enhanced total
laboratory conditions; 1 phenolic compounds,
Iberis amara cell suspension chitosan 50, 100, olrn.ZtOOanr:g L™ of flavonoid, flavonol, Taghizadeh et al. [100]
cultures chutos and anthocyanin
contents
50,100, 150, 200, or increased total
age . 71 . .
Isatis tinctoria lakl::;atory conditions; chitosan 400 mg L™ of chitosan; flavonoid Jiao et al. [101]
y root cultures hairy root cultures accumulation
elicited for 6-96 h
increased
. L phytotron room; soil chitosan 100 or 500 mg L™ of igg;?git:c;rcli?if Hawrylak-Nowak
Melissa officinalis ’ chitosan lactate; single . ’
substrate lactate foliar lication anthocyanins, and etal. [34]
ouarappicatio total phenolic
compounds
increased content of
Mentha piverita greenhouse; soil chitosan 50 or 100 uM chitosan; phenolic and Salimgandomi and
pp phosphate single foliar application flavonoid Shabrangi [94]
compounds
reenhouse: pottin increased content of
& & POting 0.01%, 0.05%, 0.1%, 0.5% total phenolic and
substrate irrigated
Ocimum basilicum with a fertilizer chitosan or 1% chitosan; seed terpenic compounds Kim et al. [96]
solution soaking (30 min.) (rosmarinic acid,
eugenol)
increased
Oricanum vuleare s chitosan 50, 200, 500, or 1000 ppm  accumulation of total
8 hir tumg p: field conditions oligosaccha-  chitosan oligosaccharides;  flavonoids and total Yin et al. [88]
rides single foliar application polyphenolic
compounds
enhanced
accumulation of total
Psammosilene laboratory conditions; 200 mg L~ of chitosan; Ssgr?’::elr?’csé);nctiﬁ?ziej
tunicoides hair ro};t cultures ' chitosan hairy roots elicited by acid sg enin, Qui etal. [37]
y chitosan for nine days . gZE d genm,
gypsogenin-3-O-3-D-
glucuronopyranoside
increased amount of
total phenolic and
025 0r 0.50 g L~ of flavonoid content;
; o . enhanced production
Salvia officinalis field conditions chitosan chitosan; single foliar of x- and p-pinene, Vosoughi et al. [91]

application in reduced
irrigation conditions

limonene, «- and
(-thujone, camphor,
and 1,8-cineole in the
essential oil
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Table 1. Cont.

) Dose, Method, and Effect of Chitosan
. Plant Growth Chitosan ) on the Level of
Plant Species o Number of Chitosan Reference
Conditions Form Avplications Secondary
PP Metabolites
increased amount of
essential oil;
reenhouse; sand 0.20r04g L1 of conclzrcllgfaa’zz(:rlls of
Satureja isophylla & soil ! y chitosan chitosan; foliar essential oil Salehi et al. [102]
application constituents
(carvacrol,
B-bisabolene)
02,04,0r06¢g L1of increased content of
Stevia rebaudiana greenhouse; perlite chitosan chitosan; double foliar steviol glycosides: Gerami et al. [89]
and peat substrate application in salinity stevioside and '
stress conditions rebaudioside A
enhanced
laboratory conditions; 0.5,1,25,5,10, 25, or 50 accumulation of total
Sylibum marianum cell suspension chitosan mg L1 of chitosan in MS flavonoids, total Shah et al. [103]

cultures medium phenolic compounds,

and silymarin

7. Prospects for New Applications of Chitosan

Due to the wide availability and a number of its beneficial properties, an increase in
the number of potential applications of chitosan and its derivatives has been observed in
recent years. Nevertheless, despite its numerous advantages, the practical commercial-
scale use of this polymer is still limited by some of its physicochemical features and is
dependent on progress in the development of optimal methods for chemical modification
and adaptation of the polymer for specific applications. To date, the greatest success in
this regard has been achieved in nanotechnology, which is regarded as one of the five
most groundbreaking fields of science and technology of the last century [6,104,105]. The
achievements of this discipline facilitate a wide use of chitosan nanomaterials in various
types of biomedical, cosmetic, food, ecological, and agrotechnical innovations [13,16]. The
application of nanoparticles facilitates more effective utilization of the biological properties
of chitosan.

One of the most important prospects for the use of chitosan in nanotechnology is
the concept of sustainability of the agrochemical industry through the production of the
so-called agronanochemicals. It mainly involves the preparation of chitosan nanoparticles
and chitosan nanocomposites or encapsulation of active substances in chitosan-based
nanocarriers. The preparations primarily exhibit high efficiency and bioavailability; hence,
they can constitute a more economical environmentally friendly alternative limiting the
amounts of currently available chemicals [17,104,106,107].

Chitosan may exert a positive effect on plant photosynthetic efficiency, ability to
biosynthesize and accumulate chlorophyll, and nutrient uptake [27,106,108,109]. The
available research results demonstrate that chitosan nanoparticles have a greater impact on
the macronutrient uptake efficiency than chitosan oligomers. Experiments carried out in
greenhouse conditions showed that chitosan nanoparticles contributed to an increase in
photosynthetic efficiency; chlorophyll content; and nitrogen, phosphorus, and potassium
absorption in Coffea canephora [110]. Similar results were reported by Sathiyabama and
Manikandan [111], who found that the foliar application of nanochitosan stimulated growth
and increased the mineral content in Eleusine coracana.

Various research results also indicate the possibility of using chitosan to increase plant
tolerance to abiotic and biotic stress factors and mitigate their phytotoxic effects [35,107,109].
Many reports show the effectiveness of chitosan in increasing plant resistance to salinity,
drought, or low-temperature stress [112,113]. It was shown that spraying with a solu-
tion containing 1% chitosan nanoparticles alleviated the effects of salt stress through the
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activation of defense mechanisms in Catharanthus roseus [35,109]. The foliar application
of a solution containing chitosan nanoparticles (400 mg L~!) to bananas enhanced their
tolerance to low temperature and improved biometric parameters via a reduction in the
oxidative stress intensity [113]. In turn, Kociecka and Liberacki [112] reported the effective-
ness of chitosan, its derivatives, and nanoparticles in the stimulation of the resistance of
cereals to such abiotic stress factors as low temperature, drought, and salinity and in the
enhancement of the health of plants and improvement of their quality.

This polymer can also be used in combination with other compounds not only to
extend the spectrum of its activity but also to produce materials with more favorable
mechanical, chemical, thermal, and barrier properties [17,107,114]. The use of chitosan in
the production of nanocomposites may also increase the effectiveness of other chemical
compounds or elements, e.g., zinc, iron, copper, and silver [107,114]. In addition to the
stimulation of the efficiency of agrochemicals, these nanocomposites enhance the biosyn-
thesis of secondary metabolites and may accelerate plant regeneration. An example of this
type of use is the application of zinc encapsulated chitosan nanoparticles, which had a
beneficial effect on the growth, health, and quality of maize kernels [115]. In turn, studies
of Capsicum annuum tissue cultures showed that a composite of zinc oxide and chitosan
nanoparticles contributed to a significant increase in its elicitation efficiency [116].

Chitosan nanoparticles can reduce the amount and frequency of application of plant
protection products, ameliorate their negative effects, and help to monitor and remove
their excess from soils and waters [23,117]. Due to its cationic nature and high affinity to
metals and dyes, chitosan is also one of the preferred natural and relatively cheap adsor-
bents replacing the currently used active carbon, with similar sorption properties in water
engineering [2,10,105,118]. In water remediation, similar to other applications, chitosan
can be used alone or in combination with other substances, e.g., activated carbon or silicon
dioxide. Nanocomposites made of chitosan and activated carbon, whose combination
ensures a significant increase in their adsorption capacity, are one example [118,119].

The main applications of chitosan and its derivatives in plant production are summa-
rized in Figure 2.
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Figure 2. Application of chitosan and its derivatives in plant production.
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8. Conclusions

Chitosan is an easily available environmentally friendly biopolymer with numerous fa-
vorable biological properties; hence, it has many applications in various fields. Additionally,
it can be a potential solution to various ecological problems, especially in the production of
plants by increasing their internal potential. Biodegradable and biocompatible chitosan
and chitosan-based nanomaterials are becoming essential in agriculture due to their unique
properties, such as biostimulating, eliciting, and antimicrobial activity and stimulation of
plant growth and tolerance to environmental stresses. However, the use of other effective
sources of chitosan, the methods for extraction and optimization of its physicochemical
properties, and the practical implementation of laboratory results should be investigated
comprehensively. Moreover, detailed studies on the potential toxicity of chitosan-based
nanomaterials and the ecological consequences of their large-scale use are required. At
present, these substances are not being widely used in agriculture, as the mechanisms of
their biological activity in plants and action against pathogenic microorganisms have not
been fully elucidated to date.
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ARTICLE INFO ABSTRACT

Keywords: Given the beneficial aspects of elicitation, plant elicitors are being extensively used in recent years to increase the
Chitosan production of desired secondary metabolites in vitro. However, the potential of elicitors to be used in vivo is still
Selenium

limited due to the insufficient knowledge of their biological activity and the dependence on a number of factors,
especially the elicitor type and the duration of the elicitation. For this reason, further in vivo studies are still
needed to unravel the biological basis of the elicitation process. Therefore, the aim of the study was to compare
the effect of three chemically different substances (150 mg/L chitosan lactate, ChL; 10 mg/L selenium as selenite,
Se; 100 mg/L salicylic acid, SA; a mixture of ChL+Se-+SA in the proportion of 1:1:1) on some aspects of primary
and secondary metabolism in Melissa officinalis L. The main objective of the research was to determine the po-
tential of these foliar-applied compounds in the elicitation of phenolic metabolites in vivo. The strongest elici-
tation effect was found after the use of ChL and SA, and a slightly weaker effect was noted after the application of
Se; in turn, the mixture of the elicitors generally did not cause changes in the level of phenolic metabolites.
Moreover, regardless of the elicitor type, their highest concentrations were recorded on the 8th day of elicitation,
while no significant increase was generally observed on the 4th day. Among the analyzed metabolites, rosmarinic
acid hexoside was most strongly induced by the elicitation, and its level increased even several times compared
with the control. A very effective increase in the accumulation of rosmarinic and lithosperimic acids was detected
as well. The elicitors also increased the antioxidant activity of the plant extracts. No visual signs of toxicity of
these compounds or their effect on plant biomass were found, although there were some elicitor-induced changes
in parameters related to oxidative stress (increase in HyOy and 0% accumulation and lipid peroxidation) and
photosynthesis (reduction of chlorophyll fluorescence indicators and photosynthetic pigment concentrations).
We recommend that ChL or SA alone should be applied for effective and successful elicitation of intact lemon
balm in controlled pot cultivation. This method can be an easy and cost-effective alternative to in vitro, sus-
pension, or hydroponic cultures of M. officinalis and can be widely used for acquisition of high-quality plant raw
material with improved nutraceutical and pro-health values.

Salicylic acid

Lemon balm
Elicitation

Phenolic metabolites

1. Introduction

For centuries, plants have been assigned an important economic,
social, and cultural role, and elucidation of the biochemical basis of their
functioning has long been an object of interest for researchers world-
wide. It is primarily associated with the variety of compounds produced
by plants, particularly specialized metabolites that include substances
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from the group of (poly)phenols, terpenoids, and sulfur- or nitrogen-
containing compounds (Thakur et al., 2019; Jan et al., 2021; Ali,
2021). These natural sources of substances with multidirectional bio-
logical activity are in the focus of attention of many branches of in-
dustry. Both whole plant material and single isolated substances are
commercially used as e.g. pharmaceuticals, dietary supplements,
nutraceuticals, dyes, food additives, cosmetic ingredients, or

Received 9 May 2023; Received in revised form 28 August 2023; Accepted 29 September 2023

Available online 4 October 2023
0926-6690/© 2023 Published by Elsevier B.V.


mailto:katarzyna.rubinowska@up.lublin.pl
www.sciencedirect.com/science/journal/09266690
https://www.elsevier.com/locate/indcrop
https://doi.org/10.1016/j.indcrop.2023.117571
https://doi.org/10.1016/j.indcrop.2023.117571
https://doi.org/10.1016/j.indcrop.2023.117571
http://crossmark.crossref.org/dialog/?doi=10.1016/j.indcrop.2023.117571&domain=pdf

M. Stasinska-Jakubas et al.

agricultural chemicals (Chen et al., 2016; Isah, 2019; Wang et al., 2020;
Kandoudi and Németh-Zamboriné, 2022). However, due to the limita-
tions associated with their acquisition, many of these compounds have
not been used on a large scale so far. The dynamically developing
modern plant production faces many challenges associated with e.g.
climate change and the strict dependence of production on environ-
mental conditions or changes in agricultural policies. The growing de-
mand for secondary metabolites and, concurrently, their naturally low
concentrations in plant tissues (usually below 1% of dry weight) suggest
the need for a constant increase in the yield and quality of crops with
limitation of the impact of stress factors (Dresselhaus and Hiickelhoven,
2018; Khare et al., 2020; Rouphael and Colla, 2020; Cartaxo et al.,
2022). Abiotic factors with their excessive or insufficient impact and
biotic factors related to the presence of other organisms may influence
the biosynthesis and accumulation of phytochemicals, thus exerting a
direct effect on the final quality and pro-health value of produced raw
materials (Baenas et al., 2014; Applequist et al., 2020; Li et al., 2020;
Wang et al., 2020). Therefore, the impact of stress on the metabolism in
plants and the development of effective and environmentally friendly
methods for biostimulation thereof are an important aspect of recent
research, also in terms of hormesis phenomenon. According to the
hormesis, the mild/moderate stress (eustress) could be used to optimize
sustainable plant production. For this purpose, various types of stress
factors are used in research, which at appropriately low doses can have a
beneficial effect (Arif et al., 2020; Teklic¢ et al., 2021; Godinez-Mendoza
et al., 2023).

One of the methods combining the issues mentioned above is elici-
tation, which employs the beneficial impact of eustress on plants. It is
based on application of moderate doses/concentrations of various types
of factors or substances, so-called elicitors, to stimulate biochemical
reactions in plants and production of desired secondary metabolites or
induction of the biosynthesis of completely new compounds (Isah, 2019;
Kandoudi and Németh-Zamboriné, 2022). The use of elicitors of abiotic
or biotic origin is considered one of the most effective tools in the pro-
duction of economically important bioactive substances and may be a
potential solution to the problems associated with their acquisition
(Isah, 2019). The additional advantages of this method include its
environmental friendly nature and social acceptance as well as the
relatively low cost and simplicity of application of elicitors. They can be
used alone or in combinations in soil or foliar applications in plant
cultivation at every stage of plant growth and development (Gawlik-D-
ziki et al., 2013; Hawrylak-Nowak et al., 2021a; Kandoudi and
Németh-Zamboriné, 2022).

However, despite the benefits mentioned above, the potential of
elicitors to be used commercially, especially in vivo, is still limited
(Hawrylak-Nowak et al., 2021b; Kandoudi et al., 2022; Kianersi et al.,
2022; Riahi-Madvar et al., 2014). This is related to the insufficient
knowledge of their biological activity and the dependence of the elici-
tation process on a number of factors: the type, concentration, and
duration of the exposure to the elicitor, the method of its application, the
species, variety, age, and physiological status of plants, or environ-
mental conditions (Baenas et al., 2014). Although it is assumed that
changes in redox homeostasis in cells may be the common basis for the
induction of the biosynthesis of products of plant specialized meta-
bolism as part of the plant stress response, detailed information on the
biological basis of these changes is still required. Additionally, only few
scientific papers published on this subject have reported results of in
vivo studies (Pistelli et al., 2019). Although the use of elicitors to
stimulate bioactive compounds in whole plants (especially medicinal
and/or seasoning plants) grown in controlled or field conditions has
been reported in the literature, further in vivo studies are still needed to
elucidate the biological basis of the elicitation process (Kandoudi and
Németh-Zamboriné, 2022).

Given this information, the present study was focused on comparing
the impact of three substances representing different types of elicitors
applied in foliar treatments: chitosan lactate (biotic elicitor), salicylic
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acid (abiotic elicitor from the group of phytohormones), and sodium
selenite (abiotic elicitor from the group of trace elements) on the pri-
mary and secondary metabolism in lemon balm (Melissa officinalis L.)
growing in controlled pot cultivation conditions. The impact of these
substances on the indicators of oxidative stress and the antioxidant
response of the plants was analyzed as well, as these processes may
potentially constitute a common biological basis for the induction of
biosynthetic pathways of specialized metabolites from different chemi-
cal classes. The hypothesis that the three chemically different substances
vary in their elicitation activity and influence the metabolism through
modulation of the oxidant status of M. officinalis was tested. This
research provides new insight into the impact of the application of these
elicitors, applied alone or in combination, on the primary and special-
ized metabolism in this pharmaceutically important plant.

2. Materials and methods
2.1. Plant growth conditions and experimental treatments

M. officinalis seeds (producer: PNOS, Ozaré6w Mazowiecki) were
sown into 0.5 L pots (25 seeds per pot) filled with universal substrate and
left to germinate in controlled laboratory conditions. The soil substrate
(pH = 5.5-6.5) used in the experiment contained high peat with varying
degrees of decomposition (manufacturer: Kronen). The plants were
grown in an air-conditioned room equipped with LED lamps at tem-
perature of 26 °C/22 °C (day/night), a 14 h photoperiod, and 60-65%
relative humidity. The photon flux density at the level of plant tops was
250-300 pmol m~2 s71. On day 21 after sowing the seeds, the M. offi-
cinalis young plants were repotted, with each pot containing eight plants
of equal height.

In the experiment, the impact of three elicitors: chitosan lactate —
ChL (Heppe Medical Chitosan, Germany, deacetylation degree:
80-95%), salicylic acid — SA (PoCH, Poland), and sodium selenite — Se
(Fluka, Switzerland) and their combination — ChL+4-Se-+SA (at a ratio of
1:1:1) was compared on subsequent elicitation days (1—10). On day 43
after sowing the seeds, the lemon balm was sprayed with aqueous so-
lutions of the analyzed elicitors in the following configurations:
0 (distilled water), 100 mg/L ChL, 10 mg/L Se, 150 mg/L SA, and
ChL+Se+SA. The concentrations of elicitors were selected based on
literature data and preliminary studies. The solutions were prepared by
dissolving compounds in distilled water. The elicitor combination was a
1:1:1 mixture of single elicitor solutions, thus the concentration of the
tested substances in the applied volume of the mix solution used for
spraying was 1/3 of the concentration of the given substance in the
solution of a single elicitor. We intended to test whether a mixture of
lower concentrations of the tested substances would be more, equally, or
less effective than the compounds applied alone. Considering the limited
penetration of the elicitors through the cuticle, all the spraying combi-
nations, including distilled water, were enriched with 0.02% Tween® 20
(Sigma-Aldrich, USA) to reduce surface tension. The elicitors were
applied at a dose of 10 mL per pot using an atomizer, which ensured full
saturation of the leaf blades with the solutions. A varied spraying pattern
was applied twice at two-day interval. During the vegetation, the plants
were watered every 2-3 days using tap water.

The experiment also consisted in biochemical analyses (identifica-
tion and determination of the content of selected secondary metabolites,
levels of lipid peroxidation, accumulation of Hy0,, total content of
polyphenolic compounds, concentration of flavonoids, DPPH radical
reduction by the extracts, antioxidant enzyme activity) and histo-
chemical assays (visualization of reactive oxygen forms in the leaves).
On the day of termination of the experiment, selected biometric and
physiological indices were measured (fresh weight of shoots, content of
photosynthetic pigments, chlorophyll fluorescence).
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2.2. Determination of selected secondary metabolites

a) Preparation of methanol leaf extracts

Dried lemon balm leaves were ground in a laboratory mill on days
4, 6, 8, and 10 after the elicitation. Next, 50 mg of the raw material
was extracted in 2 mL of an 80% methanol aqueous solution (v/v)
using an ultrasonic bath. After 15 min, the extracts were centrifuged
(18,000 rpm, 5 min).

Total phenolic compounds and flavonols

The total content of (poly)phenols was determined spectrophoto-
metrically at the 756 nm wavelength using the classic Folin-
Ciocalteau method (Wang et al., 2011). The content of phenolics
was calculated from the standard curve for gallic acid.

The level of soluble flavonols was determined spectrophotomet-
rically using the simplified Christ-Miiller technique (Polish Phar-
macopoeia V, 1999). Absorbance of the solutions was measured at
425 nm. The concentration of soluble flavonols was read from the
standard curve for rutin.
¢) UHPLC-MS analysis

b

—

The plant extracts were analyzed by ultra-high performance liquid
chromatography (UHPLC). Chromatographic separation was carried out
at 30 °C and the flow rate of the mobile phase was 0.2 mL/min. Detailed
description of the method is presented in our previous publication
(Stasinska-Jakubas et al., 2023). Quantification of the identified com-
pounds was based on calibration curves obtained for reference sub-
stances including rosmarinic acid, lithospermic acid, salvianolic acid A,
caftaric acid, and caffeic acid (Sigma-Aldrich, USA). Rosmarinic acid
hexoside, caftaric acid hexoside, and salvianolic acid C derivative were
quantified based on calibration curve for rosmarinic acid, caftaric acid,
and salvianolic acid, respectively.

2.3. Determination of the oxidative status of plants

a) Lipid peroxidation level

The lipid peroxidation was determined based on the concentra-
tions of TBARS (thiobarbituric acid reactive substances) (Heath and
Packer, 1968). Fresh plant material was collected from the third pair
of leaves below the apical meristem on the day of termination of the
experiment (day 10 after the first application of the elicitors). The
samples were ground in trichloroacetic acid (TCA) solution and
centrifuged. Next, 20% TCA containing 0.5% TBA (w/v) supple-
mented with BHT (butylated hydroxytoluene) was added to the su-
pernatant. The mixture was heated (95 °C, 30 min) and centrifuged
again (10,000 rpm, 10 min). Absorbance was read at 600 and 532
nm, and the TBARS concentration was calculated based on a molar
absorbance coefficient (155 mM~! cm’l).
Hydrogen peroxide content

Quantitative determinations of HoO> in the leaves were performed
with the spectrophotometric method on the day of termination of the
experiment (Jena and Choudhuri, 1981). The plant samples (0.25 g
FW) were homogenized in phosphate buffer (3 mL, 50 mM, pH = 6.5,
4 °C) and centrifuged (30 min, 6000 rpm). 1.5 mL of the supernatant
and 0.5 mL of 0.1% titanium dioxide in 20% H2SO4 (v/v) were
pipetted into test tubes and centrifuged again (15 min, 6000 rpm).
Absorbance was measured at the 410 nm wavelength. The H0,
concentration was estimated using the molar absorbance coefficient
0.28 yM~ ! em ™).
c) Antioxidant enzymes activity

Samples of the plant material (25 mg FW) were taken from the

third and fourth pairs of true leaves below the apical meristem on

day 10 after the first application of elicitor solutions. To prepare

enzyme extracts, the samples were homogenized in 0.05 M phos-

phate buffer, pH = 7.0 (for determination of catalase (CAT; EC

1.11.1.6) and guaiacol peroxidase (GPOX; EC 1.11.1.7) activity or in

phosphate buffer (0.1 M, pH = 6.0) containing PVP

b

=
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(polyvinylpyrrolidone), sodium ascorbate, and EDTA (ethyl-
enediaminetetraacetic acid) (for determination of ascorbate peroxi-
dase activity (APOX; EC 1.11.1.11)). The homogenates were
centrifuged (10 min, 4 °C, 10,000 rpm). CAT activity was determined
spectrophotometrically as previously described in detail by Golan
et al. (2013) and Hawrylak-Nowak et al., 2021a. GPOX activity was
determined with the method proposed by Matolepsza et al. (1994)
with slight modification (Golan et al.,, 2013). APOX activity was
analyzed with the technique developed by Nakano and Asada
(1981). The detailed process of performing the assays has been
described previously (Hawrylak-Nowak et al., 2021a).
d) Visualization of reactive oxygen species (ROS) in leaves

Detection of H,O- and O3 in the leaves was carried out on elici-
tation days 1, 3, and 8 using DAB (3,3-diaminobenzidine, 1 mg
mL~1) and NBT (nitrotetrazolium blue, 2% in 50 mM phosphate
buffer, pH = 7.5) (Kumar et al., 2014). True leaves of the third or
fourth pair (below the apical meristem) were stained. The leaves (at
least six in each experimental series) were placed in Petri dishes
filled with the staining solutions and left for minimum 24 h in the
dark at room temperature. Photosynthetic pigments were removed
from the leaf blades by boiling in 96% ethanol. ROS were identified
based on characteristic staining: brown in the case of HyO5 and dark
blue in the case of 0%

e) Free radical scavenging activity (FRSA)

The FRSA of the plant extracts prepared as described in 2.3.a was
examined by the DPPH (1,1-diphenyl-2-picrylhydrazyl) reduction
method, 10 days after the first spraying with the elicitor solutions. The
DPPH solution (2 mL; 200 pM) and the extract (15 pL) were pipetted into
plastic cuvettes. Simultaneously, a control sample (A0), in which the
plant extract was replaced with the same volume of 80% methanol, was
prepared. Fifteen minutes after the addition of the extract, absorbance
was measured at 517 nm. Antioxidant activity was calculated and
expressed as % DPPH reduction using the formula of Molyneux (2004).

2.4. Determination of plant growth and selected physiological parameters

a) Dry weight of shoots

At the time of termination of the experiment, shoots of three plants
(9 plants from each series) were harvested and dried at room tem-
perature, and their air-dry weight was determined.
Chlorophyll fluorescence

Chlorophyll a fluorescence parameters (Fy — maximum fluores-
cence, Fy — minimum fluorescence, and F,/Fy, — ratio of variable
fluorescence (Fy) to Fy,) were measured on days 3 and 10 after the
first application of the elicitors. The F,/Fy, ratio is regarded as the
most credible indicator of the maximum quantum efficiency of PSII
after dark adaptation (Murchie and Lawson, 2013). Fragments of the
lemon balm leaf blades were dark-adapted with the use of dedicated
clips, and the aforementioned parameters were measured after 15
min
c) Content of photosynthetic pigments

b

-

The photosynthetic pigments level was examined on the day of
termination of the experiment, i.e. 10 days after the first spraying with
the elicitor solutions. The material for the analyses was taken from the
third pair of leaves below the apical meristem. The samples were ground
in a mortar with 80% acetone (v/v). The homogenate was quantitatively
transferred onto a filter coupled to a vacuum pump and washed with
acetone. The extract was transferred to volumetric flasks and supple-
mented with an acetone solution. The absorbance of the solutions was
measured at 663 nm, 645 nm, and 470 nm. The content of the pigments
was calculated as proposed by Lichtenthaler and Wellburn (1983).
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2.5. Statistical analyses

The experiment was established in a completely randomized block
design (CRBD), with five treatments, four replications per treatment,
and eight plants per replication. Plant material for the analysis of
specialized metabolites and FRSA was collected on days 4, 6, 8, and 10
after the first spraying with the elicitors. The concentration of phenolic
metabolites and FRSA were subjected to two-way ANOVA with the type
of elicitor and the duration of elicitation as the main experimental fac-
tors, and the results of the statistical analysis of these data represent the
main effects and the interaction effect between these two factors. Per-
centage values (FRSA) were normalized by Bliss angular transformation
before ANOVA. However, the data on DW, chlorophyll fluorescence,
concentration of photosynthetic pigments, and oxidative status of plants
were statistically analyzed using one-way ANOVA to assess merely the
reactions of the plants to the application of the elicitors at the end of the
experiment. Significance of differences was assessed using Tukey’s test
at p < 0.05. Statistica ver. 13.3 software (TIBCO Software Inc. 2017, Palo
Alto, CA, USA) was used for the statistical analysis. The heat map was
created with Microsoft Excel (2010) based on standardized data.

2.6. Instrumentation

a) All spectrophotometric data were acquired using a Cecil CE 9500
UV-VIS spectrophotometer (Cecil Instruments, UK). Semi-micro

A O4thday m6thday ®@8thday m10thday
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plastic cuvettes (chamber volume 1.5-2.5 mL) or glass cuvettes
(3.5 mL) were used for absorbance measurements.

b) Infinity Series II chromatograph coupled with an Agilent 6224 ESI/
TOF mass detector and a DAD detector (Agilent Technologies, USA)
on an RP18 Titan column was used for the analysis ultra-high per-
formance liquid chromatographic (UHPLC) analysis.

c) Selected parameters of chlorophyll fluorescence were determined by
a fluorimeter (Handy-PEA, Hansatech Instruments, Japan).

3. Results
3.1. Phenolic metabolites in plant leaves treated with different elicitors

The total concentration of phenolic compounds in the leaves varied
depending on the elicitor type and exposure time (Fig. 1A). The highest
content of these compounds in the control plants was recorded on day 8
of the experiment. In turn, an increase in the concentration of soluble
(poly)phenols in comparison with the control was observed especially
on days 6 and 10 after the first application of the single elicitors, but not
their mixture (interaction effect). The highest efficiency in induction of
the accumulation of these compounds was found in the SA-exposure
variant, where an approximately 80% and 40% increase in the content
of (poly)phenols was recorded on days 6 and 10, respectively, in com-
parison with the control. The other solutions and their mixtures
exhibited lower but significant elicitation efficiency. For example, the
accumulation of these compounds after 10 days of elicitation with ChL

in e
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Fig. 1. Effect of foliar spray with different elicitors (ChL - chitosan lactate; Se — selenite; SA — salicylic acid; ChL+Se-+SA — mixture of elicitors) on the concentration
of total phenolics (A) and soluble flavonols (B) in M. officinalis leaves on elicitation days 4, 6, 8, and 10. Means ( + SD; n = 3) sharing the same letter are not
significantly different (p < 0.05). Significant effects for the main factors are marked in the same way with capital letters. GAE — gallic acid equivalents; RUE - rutin

equivalents.
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was 36% higher than in the control plants. In the Se variant, the increase
in the content of phenolic compounds on elicitation days 6 and 10 was
similar, i.e. 46% and 48%, respectively. In contrast, the application of
the combination of all these compounds turned out to be ineffective.
Taking into account only the main effects on the total level of phenolic
compounds, it was shown that the SA-treated plants had the highest
content of these substances, regardless of the duration of the elicitation
process. In turn, in terms of the duration of the treatment as the main
factor, regardless of the elicitor type, the highest amounts of total phe-
nolics were accumulated by the plants on elicitation day 8, whereas the
lowest content was recorded on day 4 (Fig. 1A).

The elicitors used in the study stimulated the biosynthesis of soluble
flavonols to a similar extent, although the analysis of the interactions
between the experimental factors revealed a significant increase in their
content (by 37-61%) versus the control only on elicitation day 10
(Fig. 1B). As in the case of the total phenolic content, the elicitation
treatment turned out to be ineffective in induction of accumulation of
flavonoids on day 4 after spraying, and Se was even shown to cause a
23% decrease in the content of these compounds. Taking into account
only the main effect, it was noted that the amount of flavonols was
increased by the substances applied, regardless of the duration of the
elicitation. Considering only the impact of the duration of the elicitation,
regardless of the elicitor type, it was found that the highest amounts of
flavonols were accumulated by the plants on day 8, whereas the lowest
levels of these compounds were recorded on day 4.

The UPLC-UV-MS analyses identified and quantified eight different
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A Ddthday m6thday m8thday m10thday  Aemefeas -
80 “ChL - A - 6" day - B
gml vSe-8 8% day - A
(o «SA-A « 107 day - B
& 60 - ChL+Se+SA - C
a
gﬁﬂ ] ab] § ababab
= & T bc
B 40 1 jordef def dar“‘ ; dedecd
2 3049 L f
é 20
g 10 -
0 : !
Control ChL Ch L+5A+Se
- Main effect:
C i o4thday m6thday m8thday m10thday ;gj‘;};}ﬁ?g 9 doy- 8
«ChL -A =& day - A
= +Se-8 « 8" day - AB
o 25 | a «5A-BC + 10" day - B
TU! -C.":L+5|!-*SR c
E 20 4 b bElb
E=]
g 15 |
g
E 10
g
£ 0]
0 T T
Control ChL Se ChL+SA+Ss

Experimental trealments
HO o
(0]
0 AN O o HO HO™ S0
0 OH OH
OH

Rosmarinic acid Lithospermic acid

o

Industrial Crops & Products 205 (2023) 117571

rosmarinic and lithospermic acids as the main fractions (Tab. S1). The
content of rosmarinic acid (Fig. 2A) in the control plants was in the
range of 14.57-23.21 mg g~ DW, with a tendency towards an increase
between days 4 and 8 and a decrease on day 10 of the experiment. By
analyzing the interaction between the factors, it was found that the
application of single elicitors did not induce significant changes in the
concentration of rosmarinic acid on elicitation day 4, although there was
a tendency towards a slight increase in its content (9-14%) in relation to
the control. The longer exposure time to the elicitors resulted in an in-
crease in the accumulation of this metabolite, especially on elicitation
day 10. Compared with the control, the concentration of rosmarinic acid
increased by 120%, 92%, and 107% in the treatments with ChL, Se, and
SA, respectively, and the weakest elicitation effect (26% increase) was
achieved in the combined elicitor treatment. Taking into account only
the main effects (elicitor type or treatment duration), it was shown that
ChL and SA were the most effective stimulators of rosmarinic acid
biosynthesis. Significantly lower amounts of this metabolite were
recorded in the Se elicitation variant, compared with the ChL and SA
treatments, and the combined treatment did not induce an increase in
the accumulation of this phenolic acid. In turn, taking into account only
the duration of the elicitation process, regardless of the elicitor type, it
was found that the plants accumulated the highest amounts of rosmar-
inic acid on elicitation day 8 (Fig. 2A).

A substantially lower concentration of rosmarinic acid hexoside was
detected in the lemon balm leaves (Fig. 2B). However, the level of this
compound exhibited a several-fold increase after the exposure to the
elicitors. In particular, an even 9-10-fold increase in its content was
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Fig. 2. Effect of foliar spray with different elicitors (ChL - chitosan lactate; Se — selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors) on the concentration
of rosmarinic acid (A), rosmarinic acid hexoside (B), lithospermic acid (C), and salvianolic acid A (D) in M. officinalis leaves on elicitation days 4, 6, 8, and 10;
chemical structure of the main phenolic acids (E). Means ( &+ SD; n = 3) sharing the same letter are not significantly different (p < 0.05). Significant effects for the

main factors are marked in the same way with capital letters.
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noted on the initial days of elicitation with SA. The significantly highest
level of this metabolite (7.81 mg g~! DW) in comparison with all the
experimental variants was noted on day 8 of elicitation with ChL. No
induction of rosmarinic acid hexoside biosynthesis was detected in the
combined elicitor treatment. Additionally, the analysis of the main ef-
fects revealed that, as in the case of rosmarinic acid, the highest amounts
of its hexoside were accumulated in the ChL and SA exposure variants,
whereas lower concentrations were detected in the Se treatment.
Regardless of the elicitor type, the maximum and minimum concentra-
tions of this compound were accumulated by the plants on elicitation
day 8 and 10, respectively.

The concentration of lithospermic acid (Fig. 2C), i.e. the second most
abundant phenolic metabolite, in the control plants showed a downward
trend along the duration of the experiment. By analyzing the interaction
between the factors, it was found that the exposure to the elicitors did
not have an impact on the level of this compound on elicitation day 4. In
turn, the application of ChL effectively stimulated the biosynthesis of
this metabolite during the subsequent elicitation days (34-48% increase
in the concentration versus the control). The combination of the elicitors
and the Se variant most effectively stimulated the accumulation of
lithospermic acid on elicitation day 8 and increased its content by 40%
and 52%, respectively, whereas the SA treatment resulted in a 26% in-
crease, which was not significant statistically. The analysis of the effect
of the elicitors, regardless of the exposure duration, showed that ChL
was the most efficient elicitor inducing lithospermic acid accumulation
in the lemon balm leaves, and the significantly highest concentrations of
this compound were recorded on elicitation days 6 and 8.

During the exposure to the elicitors, the level of salvianolic acid A
(Fig. 2D) did not vary significantly in comparison with the control on
elicitation day 4, but an increase in its accumulation was generally
observed on the subsequent days. The highest concentrations of salvia-
nolic acid A were recorded in the ChL elicitation variant. In comparison
with the control plants, its level increased by 66%, 41%, and approxi-
mately 2.5-fold on experimental days 6, 8, and 10. The other elicitors or
their combination were not as effective, as a significant increase in the
concentration of this acid was found only on elicitation day 10 in the Se
and SA treatments (60% and 73% increase, respectively). Taking into
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account the main effects, it was shown that ChL exerted the significantly
highest elicitation effect, regardless of the duration of the elicitation
process. In turn, the highest level of salvianolic acid A was recorded on
days 6 and 8, regardless of the elicitor type. It should be emphasized that
rosmarinic, lithospermic, and salvianolic acid are characterized by a
similar chemical structure (Fig. 2E).

In comparison with the phenolic compounds described above, sub-
stantially lower concentrations of salvianolic acid C derivative, caftaric
acid, caftaric acid hexoside, and caffeic acid were detected (Fig. 3A-D).
The elicitation induced the highest increase in the accumulation of
caftaric acid and its hexoside, especially in the ChL and SA treatments,
where a 2-2.5-fold increase in the content of these compounds was
recorded, compared with the control (Fig. 3B, C). Taking into account
the elicitor type as the main factor, regardless of the duration of the
treatment, ChL was shown to produce the highest increase in the accu-
mulation of both these metabolites, whereas the combined treatment
was the least effective. The highest concentration of caftaric acid and its
hexoside was generally recorded on elicitation days 6 and 8, regardless
of the elicitor used (Fig. 3B, C). In turn, the concentration of the sal-
vianolic acid C derivative did not increase significantly in the ChL
treatment, although the other elicitors used in the foliar application
increased the biosynthesis of this metabolite in the plants, especially on
elicitation day 8 (Fig. 3A). The lowest elicitor-induced fluctuations were
detected in the content of caffeic acid, as increased accumulation of this
secondary metabolite was noted only on elicitation day 4 in plants
treated with the combination of the tested substances (interaction ef-
fect). In the other cases, the changes in its content in comparison with
the control were not statistically significant. Similarly, the duration of
the elicitation process as a main factor did not alter the levels of this
metabolite (Fig. 3D).

The relationships described above are presented in a heat-map
(Fig. 4), which graphically shows the abundance of the analyzed
phenolic metabolites in the experimental series (on days 4, 6, 8, and 10
after the first application of the elicitors). The standardized parameters
are exemplified by colors (dark blue - low content, deep red - high
content). Three plant samples are presented for each treatment. The
elicitors, mainly ChL and SA, are shown to induce a clear increase in the
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Fig. 3. Effect of foliar spray with different elicitors (ChL - chitosan lactate; Se — selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors) on the concentration
of salvianolic acid C derivative (A), caftaric acid (B), caftaric acid hexoside (C), and caffeic acid (D) in M. officinalis leaves on elicitation days 4, 6, 8, and 10. Means
( &+ SD; n = 3) sharing the same letter are not significantly different (p < 0.05). Significant effects for the main factors are marked in the same way with capital

letters; n.s. — not significant.
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Fig. 4. Heat map showing the changes in the abundance of phenolic com-
pounds in individual samples of M. officinalis leaves treated with different
elicitors (ChL - chitosan lactate; Se — selenite; SA — salicylic acid; ChL+Se+SA -
mixture of elicitors) on elicitation days 4, 6, 8, and 10. The colors range from
dark blue (low concentration) to dark red (high concentration).

accumulation of most of the identified phenolic compounds, especially
on elicitation day 8.

To further illustrate the changes in the level of the identified me-
tabolites, their content was summed up (Fig. S3). It was shown that, on
elicitation days 6-10, ChL and SA induced an increase in the accumu-
lation of the total (poly)phenols in the range of 38-97%, compared with
the corresponding control, while Se induced a 15-69% increase. The
ChL-+Se+SA combination caused only a 7-18% boost in the sum of these
compounds. The elicitation activity of the substances used can be ar-
ranged as follows: ChL = SA > Se > ChL+Se+SA.

The principal component analysis (Fig. 5) showed that the first and
second factors explained 59 and over 16% of total variations, respec-
tively. Mostly, the variables had negative loading with the first factor
except caffeic acid, which was positively correlated with the second
component. The first factor facilitated moderate separation of the
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Fig. 5. PCA of selected phenolic metabolites (ChL - chitosan lactate; Se —
selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors; 4, 6, 8, 10 —
elicitation days). The length of the lines presents the correlation between the
factor axes and the original data.

control and 4-day-old plants on the left side of the X-axis i.e., individuals
with low accumulation of most compounds. In contrast, plants treated
with ChL (6, 8, 10 days), SA, and Se on days 6 and 8 exhibited higher
accumulation of phenolics associated with factor 1. In turn, the second
factor facilitated separation of samples exposed to the combination of
ChL+SA+Se, i.e. individuals with higher content of caffeic acid.

3.2. Oxidative status of plants treated with different elicitors

The application of the elicitors and their combination had a varied
impact on the lipid peroxidation, accumulation of HyO», and the activity
of antioxidant enzymes in the lemon balm leaves (Fig. 6A-C). Salicylic
acid induced the most pronounced pro-oxidative changes. The level of
lipid peroxidation in the SA treatment increased by 75% in comparison
with the control, and the HyO5 concentration increased over 2.5 times.
Similarly, the other elicitors contributed to a 60% (ChL) and 56% (Se)
increase in the accumulation of HyO» (Fig. 6B). The lipid peroxidation
level increased by 31% in the ChL elicitation variant but was equal to
that in the control in the Se treatment (Fig. 6A). In turn, the combined
elicitor treatment (ChL+SA+Se) increased the content of TBARS and
H0, by 27% (Fig. 6A, B). The analysis of changes in the activity of
selected antioxidant enzymes revealed that, with the exception of ChL,
the elicitors produced a slight decrease in the activity of CAT. In
contrast, the activity of APX increased (by 31-35%) in the SA and
combined treatments, but the differences were not statistically signifi-
cant (Fig. 6C). No GPOX activity was detected in the lemon balm leaves.

The in situ visualization of the presence of selected ROS (H202 and
superoxide anion) indicated their accumulation mainly in the petioles,
but this was caused by the mechanical tissue damage caused by cutting
off the leaves (Fig. S1, Fig. S2). The analysis of the localization of color
changes in the leaf blades immediately after the application of the
elicitors (day 1) showed an increased level of superoxide radical accu-
mulation only in the ChL elicitation variant (Fig. S1). In turn, after 8
days, HoO» accumulation was manifested as punctate lesions covering
the leaf blade in the tissues of plants treated with SA (Fig. S2). These
observations are consistent with the measurements of the HyO5 con-
centration carried out as part of the quantitative analyses (Fig. 3B).
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Fig. 6. Effect of foliar spray with selected elicitors (ChL — chitosan lactate; Se —
selenite; SA - salicylic acid; ChL+Se+SA - mixture of elicitors) on the con-
centration of thiobarbituric acid reactive substances (TBARS) (A), H,O, con-
centration (B), and activity of CAT (catalase) and APX (ascorbate peroxidase)
(C) in M. officinalis leaves. Means ( + SD; n = 3) sharing the same letter are not
significantly different (p < 0.05).

Brown discolorations were also observed in the other variants, but they
were not as pronounced as in the SA treatment. The superoxide anion
accumulation in the different experimental conditions did not differ
from that observed in the leaves of the control plants.

The elicitors typically exerted a beneficial effect on the capability of
the plant extracts to reduce DPPH radicals (Fig. 7). Compared with the
control, the greatest increase in FRSA was observed on day 10 of the
treatment with single elicitors. In these variants, the DPPH reduction in
the extracts of the control plants reached a value of approximately 62%,
whereas the extracts from the ChL-, Se-, or SA-treated plants exhibited
88-93% reduction of DPPH. Considering the main effects, it was shown
that all the elicitors used both alone and in mixture caused an increase in
FRSA, and the highest value of this parameter was recorded on elicita-
tion day 8.
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3.3. Selected biometric and physiological parameters of plants treated
with different elicitors

The elicitors did not cause changes in the biomass of the lemon balm
shoots (Fig. 8A). The foliar treatment with the analyzed elicitors caused
a slight decrease in the content of chlorophyll b and carotenoids. The
concentration of these pigments in the leaves of plants treated with ChL,
SA, and ChL+Se+SA decreased by approximately 11-17%, compared
with the control. In turn, the concentration of chlorophyll a did not vary
significantly between the experimental treatments. Only Se did not exert
a significant effect on the content of photosynthetic pigments (Fig. 8B).

The elicitation process induced small but in some cases significant
changes in the chlorophyll fluorescence parameters (Fig. 9A, B). These
parameters were analyzed on days 3 and 10 after the first application of
the elicitors. In comparison with the control group, the values of the
analyzed parameters did not change during the first days of the treat-
ment (Fig. 9A). The prolonged exposure to the elicitors caused a
decrease in the Fy/Fy, value only in the SA-treated plants. In turn, the Fp,
value declined significantly in all the experimental variants compared
with the control, with the greatest decrease observed after the applica-
tion of SA (Fig. 9B).

4. Discussion

The content of specialized metabolites in aromatic and medicinal
raw materials is a direct indication of their quality and therapeutic
value, and thus their economic importance (Li et al., 2020). However,
plant species that are sources of these raw materials growing in optimal
conditions usually do not accumulate sufficient amounts of secondary
metabolites. In turn, cultivation of such plants in field conditions often
leads to substantial but hardly predictable fluctuations in the content of
bioactive substances induced by abiotic and biotic environmental fac-
tors. However, according to hormesis phenomenon, the
eustress-induced plant defense response can be used as a
metabolism-stimulating factor and thus elicitation is one of the methods
for effective control and elevation of the content of secondary metabo-
lites (Kuzel et al., 2009, Godinez-Mendoza et al., 2023). Literature data
often confirm beneficial effect of different types of elicitors on the
accumulation of various groups of compounds, especially (poly)phenols
(Ghasemian et al., 2020; Hawrylak-Nowak et al., 2021a,b; Kandoudi
et al., 2022; Li et al., 2020, 2021; Salimgandomi and Shabrangy, 2016;
Stasinska-Jakubas et al., 2023). Given the high pro-health potential of
these compounds, their importance in plant immune responses and
oxidoreductive processes, the effectiveness of ChL, SA, Se, or their
combination in elicitation of this group of secondary metabolites was
assessed in the pot cultivation of lemon balm. Although the elicitors
compared in the study differ in terms of their chemistry, their common
function is the regulation of metabolic processes in plants, including
defense and immune reactions. These experiments are the first to
compare the elicitation activity of these compounds in lemon balm in in
vivo conditions with reference to the duration of the elicitation process.

The experiment confirmed the high biological activity of the
analyzed substances, especially ChL and SA, which proved to be highly
efficient in stimulation of the accumulation of phenolic compounds in
the lemon balm leaves. The elicitors used contributed to the highest
(sometimes several fold) increase in the level of rosmarinic acid hexo-
side but induced the smallest changes in the content of caffeic acid. In
turn, on elicitation day 10, the content of rosmarinic acid, i.e. the
dominant phenolic acid, was approximately 2-fold higher
(42-48 mg g~! DW) in plants treated with single elicitors than in the
control plants (22 mg g~ DW). The content of lithospermic acid and
salvianolic acid A acids also increased. The stimulation of the accumu-
lation of the main phenolic acids, present in the highest concentrations
in the leaves, may be related to their similar chemical structure and
common biosynthetic pathways as derivatives of caffeic acid. Previous
studies on the NaCl-based elicitation of rosmarinic acid in lemon balm
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Fig. 8. Effect of foliar spray with different elicitors (ChL - chitosan lactate; Se —
selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors) on the biomass
(A) and photosynthetic pigments concentrations in M. officinalis on elicitation
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sharing the same letter are not significantly different (p < 0.05).

did not report such a large increase in its content, as a 40-67% increase
with a simultaneous decrease in shoot biomass was shown (), or in heat
stress experiments, where a 59% increase versus the control was re-
ported (Pistelli et al., 2019). In turn, exogenous in vivo application of
methyl jasmonate in Iranian ecotypes of lemon balm enhanced the
accumulation of rosmarinic acid several-fold, with a simultaneous in-
crease in the level of the transcripts of important genes involved in the
phenylpropanoid pathway (Kianersi et al., 2022). In the present study,
we showed that the FRSA value in the extracts obtained from the elicited
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Fig. 9. Effect of foliar spray with different elicitors (ChL — chitosan lactate; Se —
selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors) on parameters of
chlorophyll fluorescence of M. officinalis on elicitation days 3 (A) and 10 (B).
Means ( + SD; n = 10) for each florescence parameter sharing the same letter
are not significantly different (p < 0.05).

plants was higher than in the control. Noteworthy, the changes in the
content of total phenolic compounds and the total pool of identified
phenolic metabolites generally exhibited similar trends as the changes in
the FRSA value.

SA was shown to be highly effective in pot cultivation of yarrow,
where foliar application of 0.5 mM or 1 mM SA stimulated the biosyn-
thesis of essential oils and total phenolic compounds, thereby increasing
the antioxidant activity of plant extracts (Gorni and Pacheco, 2016).
Similarly, chitosan treatment of Mentha piperita in greenhouse
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conditions resulted in an increase in the content of phenolics and fla-
vonoids and enhancement of the antioxidant activity (Salimgandomi
and Shabrangy, 2016). In previous studies conducted with the use of
ChL, increased accumulation of total phenolic compounds, rosmarinic
acid, and anthocyanins was observed in lemon balm and common basil
(Hawrylak-Nowak et al., 2021a). One of the tested elicitors, i.e. Se, was
found to modulate the expression of genes and proteins involved in plant
stress response, thus stimulating the biosynthesis of products of plant
specialized metabolism and the accumulation of osmoprotectants
(Hawrylak-Nowak et al., 2018; Bano et al., 2021). It was shown that
foliar application of 10 mg/L Se had a positive effect on the growth and
content of total polyphenols in field cultivation of lemon balm (Habibi
etal., 2016). Additionally, the application of Se at a concentration of 0.2
or 5 uM increased the proportion of caryophyllene and caryophyllene
oxide or z-citral, citral, and geranyl acetate in lemon balm oil, respec-
tively (Tavakoli et al., 2020). Foliar application of Se was found to in-
crease the activity of antioxidant enzymes and stimulate the
biosynthesis of rosmarinic acid and photosynthetic pigments (Ghase-
mian et al., 2020). The effectiveness of elicitors used for stimulation of
plant secondary metabolism may be associated with e.g. their ability to
induce the expression of genes responsible for the biosynthesis of certain
groups of specialized metabolites (phenolic acids, flavonoids) (Zhao
et al., 2005; Habibi et al., 2016; Mukhtar Ahmed et al., 2019). However,
the application of the mixture of elicitors (ChL+Se+SA) in the present
study was much less effective in induction of the biosynthesis of (poly)
phenols in comparison with the single application of the substances. This
was most probably related to the substantially lower concentration of
the individual compounds in the mixture, which limited their biological
activity. The concentration of the individual compounds of the
ChL+Se+SA combination corresponded to only 1/3 of their content in
the single-elicitor solutions. Antagonistic interactions between these
substances may have occurred as well. Nevertheless, additional experi-
ments and analyses are required to confirm these assumptions.

A clear intensification of the accumulation of the analyzed phenolic
metabolites in the lemon balm leaves, including the main bioactive
substance, i.e. rosmarinic acid, was observed on elicitation day 6. The
highest accumulation of the individual compounds was recorded on
elicitation day 8, while the highest increase compared with the control
was found on elicitation day 10 due to the reduction of the concentration
of metabolites in the control plants on that day. In turn, in an experiment
involving the use of a physical elicitor (short-term heat stress; 5h,
38 °C) in the hydroponic cultivation of this species, an increase in the
content of rosmarinic acid was observed as early as 2 h after the appli-
cation of heat stress with a further gradual increase within the next 24 h
(Pistelli et al., 2019). However, such physical elicitors have different
mechanisms of action from those exhibited by chemical substances,
which additionally have to overcome the cuticle barrier. As in the pre-
sent study, the highest accumulation of secondary metabolites (eugenol
and ursolic acid) in Ocimum tenuiflorum root hair cultures was noted
after 8 days of exposure to three different elicitors (SA, methyl jasmo-
nate, yeast extract) (Sharan et al., 2019). In turn, the eliciting effect
exerted by salicylates, including SA, persisted even on day 20 after
application (Kuzel et al., 2009). Thus, changes in secondary metabolism
require an appropriate but sometimes varied time, as shown by some
examples.

Despite the large chemical diversity of elicitors, some general pat-
terns of cell signaling leading to metabolic changes and increased plant
resistance can be proposed. Plant defense responses include rapid and
intense formation of highly reactive and toxic ROS. The oxidative burst,
i.e. sudden release of ROS (mainly O3~ and H05) by cells, is a common
response to (a)biotic stress factors. While O3 has a very short half-life,
uncharged H20; is more stable and can diffuse across membranes and
react with polyunsaturated membrane lipids to form lipid peroxides,
which leads to lipid peroxidation and biological damage to membranes
(Garcia-Brugger et al., 2006). Although the detailed mechanism of their
mediation in the plant cellular stress response has not been established

10

Industrial Crops & Products 205 (2023) 117571

to date, ROS are primarily assigned an alarm-signaling function. They
are also known to control the expression of genes encoding e.g. anti-
oxidant enzymes or enzymes involved in the formation of secondary
metabolites, e.g. PAL (L-phenylalanine ammonia lyase), which is a key
enzyme in the biosynthesis of phenolic metabolites in the phenyl-
propanoid pathway (Zhao et al., 2005; Babenko et al., 2019; Huang
et al.,, 2019; Mousavi and Shabani, 2019). However, ROS are highly
reactive molecules that can initiate a number of oxidation-reduction
reactions leading to damage to cellular structures and disruption of
their function, e.g. inactivation of proteins, lipid peroxidation, or
degradation of nucleic acids (Huang et al., 2019; Choudhary et al., 2020;
Hasanuzzaman et al., 2020). The visualization of the selected ROS in the
present study showed disturbances in ROS homeostasis induced by the
elicitors applied. They consisted in increased O3 accumulation on
elicitation day 1 in the ChL treatment and H30, on day 10 in the SA
elicitation variant. Additionally, the quantitative analysis of HoOy and
TBARS concentrations on elicitation day 10 also revealed increased
content of HyO2 and increased lipid peroxidation, especially in the SA
treatment. Concurrently, there were no significant changes in the ac-
tivity of antioxidant enzymes in these conditions. In another study,
elicitation of lemon balm with heat stress was reported to result in a
rapid increase in the biosynthesis of rosmarinic acid with simultaneous
disturbances in the production and uptake of ROS, which indicates an
vital role of redox homeostasis in the modification of phenolic biosyn-
thetic pathways (Pistelli et al., 2019).

SA plays a key role in plant immune reactions, mainly as a regulator
of redox homeostasis. Depending on its concentration and environ-
mental conditions, this compound can both increase ROS accumulation
through inhibition of the activity of antioxidant enzymes (mainly CAT)
and support ROS detoxification, thereby reducing the negative effects of
oxidative stress (Herrera-Vasquez et al., 2015; Saleem et al., 2021). In
the present research, the SA treatment did not exert a significant effect
on the activity of antioxidant enzymes; simultaneously, the highest
concentrations of HyO, and TBARS were recorded in the SA variant,
compared with the other experimental treatments. These results are
consistent with literature reports suggesting that SA may interact with
ROS to activate defense genes in response to stress factors (Holuigue
etal., 2007; Herrera-Vasquez et al., 2015; Arif et al., 2020). As proposed
by one hypothesis, SA inhibits CAT activity, thereby contributing to
enhancement of H,O, accumulation and an increase in the concentra-
tion of lipid peroxidation products, which may be indirectly involved in
transduction of a signal initiating the expression of defense genes.
Nevertheless, the SA-induced lipid peroxidation is strictly
concentration-dependent also in this case (Herrera-Vasquez et al., 2015;
Arif et al., 2020).

Our study also showed an increase in the H,O5 accumulation in the
ChL and Se treatments, although it was lower than in the SA elicitation
variant. Additionally, ChL increased the concentration of lipid peroxi-
dation products as well. Literature reports on ChL indicate its dual na-
ture. On the one hand, ChL is often shown as a compound with
antioxidant properties increasing the activity of enzymes directly
involved in ROS neutralization. On the other hand, in the cellular
response to stress, chitosan and its derivatives induce the production of
H50, as a signaling molecule in defense reactions and enhance the ac-
tivity of the PAL enzyme, thus stimulating the synthesis of phenols,
including phenolic acids. Additionally, the biological activity of chitosan
as an elicitor may be also related to its polycationic nature and the
processes taking place in plant cell walls (Stasinska-Jakubas et al.,
2022). Other research suggest that the eliciting effect of chitosan on the
production of phenolic metabolites in lemon balm might be connected
with an increase in endogenous methyl jasmonate as an important
signaling molecules, stimulation of activity of defense-related enzymes,
and up-regulated expression of tyrosine aminotransferase and rosmar-
inic acid synthase genes (Fooladi Vanda et al., 2019). The above activity
was confirmed in many plant species (Katiyar et al., 2015; Mukhtar
Ahmed et al., 2019; Stasinska-Jakubas et al., 2023). A study conducted
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by Mejia-Teniente et al. (2013) demonstrated an increase in the HoOy
content and induction of the expression of CAT and PAL genes and ac-
tivity in Capsicum annuum L. treated with SA and ChL. Despite several
studies performed with different elicitors on increasing the yield of
rosmarinic acid, its production under chitosan treatment is still not
well-studied. Treatment of plants with selenium compounds usually
increases the activity of antioxidant enzymes and the level of antioxi-
dant secondary metabolites (Hawrylak-Nowak, 2008; Bano et al., 2021).
However, in the present study, selenium caused a slight decrease in CAT
activity, compared with the control, with no significant effect on the
lipid peroxidation level, which may be associated with the simultaneous
elevated content of the other antioxidants (phenolic compounds).

One of the important elements of research on elicitation is the impact
of stressors on the basic physiological processes in plants. The elicitors
compared in this study often have a stimulating impact on the growth of
plants and may exert a positive impact on photosynthetic efficiency,
accumulation of photosynthetic pigments, or mineral absorption (Ali,
2021; Bano et al.,, 2021; Stasinska-Jakubas et al., 2022). However,
achievement of these outcomes is not the goal of elicitation. Effective
elicitation is primarily expected to exert no phytotoxic effects. There-
fore, we analyzed the effect of ChL, SA, and Se solutions and their
combination on the biomass of shoots and the functioning of the
photosynthetic apparatus (chlorophyll a fluorescence, concentration of
photosynthetic pigments). Although there are some literature reports on
the plant growth-stimulating effect of these elicitors (Gorni and
Pacheco, 2016; Habibi et al., 2016; Tavakoli et al., 2020), no significant
effect on the biomass of the aboveground parts of lemon balm was
observed in our study. This may be associated with the decrease in the
level of some photosynthetic pigments and chlorophyll a fluorescence
parameters. These factors are closely interrelated: the concentration of
photosynthetic pigments is one of the main determinants of the effi-
ciency of the photosynthesis process influencing plant growth (Saheri
etal., 2020). The elicitors applied in the present study were expected not
to cause significant changes in these parameters. The results of previous
in vivo experiments showed that foliar application of ChL solutions
slightly stimulated photosynthetic parameters in M. officinalis (Hawry-
lak-Nowak et al., 2021a) or did not have an effect on the photosynthetic
process in other species of the family Lamiaceae (Hawrylak-Nowak
etal., 2021a; Stasinska-Jakubas et al., 2023). The present results showed
a decrease in the maximum fluorescence value on elicitation day 10 and
a significant decrease in the F,/Fy, value induced by SA. Disturbances in
the photosynthetic electron transport chain may increase oxidative
stress and vice versa. Additionally, the content of the photosynthetic
pigments (chlorophyll b, carotenoids) analyzed in the present study
slightly decreased in the ChL and SA treatments. The lowest effect on the
concentration of photosynthetic pigments was exerted by Se, while the
same concentration of Se was previously reported to increase their
content in lemon balm cultivated in field conditions (Habibi et al.,
2016). As a phytohormone and signaling compound, SA may have a
direct or indirect impact on photosynthesis efficiency. Depending on the
concentration and other environmental factors, it can both mitigate the
harmful effects of stress through its contribution to an increase in plant
biomass and stimulation of photosynthesis (Arif et al., 2020; Saheri
et al., 2020; Ali, 2021) and exert a negative effect through reduction of
the content of photosynthetic pigments (Karalija and Pari¢, 2017).

Our research hypothesis about differences in the elicitation potential
of the chemical compounds used and changes in cell redox parameters
has been confirmed in this study. We have also shown that the effective
induction of phenolic metabolite accumulation does not have an impact
on plant biomass and does not cause any visual phytotoxicity signs,
although it may reduce some photosynthetic parameters and the content
of photosynthetic pigments. In general, the most effective elicitors, i.e.
ChL and SA, are natural, biodegradable, and biocompatible compounds
fulfilling the existing ecotoxicological criteria of application in the
cultivation of plants. The proposed elicitation method can be cost-
effective and easy-to-use both in controlled cultivation conditions and
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in field cultivation; nevertheless, its effectiveness requires further
confirmation.

5. Conclusions

The biochemical and physiological responses of M. officinalis to
elicitors (150 mg/L ChL, 10 mg/L Se, 100 mg/L SA, a mixture of
ChL+Se+SA) showed that this species reacts to the foliar application
thereof with varying intensity, also depend on the duration of the period
after the treatment. Our results showed that the tested substances used
at the indicated concentrations significantly enhanced secondary
metabolism and increased the accumulation of valuable (poly)phenolic
compounds in M. officinalis. Rosmarinic and lithospermic acids were the
main phenolic acids found in the leaf extracts. The PCA analysis and
heatmap indicated that the content of phenolic acids varied in the
different treatments and elicitation time and revealed a clear separation
between the control and treatment groups. Taking into account their
potential in induction of the accumulation of phenolic metabolites, the
tested elicitors can be ranked as follows: ChL = SA > Se > ChL+Se+SA.
Regardless of the elicitor type, the highest concentrations of most of the
analyzed phenolic metabolites were recorded on elicitation day 8, while
no significant increase in their content was generally observed on elic-
itation day 4. The compounds used in the study produced the highest
increase in the level of rosmarinic acid hexoside and the smallest
changes in the caffeic acid content. The main components of the soluble
phenolic fraction, i.e. rosmarinic and lithospermic acids, were also very
effectively stimulated by the elicitors. The changes in the level of the
analyzed metabolites coincided with the change in some parameters of
oxidative stress (accumulation of H,O5 and 0% and lipid peroxidation),
which may indicate the involvement of ROS imbalance in the induction
of plant specialized metabolism. In summary, the study has indicated the
most relevant recommendations for the use of the ChL and SA in pot
cultivation of M. officinalis for production of raw material with improved
concentration of nutraceutical and pro-health compounds. Additionally,
more detailed experiments on the effects of these compounds on other
secondary metabolic pathways in this species are still needed.
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Supplementary Figure S1. Histochemical detection of H,O» and superoxide anion in M. officinalis
leaves treated with different elicitors (ChL — chitosan lactate; Se — selenite; SA — salicylic acid;

ChL+Se+SA - mixture of elicitors) after one day of elicitation. The intense brown or blue color

indicates the presence and accumulation of H>O» or superoxide anion, respectively.
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Supplementary Figure S2. Histochemical detection of H,O, and superoxide anion in M. officinalis
leaves treated with different elicitors (ChL — chitosan lactate; Se — selenite; SA — salicylic acid;
ChL+Se+SA - mixture of elicitors) after eight days of elicitation. The intense brown or blue color

indicates the presence and accumulation of H,O» or superoxide anion, respectively.
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Supplementary Figure S3. Cumulative content of individual phenolic compounds in M. officinalis

leaves treated with different elicitors (ChL — chitosan lactate; Se — selenite; SA — salicylic acid;

ChL+Se+SA - mixture of elicitors) on elicitation days 4, 6, 8, and 10. The increase/decrease in the sum

of phenolic metabolites relative to the corresponding control is shown above the bars.
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Supplementary Table S1. Results of quantitative determination of individual phenolic acids in leaves of M. officinalis treated with different elicitors (ChL — chitosan lactate;

Se — selenite; SA — salicylic acid; ChL+Se+SA - mixture of elicitors) on elicitation days 4, 6, 8, and 10 by UHPLC-MS analysis.

Day of elicitation

4th day 6th day 8th day 10th day
Phenolic acid treatment treatment treatment treatment

ChL ChL ChL ChL

Control | ChL Se SA +Se Control | ChL Se SA +Se Control | ChL Se SA +Se Control ChL Se SA +Se

+SA +SA +SA +SA

| rosmarinic | 27.2 | 309 | 295 | 30.6 | 31.0 | 299 | 447 | 31.7 | 465 | 304 | 348 | 486 | 395 | 474 | 333 | 219 | 48.1 | 420 | 453 18.3

E acid 450 | +4.1 | £53 | €105 | 5.0 | +4.9 | +43 | 450 | 63 | +3.9 | 4.0 | +62 | £2.7 | 4.6 | £1.1 | 429 | £50 |+8.07 | 50 | =42

Tg “’S‘:C?g“ic 047 | 321 | 174 | 43 | 059 | 058 | 3.99 | 2.07 | 623 | 041 | 1.85 | 7.81 | 477 | 5.08 | 1.41 | 032 | 262 | 1.74 | 146 0.7

E| lecoside | ¥009 | £0.78 | £0.06 | 033 | £0.06 | £0.06 | 1.4 | £0.7 | £0.66 | £0.17 [ £0.2 | 0.72 | £0.29 | 0.5 | +0.07 | +0.11 | 0.8 | £0.3 | +0.06 | =0.06
=

2| lithospermic | 154 | 144 | 10.0 | 113 | 13.1 | 149 | 22.1 | 180 | 188 | 125 | 126 | 170 | 192 | 155 | 175 | 121 | 167 | 144 | 125 11.7

£ acid 12 | 3.0 | 209 | 208 | £2.0 | £32 | £2.0 | £2.7 | £2.7 | £1.7 | £1.9 | 09 | £13 | £1.5 | 1.9 | 1.1 | £1.9 | 1.9 | 205 | =I.1
-5
&

S| salvianolic | 1.7 | 1.8 | 1.2 | 1.8 | 1.8 | 1.8 | 29 | 19 | 23 | 18 | 19 | 27 | 21 | 21 | 20 1.1 29 | 18 2.0 1.3

acid A +0.1 | 03 | £0.2 | 0.6 | 0.1 | 0.2 | 0.1 | +0.1 | £0.4 | 0.2 | 02 | 0.2 | £0.1 | £0.2 | 0,1 | 0.1 | £0.2 | £0.2 | 02 | 0.1

_ Sa;f%“g“c 0.82 | 0.80 | 046 | 0.7 | 1.01 [ 0.82 | 111 | 1.28 | 1.23 | 059 | 0.83 | 0.69 | 1.18 | 148 | 148 | 0.61 | 0.66 | 0.74 | 096 | 127

E donvative | £0:03 [ £0.03 | £0.02 | £0.04 | £0.06 | £0.05 | £0.05 | +0.11 | £0.22 | £0.23 | +0.11 | £0.16 | +0.08 [ £0.01 | £0.02 | +0.12 | £0.14 | +0.06 | +0.17 | 0.1

”‘g caftatic acid | 703 | 787 | 474 | 509 | 921 | 985 | 1422|1052 | 137.0 | 80.6 | 72.4 | 172.1 | 138.0 | 143.0 | 128.6 | 485 | 109.0 | 108.6 | 64.3 76.7

s 12 | £17.1 | 6.6 | +56 | +92 | +11.1 | +4.8 | +55 | 1.0 | +8.8 |+14.4 | £27.1 | £12.8 | +2.1 | 0.9 | 499 | £1.0 | +8.6 | 140 | +7.5
=
(=]

| caftaricacid | 80.2 | 702 | 713 | 63.7 | 847 | 91.7 | 113.1 | 99.6 | 1356 | 86.0 | 86.7 | 134.1 | 956 | 1248 | 96.0 | 579 | 1182 | 89.0 | 99.6 | 73.0

£| hexoside | £7.9 | 4209 | £1.2 | +7.7 | £4.9 | #5.1 |£14.1 | £2.2 | £13 | £0.3 | £10.6 | +28.7 | £11.8 | +4.8 | £7.5 | £104 | £3.1 | +7.1 | 2.1 | +13.1
D
(¥
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42

43




Phytochemistry 227 (2024) 114231

Contents lists available at ScienceDirect
Phytochemistry

journal homepage: www.elsevier.com/locate/phytochem

Differentiated response of Hypericum perforatum to foliar application of
selected metabolic modulators: Elicitation potential of chitosan, selenium,
and salicylic acid mediated by redox imbalance

Maria Stasinska-Jakubas?, Stawomir Dresler P¢ Maciej Strzemski ¢, Katarzyna Rubinowska *,
Barbara Hawrylak-Nowak

Check for

updates

& Department of Botany and Plant Physiology, Faculty of Environmental Biology, University of Life Sciences in Lublin, Akademicka 15, 20-950, Lublin, Poland
b Department of Plant Physiology and Biophysics, Institute of Biological Science, Maria Curie-Sktodowska University, 20-033, Lublin, Poland
¢ Department of Analytical Chemistry, Medical University of Lublin, Chodzki 4a, 20-093, Lublin, Poland

ARTICLE INFO

Keywords:

St. John’s wort
Elicitation
Eustress

Foliar application
Phytochemistry
Oxidative response

ABSTRACT

Plants plastically alter their metabolism in response to environmental stimuli, which induces changes in the
accumulation of specialized metabolites. This ability can be utilized to manipulate plant phytochemistry in a
desired direction. However, the abundance of secondary metabolites in the different plant species, especially
medicinal, is enormous; therefore, it is difficult to establish a clear direction for the effects of metabolic mod-
ulators on phytochemical composition, especially given the possibility of using different types thereof. In order to
gain insight into these changes, we investigated the effects of foliar-applied chitosan (ChL, 100 mg/L), selenium
(Se, 10 mg/L), salicylic acid (SA, 150 mg/L), or an equal volume mixture thereof on Hypericum perforatum L.
metabolism. Selenium and SA proved to be the more effective than ChL in enhancing the accumulation of
phenolic compounds. The greatest increase was found in the concentration of neochlorogenic acid after Se-
spraying. The treatment with the elicitors generally increased the concentration of identified flavonoids, but
not the level of naphthodianthrone or phloroglucinol metabolites. The most pronounced response was observed
on day 10 following the application of the compounds, and is likely the consequence of elevated levels of O3, free
proline, and modulated activity of enzymatic antioxidants.

1. Introduction

Due to the growing demand for plant raw materials, the over-
exploitation of their natural localities and the difficulties in the field
cultivation of some plant species pose new challenges to the modern
herbal industry. They are primarily associated with the production of
economically important high-quality plant raw materials, taking into
account the simultaneous impact of environmental factors, which play a
fundamental role in the cultivation of medicinal plants (Crockett and
Robson, 2011; Zirak et al., 2019). Extreme and/or violent weather
events caused by climate change may exert a negative effect on the
quality and quantity of crops (Alvarez et al., 2024). On the other hand, a
moderate impact of stress factors (eustress) on crops may stimulate plant
metabolism towards the biosynthesis of secondary metabolites, whose
content is the most important determinant of the quality of raw mate-
rials (Bruni and Sacchetti, 2009; Li et al., 2020). Therefore, the modern

* Corresponding author.
E-mail address: barbara.nowak@up.lublin.pl (B. Hawrylak-Nowak).

https://doi.org/10.1016/j.phytochem.2024.114231

environmentally friendly methods for optimization of crops can be
based on the effect of eustress on plants, as in the case of elicitation.
Given its simplicity and low costs of application, it may be a promising
solution helping to combine the needs of the industry with the re-
quirements of sustainable development. In recent years, this method has
been gaining popularity and has been used to increase the production of
valuable phytochemicals in Hypericum perforatum L. However, the ma-
jority of elicitation-based experiments have been conducted in in vitro
studies to date, hence the need to investigate its application in entire
plant systems (Shakya et al., 2017; Kandoudi and Németh-Zamboriné,
2022). The most frequent elicitors that have so far been successfully
used for induction of the production of bioactive compounds (mainly
hypericin) in H. perforatum cultivation include abiotic elicitors (e.g.
salicylic acid, jasmonic acid, or methyl jasmonate) and biotic agents
(chitosan and fungal or bacterial elicitors) (Shakya et al., 2017; Shasmita
et al.,, 2023). However, regardless of the elicitors used, the type of
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culture is highlighted in the literature as a determinant of effective
stimulation of the in vitro biosynthesis of desirable compounds (Gad-
zovska et al., 2013; Shakya et al., 2017; Kwiecien et al., 2021).

H. perforatum, commonly named St. John’s wort (SJW), is the best
known and most popular perennial species of the family Hypericaceae
occurring in Central and Eastern Europe, North Africa, Asia, and North
America (Crockett and Robson, 2011; Shasmita et al., 2023). In the
middle of the last century, the raw material of this species was obtained
almost exclusively from natural habitats, whereas the majority of the
material currently originates from plantations (Bruni and Sacchetti,
2009). In accordance with pharmacopoeial requirements, the raw ma-
terial of SJW is the flowering tops of shoots (Hyperici herba) containing
not less than 0.08% of dianthrone compounds calculated with reference
to the amount of hypericin (Agapouda et al., 2019). A wide spectrum of
secondary metabolites has been identified in the chemical composition
of H. perforatum, with such important components as phloroglucinol
derivatives (mainly hyperforin), flavonoids (hyperoside, rutin, quer-
cetin, quercitrin, isoquercitrin), sesquiterpene-rich essential oil, cate-
chin tannins, and phenolic acids (mainly caffeic and chlorogenic acids)
(Barnes et al., 2018; Mathioudaki et al., 2018; Zirak et al., 2019;
Nobakht et al., 2022). Therefore, both the raw material and its prepa-
rations are widely used in medicine as antibacterial, antiviral,
anti-inflammatory, antioxidant, anticancer, and analgesic agents and
factors counteracting neurodegenerative diseases. However, the activity
and the use of SJW preparations depend on their type. The most
frequently used form is the water-alcoholic extract exerting a beneficial
effect on the nervous system function, as it exhibits antidepressant and
anxiolytic activity, mitigates tension and nervous exhaustion, and helps
to fall asleep. This activity is attributed to the interactions between
several bioactive substances, primarily hyperforin, hypericin, and fla-
vonoids. The photosensitizing effect to UV rays exerted by hypericin is
the basis of the treatment of dermatological diseases, e.g. vitiligo. In
turn, water and oil extracts of SJW contain mainly tannins and flavo-
noids with antiseptic, astringent, anti-inflammatory, choleretic, and
digestion-improving properties. Hence, they are used externally in
dermatology and cosmetics as adjuvant agents in the treatment of skin
wounds and burns, irritation and inflammation of the oral mucosa,
sciatica, and neuralgia and internally in gastrointestinal disorders
(Mullaicharam and Halligudi, 2018; Zirak et al., 2019; Nobakht et al.,
2022; Shasmita et al., 2023).

In addition to its multidirectional biological activity described
above, the popularity of SJW is mainly related to its established role in
the treatment of mild and moderate depression (Mullaicharam and
Halligudi, 2018; Nobakht et al., 2022). Owing to its potential to be used
in the phytotherapy of this most common lifestyle diseases, this raw
material it one of the most frequently sold dietary supplements and
plant-derived antidepressants (Barnes et al., 2018). SJW is regarded as
the only substitute for synthetic antidepressants with almost the same
effectiveness, but with fewer side effects (Agapouda et al., 2019).

The present study was focused on analyses of the effectiveness of
stimulation of the production of valuable secondary metabolites by
chemically diverse elicitors in controlled conditions of SJW cultivation.
The effects of the foliar application of solutions of chitosan lactate (ChL),
selenium (Se), or salicylic acid (SA) as well as their mixture in a 1:1:1
ratio, depending on the exposure time (5, 8, and 10 days) were analyzed.
To verify the research hypothesis that the substances used exert a
varying effect on the metabolism and redox homeostasis of SJW, we
analyzed the impact of the selected metabolic modulators on the pri-
mary and secondary metabolism of plants and some oxidative stress
indicators. The experiments provided new information on the effect of
various metabolic modulators on the physiological processes and the
accumulation of secondary metabolites in SJW.
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2. Results

2.1. Selected secondary metabolites in leaves of plants treated with
metabolic modulators

The total phenolic compounds (TPC) in the H. perforatum leaf ex-
tracts varied, mainly depending on the metabolic modulator type and
the duration of the elicitation (Fig. 1A). The highest value of TPC in all
the experimental groups, except for the elicitor mixture variant, was
recorded on day 10 of the experiment. At that time point, the highest
effectiveness of the metabolic modulators was recorded in comparison
with the control plants. The Se solution proved to be the most effective
then, as its application resulted in a 23% increase in TPC. Simulta-
neously, the SA and ChL exhibited lower but still significant elicitation
activity, as the content of the analyzed compounds increased by 16%
and 12%, respectively, compared to the control. A similar tendency was
observed on elicitation day 5, i.e. the TPC value in the Se-sprayed SJW
leaves increased by 19%. Concurrently, slightly lower amounts of these
compounds were accumulated in the SA treatment (a 12% increase). The
application of ChL + Se + SA usually resulted in reduced levels of the
tested compounds, with the exception of elicitation day 8 characterized
by a 12% higher concentration of TPC than the control plants. The
analysis of the effect of the main factors on the TPC value confirmed the
highest accumulation of these compounds on elicitation day 10,
regardless of the elicitor type. In turn, taking into account only the
metabolic modulator type, Se and SA proved to be the most effective
substances in the induction of TPC biosynthesis.

In contrast to TPC, the highest levels of total soluble flavonols (TSF)
were observed on day 5 of the experiment, regardless of the metabolic
modulator type (Fig. 1B). The highest concentration of these metabolites
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Fig. 1. Effect foliar application of ChL — chitosan, Se — selenium, SA - salicylic
acid, and the ChL + Se + SA mixture on the concentration of total phenolic
compounds (A) and total soluble flavonols (B) in the H. perforatum leaves on the
5th, 8th, and 10th day of elicitation. Means (+ standard deviation, n = 3) with
different letters differ significantly (p < 0.05). Effects of the main factors are
marked in the same way with capital letters. GAE — gallic acid equivalents, RUE
— rutin equivalents.
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was recorded in the control leaves (26.74 mg RUE g’1 DW) and in the
treatment with the Se (26.85 mg RUE g~! DW), but it was significantly
reduced in the ChL + Se + SA variant.

An improved HPLC method was used to analyze the profile and
amount of major metabolites in H. perforatum leaves and the results are
in agreement with the profile of flavonoids and specific metabolites
achieved in previous studies (Dresler et al., 2018; Carrubba et al., 2021).
Typical chromatograms obtained during the separation of H. perforatum
leaf extracts are shown in Fig. 2 A (separation of phenolic compounds)
and Fig. 2 B (separation of pseudohypericin, hyperforin, hypericin).

The HPLC analyses of the H. perforatum raw material identified and
quantified nine important secondary metabolites: five from the group of
flavonoids (epicatechin, hyperoside, rutoside, isoquercitrin, quercetin,
and additionally two unidentified quercetin derivatives — querDV1 and
querDV2), one from the group of phenolic acids (neochlorogenic acid),
two from the group of naphthodianthrones (hypericin, pseudohyper-
icin), and one from the group of phloroglucinols (hyperforin). The
accumulation of these substances in the plants depended not only on the
elicitor type and the exposure time but also on the groups of metabolites
represented by these compounds. For example, the foliar application of
the elicitors usually induced an increase in the concentration of flavo-
noid compounds (Fig. 3) but caused a general decrease in the level of
substances from the naphthodianthrone group (Fig. 4B and C).

Flavonoids were the main compounds among the identified sec-
ondary metabolites (Fig. 3). Epicatechin was the dominant flavonoid
(Fig. 3 A), its content in the extracts from the control plants was
2.53-4.94 mg g~ ' DW, and higher concentrations were recorded on day
10 of the experiment. However, the elicitors generally caused statisti-
cally insignificant changes in the content of this compound, compared to
the control. The greatest increase in the epicatechin concentration was
recorded on day 10 after the application of Se and SA (a 20-21% in-
crease compared to the corresponding control). In turn, the application
of the elicitor mixture resulted in an almost 20% decrease (but statisti-
cally insignificant) in the epicatechin concentration. The foliar appli-
cation of the elicitors separately induced significant changes in the
rutoside content, i.e. the content of this compound on day 10 after the
first application of ChL and SA increased by 50-58%, compared to the
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Fig. 2. Example HPLC chromatograms of H. perforatum leaves extracts during
separation of phenolic compounds (A): neochlorogenic acid (1), epicatechin
(2), hyperoside (3), rutoside (4), isoquercitrin (5), quercetin (6), and quercetin
derivatives (7, 8) and separation of specific metabolites (B): pseudohypericin
(1), hyperforin (2), hypericin (3). The green line represents the spectrum of the
standard mixture and the blue line represents the spectrum of the test sample.
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control. In these conditions, the Se treatment exhibited slightly lower
effectiveness (a 36% increase) (Fig. 3C). Similar changes were recorded
in the accumulation of hyperoside, as the concentration of this flavonoid
increased by 40% on day 10 after the SA application. Simultaneously,
the ChL and Se were less effective, and their application increased the
hyperoside content by approximately 29%, compared to the control
(Fig. 3B). The elicitor mixture generally led to a significant decrease in
the concentration of this compound, especially on day 5 of the experi-
ment. The quercetin content was high on day 5 both in the control and in
the elicitor-treated plants (Fig. 3E). The solutions of separate elicitors
contributed to a similar increase in the concentration of this metabolite
on experimental day 10, i.e. the quercetin content increased by
approximately 48% after the application of ChL and SA and by 41% after
the application of Se. However, taking into account the impact of the
main factors, ChL proved to be the most effective elicitor in this case,
regardless of the duration of the elicitation. The lowest fluctuations in
the content of the flavonoids were exhibited by isoquercitrin, whose
concentration did not change significantly depending on the duration of
the exposure or the metabolic modulator type. An exception was the Se
treatment, where the isoquercitrin content on day 5 increased by 83%
compared to the control (Fig. 3D).

Two unidentified quercetin derivatives - querDV1 and querDV2 were
detected (Fig. 3F and G). Neither the type of elicitors nor the treatment
duration changed the concentration of querDV1 (Fig. 3F). A significant
44% decrease in the querDV1 content, compared to the control, was
recorded only on day 5 in the elicitor mixture variant. The elicitors did
not generally cause fluctuations in the content of querDV2 (Fig. 3G),
with the exception of the Se solution, which increased its concentration
by 48% on day 5. At the same time, the elicitor mixture reduced the
querDV2 level. The effect of the main factors on all the identified fla-
vonoids was similar. The largest amounts of the flavonoids were
detected on elicitation day 10, regardless of the metabolic modulator
type. An exception was quercetin, as its highest content was determined
on day 5. Se and SA turned out to be the most effective stimulators of the
biosynthesis and accumulation of flavonoids, regardless of the time
elicited.

In terms of quantity, neochlorogenic acid ranked first among the
qualitatively determined metabolites. The level of this phenolic acid
(Fig. 4A) in the leaves of the control plants was the same on the indi-
vidual days of the experiment (average 5.7 mg~' DW), and the appli-
cation of the metabolic modulators generally caused slight variations in
its content. An increase in the accumulation of neochlorogenic acid was
recorded on day 5 after the first application of Se and SA, during this
period, its content increased by 51% and 41%, respectively, compared to
the control. The analysis of the effects of the main factors revealed no
significant effect of the duration of the exposure to the metabolic
modulators on the concentration of this acid but confirmed the highest
elicitation efficiency of Se and SA.

The content of naphthodianthrones was substantially lower than that
of the phenolic compounds and depended on the elicitor type to a
greater extent than on the exposure time (Fig. 4B and C). The highest
hypericin concentration was recorded in the control plants on day 5 after
spraying (Fig. 4B). However, the concentration of this compound after
the application of the tested elicitors exhibited a downward tendency,
especially on day 5. At that time, the content of hypericin in the elicitor
mixture variant was 4-fold lower than in the control. The application of
the elicitors separately induced a significant 38%, 30%, and 21%
decrease in the concentration of this compound in the SA, ChL, and Se
treatments, respectively. On the subsequent days of the experiment, the
hypericin content increased, especially in the Se and SA application
variants. However, a significant increase in comparison with the cor-
responding control was observed only on day 8 after the SA treatment (a
69% increase). The analysis of the impact of the main factors showed no
significant effect of the duration of the exposure to the elicitor on the
hypericin content, however, its highest concentrations were recorded in
the control plants and those treated with Se and SA, whereas the lowest
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Fig. 3. Effect foliar application of ChL - chitosan, Se — selenium, SA - salicylic acid, and the ChL + Se + SA mixture on the concentration of selected flavonoids —
epicatechin (A), hyperoside (B), rutoside (C), isoquercitrin (D), quercetin (E), and quercetin derivatives querDV1 (F) and querDV2 (G) in the H. perforatum leaves on
the 5th, 8th, and 10th day of elicitation. Means (+ standard deviation, n = 3) with different letters differ significantly (p < 0.05). Effects of the main factors are

marked in the same way with capital letters, ns — not significant.

level was recorded in the ChL + Se + SA treatment. Similar trends were
observed in the pseudohypericin content (Fig. 4C). Its highest accumu-
lation was recorded on elicitation day 5 not only in the leaves of the
control plants but also in the Se-treated plants, the content of pseudo-
hypericin on day 5 was in the range of 0.51-0.61 mg g~ DW. The other
elicitors slightly reduced the content of this compound, but these
changes were generally not significant (except for elicitation day 5 in the
elicitor mixture variant). The analysis of the impact of the tested
metabolic modulators, regardless of the exposure time, revealed that
only SA had a beneficial effect on the accumulation of pseudohypericin
in the SJW leaves, whereas the ChL + Se + SA mixture reduced the level
of this compound.

The concentration of the phloroglucinol derivative, i.e. hyperforin,
varied depending on the duration of the experiment and the elicitor used
(Fig. 4D). On the first days of exposure, no significant changes in the

content of this compound were induced by the substances applied. An
exception was the treatment with the ChL + Se + SA mixture, where a
29% decrease in the hyperforin concentration was noted on day 5. A
similar effect was noted on day 10 of the experiment, when the hyper-
forin content was 35% lower than in the control. A downward trend was
simultaneously observed in the other experimental series, but these
changes were not statistically significant. The accumulation of hyper-
forin was most intensively stimulated on day 8 of the experiment, its
level increased by 54% in the SA application variant. The mixture of the
elicitors was characterized by slightly lower elicitation efficiency, as its
application resulted in a 43% increase in the hyperforin level. In terms of
the impact of only the main factors, the Se and SA solutions were the
most effective elicitors.
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Fig. 4. Effect of foliar application of ChL - chitosan, Se — selenium, SA - salicylic acid, and the ChL + Se + SA mixture on the concentration of neochlorogenic acid
(A), hypericin (B), pseudohypericin (C), and hyperforin (D) in the H. perforatum leaves on the 4th, 7th, and 10th day of elicitation. Means (+ standard deviation, n =
3) with different letters differ significantly (p < 0.05). Effects of the main factors are marked in the same way with capital letters, ns — not significant.

2.2. Oxidative changes in plants treated with metabolic modulators

The activity of selected antioxidant enzymes (APX, CAT, GPX) in the
H. perforatum leaves was determined shortly after the first application of
the metabolic modulators (day 1) and on the final day of the experiment
(day 10) (Fig. 5A and B). Compared to the control, significantly higher
APX activity (over 2-fold) was observed in the SA elicitation variant on
day 1 and in the treatment with the elicitor mixture on day 10. All the
metabolic modulators initially caused a significant decrease in the CAT
activity (a decrease ranging from 55% to 2.5-fold). In comparison with
the control, the lowest CAT activity was observed in the SA spraying
variant, where a 2.5-fold reduction in the catalytic activity was recor-
ded. In contrast, an increase in the activity of this enzyme was observed
on elicitation day 10, especially in the Se treatment (over 4-fold versus
the control). The other metabolic modulators increased the CAT activity
as well (by 118-257%). In turn, the GPX activity usually declined as a
result of the elicitation, regardless of the duration of the exposure. An
exception was the metabolic modulators mixture, as it increased the GPX
activity on days 1 and 10 of the experiment (a 116% and 150% increase,
respectively).

The visualization of the reactive oxygen species (ROS; 0%~ and H,05)
did not reveal their increased accumulation shortly after the application
of the metabolic modulators (day 1 after spraying) (Fig. 6). The highest
levels of ROS on days 1 and 8 after the first treatment were detected
mainly in the petioles and along the leaf blade innervation, which was
most probably a result of the mechanical damage to these tissues caused
by cutting the leaves. However, on day 8 after the application of the
elicitors separately, clear color changes indicated an increased level of
ROS, in particular 02~. The accumulation of H,05 was then visible as
small point-like changes on the leaf blade of plants treated with the Se
and ChL solutions (Fig. 6).

The elicitors used usually had a negligible effect on the ability of the
plant extracts to reduce the DPPH radical (Fig. S1). The highest average
antioxidant activity was recorded on day 5 of the Se treatment
(approximately 86%, compared to 74% in the control).
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Fig. 5. Effect of foliar application of ChL - chitosan, Se — selenium, SA - sali-
cylic acid, and the ChL + Se + SA mixture on the activity of ascorbate perox-
idase (APX), catalase (CAT), and glutathione peroxidase (GPX) in the
H. perforatum leaves on the 1st (A) and 10th (B) day of elicitation. Means (+SD,
n = 3) with different letters differ significantly (p < 0.05).
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Fig. 6. Histochemical detection of 0%~ and H,0, using NBT and DAB staining, respectively, in the leaves of H. perforatum on the 1st and 8th day after the foliar
application of ChL - chitosan, Se — selenium, SA - salicylic acid, and the ChL + Se + SA mixture. The intense blue color indicates the presence of 02", the dark brown

color indicates the accumulation of HyOs.

2.3. Biometric and physiological parameters of elicitor-treated plants

The application of the metabolic modulators did not exert a signifi-
cant effect on the biomass of SJTW shoots (Fig. 7A). However, a slight
decrease in the content of photosynthetic pigments was observed,
especially in the Se treatment. The level of chlorophyll in the plants
treated with the Se decreased by 11-12%, compared to the control
(Fig. 7B).

The elicitors applied caused fluctuations in the values of some
chlorophyll fluorescence parameters. The measurements were carried
out on elicitation days 4 and 10 (Figs. S2A and B). On the first elicitation
days, significant changes in comparison with the control plants were
observed only in the ChL + Se + SA mixture variant, i.e. there was a 15%
increase in the Fy value with a simultaneous 5% decrease in the Fy/Fy,
(Fig. S2A). On the last elicitation day, a decrease in the F,/F and an
increase in the Fy were observed in the Se and SA treatments. The Fy, was
reduced after the use of the elicitors separately, with the greatest
decrease induced by ChL and Se (Fig. S2A).

All the analyzed elicitor combinations contributed to an increased
accumulation of proline in the H. perforatum leaves (Fig. 8). On day 4, its
concentration increased by 60% after the application of ChL and the
elicitor mixture and by 45% in the Se and SA variants.

3. Discussion

The qualitative and quantitative variability of the chemical compo-
sition in medicinal plants is one of the main limitations faced by the
modern herbal industry. To meet the growing market requirements,
considerable attention is paid to development of modern and environ-
mentally safe methods for optimization of plant production. One of the
proposed solutions is elicitation, which has recently gained great in-
terest among researchers and entrepreneurs worldwide. Despite the
popularity of this method, a large part of current experiments focus on
the effective use of elicitors only in in vitro conditions, while field
cultivation is an almost exclusive source of many economically impor-
tant medicinal plant species, e.g. H. perforatum (Gadzovska Simic et al.,
2014; Murthy et al., 2014; Shakya et al., 2017; Barnes et al., 2018).
However, it is difficult to investigate the biological activity of elicitors in
field conditions due to the impact of a number of environmental factors
exerting various effects on the phytochemical properties of H. perforatum
raw material (Kirakosyan et al., 2004; Bruni and Sacchetti, 2009;
Shasmita et al., 2023). Therefore, it is essential to carry out more
extensive in vivo experiments on different plant species with the use of
elicitors in controlled cultivation conditions (Kandoudi and
Németh-Zamboriné, 2022; Stasinska-Jakubas et al., 2023a).
H. perforatum is so far the best-studied model species, not only in the
genus Hypericum, in terms of the determination of its chemical compo-
sition and pharmacological properties (Ion et al., 2022) and the
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Fig. 7. Effect of foliar application of ChL - chitosan, Se — selenium, SA - sali-
cylic acid, and the ChL + Se + SA mixture on the biomass (A) and concentra-
tions of photosynthetic pigments (B) in the H. perforatum leaves on the 9th day
of elicitation. Means (+SD, n = 10 for DW, n = 3 for photosynthetic pigments)
marked with different letters differ significantly (p < 0.05).
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Fig. 8. Effect of foliar application of ChL - chitosan, Se — selenium, SA - sali-
cylic acid, and the ChL + Se + SA mixture on proline accumulation in the
H. perforatum leaves on the 3rd day of elicitation. Means (+SD, n = 3) for in-
dividual parameters marked with different letters differ significantly (p < 0.05).

elucidation of the pathways of the biosynthesis of naphthodianthrones
(Kirakosyan et al., 2004; Shakya et al., 2017) or xanthones (Gaid et al.,
2018).

In the present experiment, the varied effects of the metabolic mod-
ulators on the primary and secondary metabolism of H. perforatum
depended on both the type of the applied substances and the duration of
the exposure. For example, the application of SA contributed to the
greatest increase in the rutoside concentration (by 58% versus the con-
trol), while the ChL + Se + SA mixture induced the greatest reduction in
the hyperforin content (by 35%). The highest biological activity was
usually exhibited by the separate elicitors, and the most visible changes
in the analyzed parameters were observed on day 10 of the experiment.
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The results obtained indicate that the effectiveness of the induction
of the biosynthesis of the secondary metabolites was largely associated
with the chemical group that they represented. In general, the applica-
tion of the metabolic modulators had a positive effect on the accumu-
lation of flavonoids, but did not increase the levels of hypericin,
pseudohypericin or hyperforin. These discrepancies may be related to
the completely different biosynthetic pathways of these compounds
(Pradeep and Franklin, 2022) and in their physiological functions in
plants (Murthy et al., 2014; Liu et al., 2021; Badiali et al., 2023). The
naphthodianthrones (hypericin and its structural analogous) are pro-
duced via the polyketide pathway (Karppinen et al., 2008), phlor-
oglucinols (hyperforin) via the non-mevalonate pathway (Rizzo et al.,
2020), where phenolic compounds are formed in the phenylpropanoid
pathway (Pradeep and Franklin, 2022). Flavonoids are a distinct group
of the most widespread antioxidants in the plant kingdom playing an
important regulatory and signaling role in basic physiological processes
and interactions of plants with the environment. Increased biosynthesis
and accumulation of substances from this group of secondary metabo-
lites is one of the common strategies of plant defense and tolerance to (a)
biotic stresses factors (Liu et al., 2021; Singh et al., 2021). Furthermore,
stimulation of the activity of phenylalanine ammonia lyase and chalcone
isomerase, a key enzymes for the synthesis of phenolic metabolites via
the phenylpropanoid pathway, by the metabolic modulators (methyl
jasmonate, salicylic acid) in H. perforatum was demonstrated in vitro by
Wang et al. (2015) and Gadzovska et al. (2013). Elicitors can act at the
level of secondary metabolite biosynthesis, not necessarily their accu-
mulation (Gadzovska et al., 2013), but the regulation of this process is
very complex and the response of plants grown in vitro does not always
reflect their action in vivo.

To the best of our knowledge, no in vivo experiments on the use of
ChL, Se, and SA or their combination for the elicitation of secondary
metabolites in H. perforatum have been conducted to date. However,
available literature reports confirm the effectiveness of these substances
in increasing the in vitro biosynthesis of bioactive compounds that are
important for this species. Signaling molecules, e.g. SA, are the most
frequently used abiotic elicitors, especially in the production of hyper-
icin. For example, the presence of 50, 100, or 200 M SA in H. perforatum
suspension cultures induced an approximately two-fold increase in the
content of hypericin and pseudohypericin, regardless of the elicitor
concentration (Gadzovska et al., 2013). Enhanced hyperforin accumu-
lation was induced by 1 mM SA in shoot meristem cultures of this species
(Sirvent and Gibson, 2002). Some components of H. perforatum, e.g.
flavonoids and hyperforin play an important antioxidant and antimi-
crobial role in plant defense strategies against environmental (mainly
biotic) factors (Badiali et al., 2023). Chitosan and its derivatives may
have high potential elicitation efficiency. For instance, its presence in
H. perforatum root cultures was shown to stimulate the production of
epicatechin, xanthones, and terpenoids (Brasili et al., 2014).

In our previous studies the application of ChL, Se, or SA effectively
stimulated the accumulation of some phenolic compounds in Melissa
officinalis pot cultivation (Stasinska-Jakubas et al., 2023a). However, the
efficacy of the stimulation of the biosynthesis of these metabolites in
M. officinalis was substantially higher than in the case of H. perforatum.
For example, an over 20% increase in TPC was recorded on day 10 after
the application of Se, which is one of the most effective elicitors in SJW,
whereas an approximately two-fold higher increase was noted in the
study of the lemon balm (40% compared to the control). Similarly, the
application of the analyzed elicitors efficiently stimulated the biosyn-
thesis of some phenolic acids in M. officinalis leaves, as the content of
rosmarinic acid hexoside increased up to 10-fold after the SA application
(Stasinska-Jakubas et al., 2023a). In the case of H. perforatum, the
greatest increase in the concentration of neochlorogenic acid (approxi-
mately 50% compared to the control) was achieved in the Se spraying
variant. The lower elicitation efficiency observed in the present exper-
iment may be related to the morphological features of Hypericum plants,
i.e. the small surface of the leaf blade covered with a highly hydrophobic
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cuticle with high lipid content may limit the diffusion and penetration of
elicitors (Perrone et al., 2013; Li et al., 2017).

The present results confirmed the previous report (Stasinska-Jakubas
et al., 2023a) on the significant advantage of elicitors applied alone over
their mixture, as the use of the latter form in H. perforatum even reduced
the content of some metabolites. For example, a 4-fold decrease in the
hypericin content was recorded on day 5 days after the ChL + Se + SA
treatment. The low effectiveness of the combination may be associated
with the lower concentration of each metabolic modulator in their
mixture. Nevertheless, given the negative impact of the mixture on the
accumulation of some components in the SJW raw material, certain
antagonistic effects cannot be ruled out. Literature reports particularly
highlight the interrelationships between Se and SA. On the one hand, Se
can modulate the functions of the plant hormone system both negatively
via disturbances in its proper activity and positively via an increase in
the level of endogenous SA and plant resistance to stress. On the other
hand, together with other phytohormones, SA is a regulator of the up-
take and accumulation of Se in plants, playing an important role in
alleviation of Se phytotoxicity (Tamaoki and Maruyama-Nakashita,
2017; Mostofa et al., 2020; Skrypnik et al., 2022). However, a mixture
of SA and Se was reported to successfully stimulate plant productivity in
some experiments (Norouzi et al., 2018).

The efficiency of in vivo elicitation with single elicitors has also been
documented in other studies. However, the results analyzed in reviews
of the effect of Se on the accumulation of secondary metabolites in
various plant species were not always clear-cut (Skrypnik et al., 2022).
In hydroponic cultivation, the presence of Se stimulated the accumula-
tion of some essential oil components (z-citral, citral, caryophyllene,
caryophyllene oxide, and geranyl acetate) in M. officinalis (Tavakoli
et al., 2020) and increased the content of TPC and rosmarinic acid in
O. basilicum (Puccinelli et al., 2020). Even in the case of H. perforatum,
the foliar application of Se at a concentration of 8 or 10 mg/L increased
the levels of hypericin and hyperforin, respectively, in greenhouse
conditions (Nazari et al., 2022). In turn, ChL spraying increased the
content of TPC, rosmarinic acid, and anthocyanins in M. officinalis and
rosmarinic acid in O. basilicum (Hawrylak-Nowak et al., 2021) or the
levels of TPC, TSF, anthocyanins, and some phenolic acids in Plec-
tranthus amboinicus (Stasinska-Jakubas et al., 2023b). In a study con-
ducted by Kandoudi and Németh-Zamboriné (2022), an increase in TPC
and antioxidant activity was observed in Origanum majorana, Mentha
piperita, and O. basilicum two weeks after SA spraying in field conditions.
SA in foliar application also proved to be the most effective elicitor
stimulating both the accumulation of phenolic compounds and plant
growth in Echinacea purpurea field cultivation (Kuzel et al., 2009). In the
field cultivation of Artemisia annua, foliar application of a chitosan was
found to be the most effective of the other elicitor treatments (chitosan,
nanoselenium, gamma irradiation) stimulating the biosynthesis of
artemisinin and essential oil, and thus increasing plant resistance to
biotic factors (Sayed and Ahmed, 2022).

According to the assumptions underlying hormesis, which is the
basis of the elicitation process, the absence of phytotoxic interactions is
one of the key elements of the effective application of elicitors (God-
inez-Mendoza et al., 2023). No significant changes were observed in the
biomass of H. perforatum in the present experiment. Nevertheless, a
decrease in the photosynthetic parameters, especially in the chlorophyll
fluorescence, was noted on the last days of the experiment, as the elic-
itation with Se and SA induced a decline in the F,/F, ratio and an in-
crease in the Fy. In turn, the application of ChL and Se resulted in a
decrease in the Fy, value. Concurrently, the content of photosynthetic
pigments was slightly reduced, especially in the Se elicitation variant. As
the beneficial functions of Se in plants have been demonstrated in many
studies (Hawrylak-Nowak, 2022 and references therein), the decrease in
photosynthetic pigments and PSII yield was quite unexpected. Perhaps
in this case the increased secondary metabolism is at the expense of the
primary metabolism, especially as Se was the most effective elicitor. On
the other hand, the products of plant specialized metabolism acting as
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multifunctional integrated components of metabolic networks that are
dynamically shaped by environmental pressures, regulate plant defense
mechanisms and can also be redirected to primary metabolism once the
stress has subsided (Erb and Kliebenstein, 2020). These phenomena are
therefore much more complex than previously thought.

Other experiments carried out with the use of elicitors we have tested
in vivo also indicate their small or negligible impact on plant growth and
the photosynthetic apparatus functions in other medicinal plant species,
i.e. M. officinalis, O. basilicum (Hawrylak-Nowak et al., 2021, 2021a),
and P. amboinicus (Stasinska-Jakubas et al., 2023b). Despite the absence
of visible symptoms of toxicity, even slight fluctuations in the content of
photosynthetic pigments may influence the course of photosynthesis,
thereby determining plant growth and development as well as the
accumulation of secondary metabolites.

Increased production of ROS, especially H,O5 and 02", is one of the
common plant responses to the impact of various stress factors and de-
terminants of the production of secondary metabolites (Hasanuzzaman
et al., 2020). Although their role in the cellular response of plants to the
activity of elicitors has not been entirely elucidated, they are most often
assigned a signaling function. The compounds compared in the experi-
ment are representatives of chemically diverse categories of metabolic
modulators, but their common trait is the important role in the main-
tenance of cellular ROS homeostasis (Skrypnik et al., 2022; Stasinska--
Jakubas et al., 2023a). In the present experiment, the accumulation of
02~ and H,0, in the H. perforatum leaves increased on day 8 after the
application of the elicitors separately, in particular ChL and Se.
Concurrently, substantial but varied changes in the activity of the
analyzed antioxidant enzymes were induced by these substances,
probably as a result of the increase in ROS concentrations over the same
period. The lowest variation was observed in the APX activity, which
increased only shortly after the application of SA and on day 10 after the
spraying with ChL + Se + SA. In turn, the combination of the metabolic
modulators initially caused a significant decrease in the CAT activity,
which was followed by a significant (even several-fold) increase on the
last elicitation day. The GPX activity was usually reduced by the elicitor
treatment, regardless of the duration of the exposure, with the exception
of the elicitor mixture, which induced an increase in the activity of this
enzyme on elicitation day 1 and 10. The results of in vitro and in vivo
experiments indicate certain relationships between disturbances in
cellular redox homeostasis and the activation of plant defense responses
induced by elicitors, also in H. perforatum. ROS have been suggested to
be involved in the biosynthesis of some components in H. perforatum. As
shown by Moon and Mitra (2016), an increased Hy02 concentration
activates key enzymes of the shikimate pathway, thereby stimulating the
biosynthesis of xanthones. Moreover, in in vitro cultivation of
H. perforatum shoots with the use of polysaccharides (chitin, pectin,
dextran), a positive correlation was found between increased contents of
flavonoids and hypericin and increased peroxidase activity (Gadzovska
Simic et al.,, 2014). The present experiment revealed a significant
(approximately 50%) increase in the concentration of free proline in the
SJW leaves on day 3 after the foliar application of the tested elicitors,
regardless of their chemical diversity. Proline plays an important role in
the maintenance of cellular homeostasis, including redox balance, and
the increased accumulation of proline is one of the strategies of plant
adaptation to stress conditions (Ghosh et al., 2022). It has also been
suggested that the proline cycle is coupled with the shikimic acid
pathway, which may additionally modulate the synthesis of plant sec-
ondary metabolism products, especially aromatic compounds (Perassolo
et al., 2011). This is in line with the results of the phenolic metabolite
accumulation analyses in this study.

4. Conclusions
The present experiment reveals the varied response of H. perforatum

to the foliar application of different types of metabolic modulators
depending on the exposure duration. It was shown that the use of
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elicitors separately, especially Se and SA, can modify the biosynthesis of
secondary metabolites in H. perforatum. Changes in the accumulation of
secondary metabolites were associated with increased ROS level and
fluctuations in the activity of the enzymatic antioxidant system in
leaves. At the same time, there was no effect on plant biomass and no
visible symptoms of phytotoxicity. Therefore, the foliar Se or SA treat-
ment in vivo can be a promising method for producing high-quality H.
perforatum raw materials with an increased concentration of selected
health-promoting compounds. However, given the probable limitation
of the penetration of the elicitors through the hydrophobic H. perforatum
leaf blade, their potential requires further research, perhaps with an
alternative method of application.

5. Exprimental
5.1. Plant material, growth conditions, and experimental design

H. perforatum seeds purchased from a local producer (PNOS, Ozaréw
Mazowiecki) were mixed in a plastic container with a moist substrate in
a ratio of 1:10 and subjected to cold stratification at 5 °C for 9 weeks.
The seed material was placed on a seed sowing tray and left to germinate
in a climate-controlled phytotron under LED lamps with a photon flux
density between 170 and 200 pmol m~2 5!, The experiment was carried
out at a 16-h photoperiod, a temperature of 25 °C/22 °C (day/night),
and relative humidity maintained at 60-65%. Six weeks after sowing the
seeds, SJW plants were transplanted into 0.5-L pots filled with a sub-
strate, with 10 plants in each pot. A substrate prepared by mixing
COMPO BIO universal soil (Kronen, pH 6.0) with sand in a ratio of 3:1
was used for the stratification, seed germination, and subsequent culti-
vation of the plants.

At 12 weeks after sowing, the H. perforatum was first sprayed with 10
mL per pot of aqueous solutions of the tested substances. Five experi-
mental combinations (4 pots each) were selected on the basis of avail-
able literature data and the results of preliminary research in our
laboratory: 0 (distilled water), 100 mg/L ChL (Heppe Medical Chitosan,
Germany, deacetylation degree: 80-95%), 10 mg/L Se (Fluka,
Switzerland), 150 mg/L SA (PoCH, Poland), and ChL + Se + SA (1:1:1).
The solutions for spraying the plants were prepared by dissolution of the
substances in distilled water. In view of the restricted penetration of the
solutions through the hydrophobic cuticle of SJW leaves, all the com-
binations were enriched with a 0.02% Tween®20 solution (Sigma-
Aldrich, USA). The plants were sprayed using an atomizer twice at three-
day intervals according to the varied scheme. Throughout the experi-
ment, the plants were watered regularly with the same volume of tap
water.

Plant samples were subjected to biochemical analyses (total poly-
phenol content, flavonoid concentration, identification and quantifica-
tion of selected secondary metabolites, radical scavenging activity of the
extracts, activity of antioxidant enzymes, free proline content) and
histochemical tests (visualization of H,O5 and 027). At the end of the
experiment (10 days after the first application of the elicitors), some
growth and physiological parameters were determined (fresh shoot
weight, chlorophyll fluorescence, content of photosynthetic pigments).

5.2. Preparation of methanol leaf extracts

Plant material samples were collected on elicitation days 5. 8. and
10. The H. perforatum leaves were dried at room temperature in the dark
(to prevent degradation of bioactive compounds) and ground into a fine
powder in a porcelain mortar. Next, 200 mg of the raw material was
extracted in 5 mL of an aqueous solution of 80% methanol (v/v) and
kept in an ultrasonic bath for 30 min (the temperature in the ultrasonic
bath was kept low by adding ice to the water). After this time, the ex-
tracts were centrifuged (5 min, 18,000 rpm, 20 °C).
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5.3. Determination of selected products of secondary metabolism
a) Total phenolic compounds (TPC) and total soluble flavonols (TSF)

The concentration of TPC and TSF in the methanolic extracts was
determined using a UV-VIS spectrophotometer (Cecil CE 9500, Cecil
Instruments, Cambridge, UK). The content of TPC was examined using
the Folin-Ciocalteau reagent according to the method of Wang et al.
(2011) with slight modifications described previously (Stasinska-Jaku-
bas et al., 2023a). The content of TSF was determined as a complex with
aluminum ions following the simplified colorimetric method proposed
by Christ-Miiller (Polish Pharmacopoeia V, 1999), as described before
(Stasinska-Jakubas et al., 2023a).

b) HPLC analysis

Secondary metabolites were analyzed by high-performance liquid
chromatography (HPLC) using a VWR Hitachi Elite LaChrom HPLC
equipped with a diode array detector and EZChrom Elite software
(Merck, Darmstadt, Germany) as described in detail by Dresler et al.
(2018). The system used for the analysis of flavonoids and neo-
chlorogenic acid used an RP18 Kinetex (Phenomenex, Torrance, USA)
reversed-phase column and the mobile phase being a mixture of aceto-
nitrile with trifluoroacetic acid (solvent A) and water with trifluoro-
acetic acid (solvent B). The system used for the analysis of hypericin and
hyperforin was based on a Kinetex RP18 column (as above), the mobile
phase was a mixture of acetonitrile and trifluoroacetic acid-ammonium
acetate.

5.4. Determination of the oxidative parameters
a) Antioxidant enzyme activity

Samples were taken from the third and fourth pairs of true leaves of
H. perforatum. 250 mg of fresh plant material was homogenized in 5 mL
of 0.05 M phosphate buffer with pH = 7.0 to determine the activity of
guaiacol peroxidase (GPOX, EC 1.11.1.7) and catalase (CAT, EC
1.11.1.6) or in 5 mL of 0.1 M phosphate buffer at pH = 6.0 containing
polyvinylpyrrolidone (PVP), ethylenediaminetetraacetic acid (EDTA),
and sodium ascorbate to determine the activity of ascorbate peroxidase
(APOX, EC 1.11.1.11). The homogenates were subjected to centrifuga-
tion (10 min, 10,000 rpm, 4 °C). The activity of the enzymes was
determined spectrophotometrically with the use of a Cecil CE 9500
device. CAT activity was determined by the method of Golan et al.
(2013) at a wavelength of 240 nm. GPOX activity was assayed with the
method of Matolepsza et al. (1994). Absorbance was measured at a
wavelength of 480 nm for 4 min at 1-min intervals. APOX activity was
assayed using the technique proposed by Nakano and Asada (1981).
Ascorbate oxidation was measured at 290 nm for 5 min at 1-min
intervals.

b) Histochemical detection of reactive oxygen species

Samples of H. perforatum material were taken for staining from the
true leaves (third and fourth pairs of below the apical meristem) on day
1 and 8 after the first application of the elicitors. The visualization of
02~ and H,0, in the leaves was performed using nitrotetrazolium blue
(NBT) and 3,3-diaminobenzidine (DAB), respectively (Kumar et al.,
2014). Detailed test protocol has been described previously (Sta-
sinska-Jakubas et al., 2023a).

c) Free radical scavenging activity (FRSA)
The FRSA of the H. perforatum leaf extracts was determined using the

synthetic radical DPPH (1,1-diphenyl-2-picrylhydrazyl). The analysis
and calculations were carried out according to the Molyneux (2004)
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method described in detail previously (Stasinska-Jakubas et al., 2023a).

5.5. Measurement of plant growth, physiological traits and proline
accumulation

a) Fresh weight of shoots

The fresh weight of H. perforatum shoots was determined on the day
the experiment ended (10 days after the first application of metabolic
modulators). The shoots were cut off a few millimeters above the sub-
strate surface and weighed on a laboratory scale. The results are
expressed in grams per pot.

b) Content of photosynthetic pigments

The third pair of leaves below the apical meristem was taken for
analysis. The levels of photosynthetic pigments were determined spec-
trophotometrically on the day of the end of the experiment (10 days
after the first spraying of the metabolic modulators) following the
Lichtenthaler and Wellburn (1983) method and thorough calculations.

¢) Chlorophyll fluorescence

Selected chlorophyll a fluorescence parameters were assayed using a
Handy-PEA photofluorimeter (Hansatech Instruments, Japan) as
described before (Stasinska-Jakubas et al., 2023a). On days 3 and 10
after the first application of the metabolic modulators, the following
parameters were measured: Fy, — maximum fluorescence, Fy — minimum
fluorescence, and F,/Fy, — ratio of variable fluorescence to maximum
fluorescence.

d) Free proline accumulation

The accumulation of proline in the H. perforatum leaves was deter-
mined on elicitation day 4 with the classic method based on the use of
acid ninhydrin, glacial acetic acid, and toluene, as described by Bates
et al. (1973). Absorbance was measured spectrophotometrically at 520
nm. The proline concentration was read from a standard curve prepared
for pure proline and converted to fresh weight.

5.6. Statistical analysis

The experiment was established in a completely randomized design.
Statistica ver. 13.3 software (TIBCO Software Inc. 2017; USA) was used
to process the data provided by the laboratory analyses. The concen-
trations of selected secondary metabolites and FRSA were subjected to a
two-way ANOVA with treatment type and the duration of elicitation as
the main factors. The results of the statistical analysis of these data show
the main effects and the interaction effects of these two factors. The data
on the FW, photosynthetic pigments levels, chlorophyll fluorescence,
free proline accumulation, and antioxidant enzyme activity were
analyzed by one-way ANOVA to assess only the responses of
H. perforatum to the application of the metabolic modulators. The sig-
nificance of the differences was evaluated with the Tukey test at p <
0.05.
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Supplementary Figure S1. Effect of foliar spray with ChL — chitosan, Se — selenium, SA — salicylic acid, and
the ChL+Se+SA mixture on free radical scavenging activity (FRSA) in extracts from H. perforatum leaves on the
5th, 8th, and 10th day of elicitation. Means (+ SD, n = 8) with different letters differ statistically significantly (p <
0.05)
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Supplementary Figure S2. Effect of foliar spray with ChL — chitosan, Se — selenite, SA — salicylic acid, and the
ChL+Se+SA mixture on selected parameters of chlorophyll a fluorescence in the H. perforatum leaves on the 4th
(A) and 10th (B) day of elicitation. Means (+ SD, n = 10) for individual parameters marked with different letters
differ statistically significantly (p < 0.05)
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Abstract: Various metabolic modulators have been widely used in recent years to increase
the accumulation of desired secondary metabolites in medicinal plants, although most studies
to date have focused on in vitro systems. Although simpler and cheaper, their potential
application in vivo is still limited. Therefore, the aim of this study was to compare the effect
of three chemically different elicitors (150 mg/L chitosan lactate — ChL; 10 mg/L selenium as
selenite — Se; 100 mg/L salicylic acid — SA) applied to the soil substrate on some aspects of
the secondary metabolism and physiological responses of Chelidonium majus L. Using
HPLC-DAD, six isoquinoline alkaloids were identified and quantified in shoot extracts. The
strongest stimulatory effect on the accumulation of protopine, berberine, and allocryptopine
was observed in the Se and SA treatment, whercas ChL was less effective. In turn, the
dominant alkaloids (coptisine and chelidonine) remained unaffected. There was also an
increase in total phenolic compounds, but not in soluble flavonols. The elicitor treatments
caused an increase in the antioxidant activity of the plant extracts obtained. Regardless of the
metabolic modulator type, the strongest effect was generally observed on days 7 and 10 after
application. No visual signs of toxicity and no effect on shoot biomass were found, although
some elicitor-induced changes in the oxidative status (increased H>O» accumulation and
enhanced lipid peroxidation) and free proline level in leaves were observed. We suggest that
Se or SA can be applied to C. majus grown in a controlled pot culture to obtain high quality
raw material and extracts with increased content of valuable specialized metabolites and
enhanced antioxidant capacity.

Keywords: elicitation; secondary metabolites; isoquinoline alkaloids; greater celandine;
phytochemistry
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1. Introduction

Medicinal plants have been playing a key role in human life since ancient times.
Initially, they were used to improve general well-being, but they are currently applied in
medicine and modern pharmacotherapy both directly as medicinal agents and indirectly as
basic raw materials for the production of medications [1, 2]. The therapeutic value and
suitability of medicinal plants are mainly associated with their content of secondary
metabolites, which are characterized by a wide spectrum of pharmacological activity, e.g.
from antioxidant and antimicrobial to anti-inflammatory and anticancer effects. Moreover, as
a rich source of such pro-health substances as phenols, flavonoids, alkaloids, glycosides, and
aromatic compounds, they are widely used not only in the pharmaceutical industry but also in
the manufacture of cosmetic and food. Therefore, the content of secondary metabolites in
plant raw materials is one of the most important indicators in the assessment of their quality
[2-5].

In addition to their extremely useful biological activity for humans, secondary
metabolites are an important element of complex plant responses to the impact of abiotic and
biotic environmental factors and are most often synthesized by plants to serve defensive,
signaling, or adaptive functions. This leads to changes in the overall phytochemical profile of
plants and properties of plant raw material [6-8]. The growing number of literature reports on
the impact of environmental factors on plant metabolism indicates the validity of use of
moderate and controlled stimuli in the elicitation process, which is one of the methods for
optimization of the production of phytochemicals [5, 7, 9]. This strategy is considered one of
the most effective approaches to the manipulation of plant metabolic pathways aimed to
increase the efficiency of production of desired secondary metabolites. Although elicitation is
more frequently studied and used in in vitro plant cultivation, the in vivo application of this
method may be simpler and more economical, especially in controlled conditions where there
is no impact of interfering geographical or climatic factors. The in vivo elicitation most often
entails foliar or soil application of an elicitor solution or conditioning of seeds [10].

The greater celandine (Chelidonium majus L.) from the family Papaveraceae is
a perennial plant with a branched habit and a height up to 100 cm. This synanthropic species
occurs in all regions of Europe and Asia. Its characteristic hollow stem bears light green
pinnate leaves with lobed or serrated margins. The petiolate basal leaves with large blades are
gathered in a rosette; the stem has small sessile leaves. C. majus blooms from April to
October; it produces actinomorphic, umbellate, yellow inflorescences. Its fruit is an elongated
capsule with shiny, ovoid, dark brownish-black seeds equipped with elaiosomes. All organs in
this species contain large amounts of yellow-orange milky sap (latex), which is commonly
used in folk medicine to treat warts, corns, eczema, fungal infections, and other skin diseases
[11-14].



The pharmacopoeial raw material provided by the plants is the flowering leafy tops of
celandine shoots (Chelidonii herba) containing no less than 0.6% of total alkaloids expressed
as chelidonine equivalents. Another raw material used in medicine is the root (Chelidonii
radix), which contains up to 3% of alkaloids. Over 30 compounds have been identified in the
group of celandine alkaloids, with chelidonine, chelerythrine, sanguinarine, berberine, and
coptisine as the dominant compounds. In addition to isoquinoline alkaloids, the roots of the
plant contain saponins, flavonoids, tannins, and organic acids. In turn, celandine herb contains
mainly 0.2%-0.6% of alkaloids and flavonoids. Due to their antispasmodic, antiulcer, and
choleretic effects, celandine raw materials and their extracts are most often used as
ingredients in preparations for treatment of gastrointestinal and biliary tract diseases. These
raw materials also exhibit anti-inflammatory, antibacterial, antifungal, antiviral,
immunomodulatory, and analgesic activity. A slight sedative effect and amelioration of
anaphylactic shock have been reported as well [11-13, 15]. With their content of isoquinoline
alkaloids, C. majus extracts have anticancer potential, as they have been reported to exert
strong antioxidant, antiproliferative, proapoptotic, and cytotoxic effects on cancer cell lines
[16-17].

In this study, we verified a hypothesis that the induction of physiological response of
C. majus plants with chemical elicitors results in changes in plant secondary metabolism and
redox balance. The effectiveness of chemically diverse compounds in the elicitation of
selected specialized metabolites in controlled pot cultivation conditions was analyzed. The
effects of soil application of aqueous solutions of chitosan lactate (ChL), sodium selenite (Se),
and salicylic acid (SA) were compared depending on the exposure time (4, 7, and 10 days).
This study presents a novel soil-based elicitation protocol targeting isoquinoline alkaloids and
phenolic compounds in greater celandine under controlled in vivo conditions. To our
knowledge, this specific approach has not been previously reported and addresses the
limitations of foliar application in this species due to leaf hydrophobicity. This method may
contribute to a controlled increase in the level of pro-health bioactive substances, modifying

the effects of celandine raw materials.

2. Results

2.1. Selected secondary metabolites in C. majus shoots grown under exposure

to different elicitors

Alkaloids are the most abundant specialized metabolites in the herb of C. majus,
confirming their dominant role in the phytochemical profile of this species. Six isoquinoline
alkaloids were identified and quantified in the extracts from the C. majus herb, i.e. coptisine,
chelidonine, protopine, berberine, allocryptopine, chelerythrine (Fig. S1). The content of these
components in the analyzed extracts depended on the elicitor type and the duration of the

experiment (Fig. 1 A-F). Coptisine was the dominant alkaloid (Fig. 1 A), with its content in



the extracts from the control plants ranging from 9.08 to 12.86 mg g' DW on the experiment
days. However, the application of the elicitors to the soil did not induce significant changes in
the concentration of this compound. The next most abundant compound in the analyzed
extracts was chelidonine, whose concentration changed only slightly after the treatment with
the elicitors (Fig. 1 B). An exception was SA, which produced a 38% increase in the
chelidonine content in the analyzed extracts on day 10 after the application, compared to the
control plants. In contrast, the other elicitors were not effective in stimulating the biosynthesis
of this compound.

The other alkaloids were present in the analyzed extracts in substantially lower
concentrations (< 1 mg g! DW), but their content fluctuated to a greater extent upon the
exposure to the elicitors applied (Fig. 1 C-F). The accumulation of protopine in the
aboveground parts of C. majus was most effectively stimulated by SA on day 7 of the
experiment; in comparison with the corresponding control, the content of this alkaloid
increased almost 3-fold (Fig. 1 C). Concurrently, the Se solution exhibited slightly lower
elicitation activity, as its use resulted in a 2-fold increase in the protopine concentration
compared to the control plants. In the case of berberine, significant changes were found on
days 4 and 7 after the application of the elicitors (Fig. 1 D). Again, the highest elicitation
activity was exhibited by SA, as the content of berberine increased over 2-fold on day 4 after
the application of this elicitor. The other elicitors stimulated the accumulation of this alkaloid
as well, although to a lesser extent. In comparison with the control, the concentration of
berberine in the analyzed extracts increased by 108% and 57% in the ChL and Se treatments,
respectively. The soil application of the elicitors also resulted in significant changes in the
content of allocryptopine in the C. majus herb extracts (Fig. 1 E). The highest concentration
of this alkaloid (0.39 mg g! DW) and its greatest stimulation relative to the corresponding
control were observed on day 7 after the application of SA (an 85% increase). The use of ChL
stimulated the allocryptopine content in the analyzed extracts only on day 4 of the experiment,
which increased by 86%, compared to the control. On day 10 after the application of Se and
SA, the content of allocryptopine increased by 59% and 55%, respectively, in comparison
with the control, but the statistical analysis did not confirm that the differences were
significant. The elicitors had no significant effect on the accumulation of chelerythrine, whose
level was the lowest among the quantified alkaloids (Fig. 1 F).
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Figure 1. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic
acid on the concentration of selected alkaloids — coptisine (a), chelidonine (b), protopine (c) berberine
(d), allocryptopine (e), and chelerythrine (f) in the C. majus shoots on the 4th, 7th, and 10th day of
elicitation. Control plants were treated with distilled water. Means (+ standard deviation; n = 3) with
different letters differ statistically significantly (p < 0.05, NIR-Fisher test).

The concentration of total phenolic compounds (TPC) in the analyzed extracts from the
C. majus shoots changed depending on the time after the application of the elicitors and the
type of the substance used (Fig. 2 A). The highest accumulation of these compounds was
recorded on day 4 of the experiment in the Se application variant. The TPC concentration in
this treatment was 6.99 mg g, which was 79% higher than in the corresponding control
plants. However, the highest elicitation activity was observed on day 10 after the application
of SA, which produced an over 2-fold increase in the TPC content compared to the control. In
turn, on day 7 of the experiment, all the elicitors exhibited a similar level of efficiency, as
they caused an approximately 2-fold increase in TPC, compared to the control. The ChL
solution also stimulated the TPC accumulation on day 10, and the concentration of these
compounds was 124% higher than in the control plants.



The total soluble flavonols (TSF) content in the analyzed plant extracts was similar in
each experimental series, and the soil application of the elicitors did not exert a significant

effect on the accumulation of these compounds (Fig. 2 B).
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Figure 2. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic
acid on the concentration of TPC — total phenolic compounds (a) and TSF — total soluble flavonols (b)
in the C. majus shoots on the 4th, 7th, and 10th day of the elicitor exposure. Control plants were
treated with distilled water. Means (= SD; n = 3) of individual parameters marked with different letters
differ statistically significantly (p < 0.05, NIR-Fisher test).

2.2. Oxidative status of C. majus plants treated with different elicitors

Selected parameters of the plant oxidative status were determined on days 2 and 10 to
assess early and late responses of C. majus plants to the applied elicitors.

The activity of selected antioxidant enzymes (CAT, GPOX, APOX) in the C. majus
leaves was determined shortly after the exposure of the plants to the elicitors (day 2) and on
the day of termination of the experiment (day 10) (Fig. 3 a, b). In general, the CAT activity
was similar on both days in all the experimental series. A significant increase in the activity of
this enzyme was noted only on day 10 after the application of Se (2-fold higher than in the
corresponding control). The GPOX activity determined on day 2 of the experiment was very
low (0.02-0.33 U mg™!) but increased 15-fold in the soil Se treatment, compared to the control

plants. In turn, the activity of this enzyme on the experiment termination day increased



significantly (1.07-2.29 U mg"). In this case, however, the use of the elicitors caused a
significant decrease in the GPOX activity, especially in the ChL and Se treatment variants
(reduction by half). No APOX activity was detected in the analyzed plant material (data not

shown).
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Figure 3. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA —
salicylic acid on the activity of catalase — CAT (a) and guaiacol peroxidase — GPOX (b) in the
C. majus leaves on the 2nd and 10th day of elicitation. Control plants were treated with
distilled water. Means (+ SD; n = 4) with different letters differ statistically significantly (p <
0.05, NIR-Fisher test).

The level of H>O» accumulation in the C. majus leaves was determined shortly after the
application of the elicitors (day 2) and on the day of termination of the experiment (day 10)
(Fig. 4 a). The H20: level in the treatments varied depending on the duration of the plant
exposure to the action of the elicitors. Initially, a 40% and 32% increase in the H?O
concentration was noted in the Se and SA treatments, respectively, compared to the control
plants. After 10 days, each of the three elicitors significantly increased the H>O:
accumulation, i.e. its concentration increased over 2-fold in the ChL and SA variants and 2.5-
fold in the Se treatment, compared to the control.

The analyzed elicitors had a similar effect on the level of thiobarbituric acid-reactive
substances (TBARS) immediately after their application. On elicitation day 2, the
concentration of TBARS increased by approx. 31% in the ChL and Se treatments and by 24%



in the SA variant (Fig. 6). However, on day 10 after the application of the elicitors, the SA
treatment resulted in a 40% decrease in TBARS, while the other elicitors had no significant

effect on the level of lipid peroxidation in the C. majus plants.
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Figure 4. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic
acid on the concentration of H>O, (a) and of TBARS (b) in the C. majus leaves on the 2nd and 10th
day of the elicitor exposure. Control plants were treated with distilled water. Means (£ SD; n = 4) of
individual parameters marked with different letters differ statistically significantly (p < 0.05, NIR-
Fisher test).

The analyzed methanol extracts of the C. majus herb exhibited a relatively low ability to
reduce the DPPH radical, which varied depending on the elicitor used and the duration of the
experiment (Fig. 5). The highest antioxidant activity was observed on day 7 of the experiment
(approx. 27-35%); at that time, its similar levels were determined regardless of the
experimental series. At the other experiment time points, the antioxidant activity increased
under the influence of the elicitors. The greatest changes relative to the control plants were
noted on day 10 after the application of SA (an almost 3-fold increase in the antioxidant
activity). In the ChL or Se treatments, the antioxidant activity was stimulated less efficiently
but still significantly, as the application of these elicitors resulted in an approximately 2-fold

increase in the ability of the extracts to reduce DPPH, compared to the control.
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acid on the free radical scavenging activity of the C. majus shoot extracts on the 4th, 7th, and 10th day
of elicitation. Control plants were treated with distilled water. Means (= SD; n = 3) with different
letters differ statistically significantly (p < 0.05, NIR-Fisher test).
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The concentration of free proline in the C. majus leaves changed depending on the
elicitation day and the type of the compound applied (Fig. 6). Not all of the elicitors used
caused changes in the accumulation of this amino acid. On day 2 after the application of Se,
the free proline concentration increased 4-fold, compared to the control plants. In turn, on day
10 after the application of SA, the content of free proline increased by 91%. No significant

effect of ChL on the level of this amino acid was observed at the analyzed time points.
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Figure 6. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic
acid on free proline accumulation in the C. majus leaves on the 2nd and 10th day of the elicitor
exposure. Control plants were treated with distilled water. Means (+ SD; n = 4) of individual
parameters marked with different letters differ statistically significantly (p < 0.05, NIR-Fisher test).

2.3. Selected biometric and physiological parameters of C. majus treated with different
elicitors

The application of the elicitors generally did not have a significant effect on the biomass
of the C. majus shoots (Fig. S2) or on the chlorophyll fluorescence parameters (Fig. S3 a, b).

Initially, on elicitation day 4, there were no statistically significant changes in the content of



photosynthetic pigments in the leaves (Fig. S4 a). However, on day 10 after the application of
the elicitors, the content of chlorophyll a and b was reduced by Se, as their levels decreased
by 32% and 26%, respectively, in comparison with the control (Fig. S3 b). In turn, the

compounds used had no significant effect on the content of carotenoids.

3. Discussion

In our study, the effects of the soil application of three chemically different metabolic
modulators (chitosan lactate, selenium, salicylic acid) on selected physiological parameters
and secondary metabolism of C. majus were analyzed. C. majus is an important medicinal
plant known for its rich content of bioactive compounds, particularly isoquinoline alkaloids,
which are largely responsible for the multi-directional pharmacological effects of this species.
Research has extensively investigated its biological activities, focusing on antioxidant, anti-
inflammatory, antimicrobial, antiparasitic, insecticidal and anticancer properties. However, to
date, there has been little focus on optimizing the production of this species. Optimization of
culture conditions may help to develop standardized cultivation practices to produce high-
yielding, high-quality C. majus raw materials with enhanced accumulation of bioactive
compounds, providing a sustainable source for pharmaceutical applications [18]. Our research
can help fill the gap in this area.

Comprehensive research is underway on how to effectively increase the accumulation
of bioactive compounds in medicinal plants, including the use of the elicitation method.
Despite certain progress, the literature still lacks a thorough exploration, particularly in vivo
studies, of the effects of elicitors representing chemically diverse metabolite classes on
primary and secondary metabolism across various plant species [10, 19-21]. Furthermore, in
the case of medicinal plants, most of the existing research has focused on the elicitation of
terpenoids or (poly)phenolic compounds and, less frequently, alkaloids [22-25].

Our in vivo research is the first to comprehensively report the effects of three
chemically different metabolic modulators on such a broad profile of alkaloids in C. majus,
six of which were identified in the shoot extracts. Unlike many medicinal plant species where
phenolic compounds or terpenoids dominate the phytochemical profile, C. majus is
distinguished by its specific and highly concentrated isoquinoline alkaloid content,
particularly in shoots. The predominance of alkaloids not only defines the pharmacognostic
identity of the species but also reflects their ecological role in plant defence mechanisms
against stress factors [12, 15, 26]. Their pharmacological and ecological importance justifies a
focused approach to enhance their accumulation through elicitation strategies. The study did
not show a significant effect of the elicitors used on the accumulation of the dominant
alkaloids (coptisine and chelidonine). Nevertheless, we noted that other key alkaloids, such as
protopine, berberine, and allocryptopine accumulated more efficiently under the SA and Se

treatments. Of the compounds tested, ChL proved to be the least effective in stimulating



alkaloid biosynthesis, with only allocryptopine levels increasing 4 days after its application.
Although similar research on the elicitation of C. majus is still insufficient and even marginal,
several strategies have been considered to enhance the accumulation of its alkaloids. For
instance, a greenhouse study analyzed the effects of drought stress, methyl jasmonate (MeJa),
and SA on the concentration of specialized metabolite in three plant species, including C.
majus. It was found that both the moderate drought stress and the MeJa application had a
beneficial impact on the total alkaloid content in C. majus [19]. Similarly, in vitro studies
demonstrated a significant increase in chelidonine and sanguinarine under MelJa treatment
[18].

Optimization of strategies for stimulating the production of major alkaloids with
medicinal properties requires a deeper understanding of their biosynthetic pathways.
Encouragingly, the first experimental studies are emerging that use C. majus as a model
system in research on the biosynthesis and accumulation of isoquinoline alkaloids. The issue
has been addressed by Yahyazadeh et al. [26], who examined the effects of drought and
salinity stress on alkaloid accumulation in C. majus. The study reported a significant increase
in dihydrocoptisine biosynthesis under stress, which was associated with increased transcript
levels of the gene encoding stylopine synthase — a crucial enzyme in alkaloid biosynthesis.
Expanding on the influence of abiotic elicitors on the content of other alkaloids, another in
vivo experiment demonstrated the effects of foliar application of SA in Catharanthus roseus
in salt-stress and non-stress conditions [27]. The results showed that SA reduced the adverse
effects of salinity while improving plant growth and stimulating the total concentration of
indole alkaloids, vinblastine and vincristine. In turn, Farouk et al. [28] investigated various
elicitor treatments in Vinca minor pot cultivation. The study demonstrated that foliar
application of chitosan combined with the endophyte Streptomyces sp. enhanced plant growth,
chlorophyll content, antioxidant capacity, and the accumulation of different phytochemicals
(phenols, flavonoids, anthocyanins, and alkaloids). The elicitors tested in our study also
effectively increased total levels of phenolic compounds (but not soluble flavonols), even up
to 2-fold, compared to the respective control. Simultaneously, all the elicitor treatments used
in the experiment resulted in enhanced antioxidant activity of the C. majus shoot extracts,
which is a relatively common effect observed with the increase in phenolic compounds. The
greatest increase (approx. 3-fold) in the ability of the extracts to reduce DPPH, compared to
the control, was noted on day 10 after the SA treatment, but the ChL or Se application also
stimulated the antioxidant activity (approx. 2-fold increase, compared to the control). As
mentioned above, studies focusing on alkaloid stimulation have been less common, but other
examples from the literature indicate that elicitors are increasingly being used in extensive in
vivo studies. In an experiment conducted by Sayed and Ahmed [29], three types of elicitors
(gamma irradiation, nano-selenium, chitosan) and fertilizers (NPK, Moringa extract, humic
acid) were used in vivo in Artemisia plants, and chitosan was proposed as the most effective,

compared to the other metabolic modulators tested. Although both chitosan and nano-



selenium (in foliar application) were particularly effective in increasing the artemisinin
content and the quantity and quality of essential oil in Artemisia annua, they also acted
synergistically with the fertilisers used. Another experiment demonstrated that foliar
application of SA in Silybum marianum not only had a positive effect on plant biometric and
physiological parameters, but also significantly stimulated the accumulation of silymarin and
silybin (A+B) [30].

In response to stress factors, the accumulation of reactive oxygen species (ROS) and
ROS-induced changes in the oxidative status of plants are common. ROS play a crucial role in
the plant defence mechanisms, but their overproduction can be toxic, despite the effective
protection from a complex antioxidant system [31, 32]. There is a relationship between ROS
and proline accumulation in plants. Since both are synthesized in response to stress, it is
suggested that proline acts as a non-enzymatic antioxidant against ROS and has been
identified as a key molecule in mitigating oxidative stress by scavenging hydroxyl radicals to
protect cells from oxidative damage. However, its direct role as a ROS scavenger is debated.
Some studies indicate that proline does not directly quench certain ROS, e.g. singlet oxygen.
Surprisingly, proline metabolism may also contribute to the generation of ROS [32-34]. Not
all of the metabolic modulators tested in our study increased the accumulation of free proline;
it also depended on the time of exposure to the elicitors. Comparing the most noticeable
changes, the Se application caused a significant increase in proline accumulation after 4 days,
but the strongest effect in the SA treatment was observed after 10 days. However, it should be
emphasized that the abiotic elicitors (Se and SA) caused these changes, and not ChL.

ROS-induced changes are assigned with their function as secondary messengers and
they are interrelated with the production of specialized metabolites [35]. In a study conducted
by Stasinska-Jakubas et al. [21], the foliar application of ChL, Se, and SA resulted in a
significant increase in the accumulation of phenolic metabolites in Melissa officinalis shoots,
which was accompanied by elevated levels of H,O> and O,  as well as enhanced lipid
peroxidation. Similarly, these elicitors tested in Hypericum perforatum, especially Se and SA,
enhanced the accumulation of phenolic compounds and selected flavonoids. At the same time,
an increase in the level of free proline and O2—" and modulation in the activity of selected
antioxidant enzymes were found [36]. The above studies were carried out using foliar
application of metabolic modulators, which was not possible with the hydrophobic leaves of
C. majus, and another method of application could have significantly influenced the plant
response. In the present study, the relationship between the redox status of plants and the
levels of specialized metabolites cannot be clearly highlighted. Not all of the elicitors used in
our experiment caused significant changes in the oxidative parameters, with Se and SA
appearing to induce plant responses more effectively. The accumulation of H20O; in the C.
majus leaves was strongly enhanced by Se and SA, especially after 10 days of the elicitor
treatment. Nevertheless, these changes were not related to lipid peroxidation, since at the

same time the TBARS concentration did not change or even decreased by 40% under the



influence of SA. On the other hand, all of the elicitors tested enhanced the accumulation of
TBARS to a similar extent shortly after their application. These results are most likely related
to the functioning of an efficient antioxidant system in plants, which allows ROS species to
function as signaling molecules but prevents their long-term harmful effects. Comparing these
results with the activity of the analyzed antioxidant enzymes, the strongest response was
observed at 10 days after the soil application of Se, which caused a 15-fold increase in GPOX
activity in relation to the control plants.

Despite the visible dependence of the analyzed parameters on the duration of elicitation,
it is still difficult to indicate its optimal time. Although the most significant changes were
generally observed on the 7th and 10th day, it should be emphasized that the results are too
complex and dependent on the type of elicitor. This study also indicates a clear advantage of
the abiotic elicitors used over ChL in C. majus elicitation. Together, these findings highlight
the need for further investigation into the complex interactions between chemical, especially
abiotic, elicitors and plant metabolic pathways to optimize the production of alkaloids in
medicinal plants, including C. majus as a model species for the biosynthesis of isoquinoline
alkaloids.

4. Materials and Methods
4.1. Plant growth conditions and experimental layout

The experiment was conducted in an air-conditioned phytotron equipped with LED
lamps (photosynthetic photon flux density 170-200 pmol m-2 s-1; temperature 26/22 °C
day/night; relative humidity 60-65%) at an initial photoperiod of 14/10h followed by 16/8h
(day/night). The plants were grown in plastic pots (0.5 L) filled with a universal soil substrate
(COMPO BIO, Kronen; pH 6.0). The greater celandine (C. majus) seeds were purchased from
a local producer (HORTICO S.A.) and sown in pots (25 seeds in each). They were sprayed
abundantly with distilled water and left to germinate. After 3 weeks, the plants were pricked
out so that each pot contained 8 seedlings of equal growth. During seed germination and plant
growth, they were regularly watered with an appropriate volume of distilled water. After 5
weeks of cultivation, the photoperiod was extended from 14 to 16 h, and all the plants were
watered with an equal volume of Hoagland’s medium [37].

The experimental variants were established at 10 weeks after sowing the seeds. Due to
the strongly hydrophobic layer of epicuticular waxes on the surface of C. majus leaves, the
water solutions of the tested elicitors were applied into the soil in a volume of 30 mL per pot.
The experiment was conducted in four replicates in each experimental series. Based on
available literature data and out previous laboratory research results, four experimental
combinations were established and treated with the following solutions: control (distilled

water), 100 mg/L chitosan lactate (ChL; Heppe Medical Chitosan, Germany, deacetylation



degree: 80-95%), 10 mg/L selenium (Se; Na2SeO3 x 5 H20; Fluka, Switzerland), and 150
mg/L salicylic acid (SA; PoCH, Poland).

All plants were at the same physiological stage (10 weeks after sowing) at the start of
the elicitor treatment. Sampling at pre-specified times points for each analysis was part of a
time course design to monitor the dynamics of biochemical and physiological responses.
Fresh samples of the plant material and samples dried to constant weight were subjected to
biochemical (total polyphenol content, soluble flavonol concentration, identification and
determination of selected alkaloids, antioxidant activity of extracts, activity of selected
antioxidant enzymes), physiological (free proline content, photosynthetic pigment content,
chlorophyll a fluorescence), and biometric (fresh shoot mass) analyses. The entire dataset was
obtained from a single experimental setup conducted under strictly controlled environmental

conditions.

4.2. Preparation of methanol extracts from shoots

Samples of plant material for phytochemical determinations were collected on
elicitation days 4, 7, and 10. To prevent loss of bioactive compounds, C. majus shoots were
slowly dried at room temperature in the dark place. The material was then ground in a
porcelain mortar into a fine powder.

Metabolites from the plant material were extracted using an Accelerated Solvent
Extractor (ASE, Thermo Scientific Dionex, ASE 350, New York, USA). Approximately 750
mg of ground, dry shoots were placed in a 22 mL stainless steel extraction cell. Methanol
(100%) was used as the solvent. The extraction was carried out at 80 °C for 15 min under a
constant pressure of 1500 psi. The resulting crude extracts were directly analyzed by high-
performance liquid chromatography with diode array detector (HPLC-DAD) and used for
TPC and TSF determination.

4.3. Determination of selected secondary metabolites in plant extracts
a) Quantitative and qualitative determination of alkaloids by HPLC-DAD
Reference Standards and Chemicals

Alkaloids standards: allocryptopine, hydrochloride of chelidonine and protopine,
chloride of berberine, chelerythrine, coptisine, sanguinarine, were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Ammonium acetate, acetic acid, and HPLC-grade acetonitrile
were purchased from Merck (Darmstadt, Germany). Water was deionised and purified by
ULTRAPURE Milipore Direct-Q®3UV-R (Merck).



HPLC-DAD Analysis

Alkaloids were determined according to the previously published methodology [38].
Chromatograph VWR Hitachi Chromaster 600 with a spectrophotometric detector (DAD) and
EZChrom Elite software (Merck); XB-C18 reversed-phase core-shell column (Kinetex,
Phenomenex, Aschaffenburg, Germany) (25 cm x 4.6 mm i.d., 5 um particle size), at
temperature of 25 °C; mobile phase: acetonitrile (solvent A) and 10 mM aqueous solution of
ammonium acetate adjusted to pH=4 with acetic acid (solvent B); gradient programme: A
20%, B 80% for 0-20 min, A 25%, B 75 % for 20-27 min and then A 30%, B 70% for 27- 60
min; eluent flow rate 1.2 mL min-1. Compounds in plant extracts were identified by
comparison of retention times and UV-Vis spectra with corresponding standards (Fig. S1).
Quantitative analysis was performed at A = 288 nm for protopine, allocryptopine, and
chelidonine, A= 357 nm for coptisine, A= 327 nm for sanguinarine, A= 344 nm for berberine

and A= 268 nm for chelerithrine. Data were recalculated per gram of plant dry weight (DW).

b) Total phenolic compounds

The concentration of TPC in the methanolic extracts prepared previously (2.2) was
examined using spectrophotometry (UV-VIS spectrophotometer Cecil CE 9500, Cecil
Instruments, Cambridge, UK) at 756 nm. The content of TPC was determined using the Folin-
Ciocalteau reagent according to the method proposed by Wang et al. [39] with slight
modifications described before [21]. The content of TPC was calculated from the standard

curve of gallic acid.

¢) Total soluble flavonols

The content of TSF in the plant extracts (2.2.) was determined as a complex with
aluminium ions following the simplified method proposed by Christ-Miiller [40] described
previously [21]. Absorbance of the solutions was measured at 425 nm wavelength (UV-VIS
spectrophotometer Cecil CE 9500, Cecil Instruments, Cambridge, UK). The concentration of

TSF was calculated from the standard curve of rutin.

4.4. Determination of the oxidative status
a) H202 accumulation

The H>0: level in the leaves of the control and elicitor-treated plants was determined
using the method described by Jena and Choudhuri [41] on days 2 and 10 of elicitation. The
leaf samples from the middle part of the shoot were homogenized in phosphate buffer and
centrifuged. Next, 1.5 mL of the supernatant and 0.5 mL of 0.1% TiO2 in H>SO4 were mixed
and centrifuged again. The yellow colour intensity of the reaction mixture was measured
spectrophotometrically at A=410 nm (UV-VIS spectrophotometer Cecil CE 9500, Cecil



Instruments, Cambridge, UK). Based on the absorbance value and the molar absorbance
coefficient (0.28 uM-1 cm-1), the content of H202 was calculated. The detailed procedure
was described previously [21].

b) Lipid peroxidation level

The concentrations of TBARS (thiobarbituric acid reactive substances) indicating the
level of membrane lipid peroxidation were determined in leaf samples collected from the
middle part of the shoot on days 2 and 10 of elicitation using a modified method developed by
Heath and Packer [42]. The samples were ground in a trichloroacetic acid solution and
centrifuged. Next, 20% trichloroacetic acid containing 0.5% thiobarbituric acid supplemented
with butylated hydroxytoluene was added to the supernatant. The reaction mixture was heated
and centrifuged again and its absorbance was determined spectrophotometrically at 600 and
532 nm (UV-VIS spectrophotometer Cecil CE 9500, Cecil Instruments, Cambridge, UK). The
concentration of TBARS was determined based on the molar absorbance coefficient (155

mM! em™).

¢) Antioxidant enzyme activity

The activity of guaiacol peroxidase (GPOX, EC 1.11.1.7), catalase (CAT, EC 1.11.1.6),
and ascorbate peroxidase (APOX, EC 1.11.1.11) in the leaves of C. majus were conducted on
days 2 and 10 of elicitation. Leaf samples were taken from the middle part of the shoot. CAT
activity was determined following the method described by Golan et al. [43] at a wavelength
of 240 nm. GPOX activity was assayed with the method used by Matlolepsza et al. [44], and
absorbance was measured at a wavelength of 480 nm for 4 min at 1-min intervals. APOX
activity was assayed using the technique proposed by Nakano and Asada [45]; it was
measured at 290 nm for 5 min at 1-min intervals. Detailed descriptions of these methods were
described before [Stasinska-Jakubas et al. 2024]. The activity of the enzymes was determined

spectrophotometrically with the use of a Cecil CE 9500 device.

d) Free radical scavenging activity

The free radical-scavenging activity (FRSA) of the C. majus methanol leaf extracts
(2.2.) was performed spectrophotometrically at 517 nm using the 200 uM solution of
synthetic radical DPPH (1,1-diphenyl-2-picrylhydrazyl) dissolved in 80% methanol. The
analysis and calculations were carried out according to the Molyneux [2004] method
described in detail before [21].



4.5. Determination of plant growth, selected physiological parameters, and free

proline accumulation
a) Fresh weight of shoots

The fresh weight of C. majus shoots was determined on the final day of the experiment
(10 days after the application of metabolic modulators). The shoots were cut off a few
millimeters above the surface of the soil substrate and weighed on a laboratory scale. The

results are expressed in grams per plant.

b) Content of photosynthetic pigments

The concentration of photosynthetic pigments in the leaves of C. majus was determined
spectrophotometrically on day 2 and 10 after the application of metabolic modulators
following the Lichtenthaler and Wellburn [48] method and calculations. For these analyses,
leaves located in the central part of the shoot were sampled and homogenized in 80% acetone.
The absorbance of the solutions was measured at 663 nm, 645 nm, and 470 nm (UV-VIS
spectrophotometer Cecil CE 9500, Cecil Instruments, Cambridge, UK).

¢) Measurement of selected parameters of chlorophyll a fluorescence

Selected chlorophyll a fluorescence parameters were measured on leaves located in the
central part of the shoot on days 2 and 10 after the treatment with elicitors. The following
parameters were measured: FO — minimum fluorescence, Fm — maximum fluorescence, and
Fv/Fm — ratio of variable fluorescence to maximum fluorescence using a Handy-PEA portable

photofluorimeter (Hansatech Instruments, Norfolk, UK) as described before [21].

d) Free proline accumulation

The accumulation of proline in the C. majus leaves was determined on elicitation days 2
and 10 with the method described by Bates et al. [49]. For these analyses, leaves located in
the central part of the shoot were sampled. Absorbance was measured spectrophotometrically
at 520 nm (UV-VIS spectrophotometer Cecil CE 9500, Cecil Instruments, Cambridge, UK).
The proline concentration was read from a standard curve prepared for pure proline standard
and converted to fresh weight.

4.6.  Statistical analysis

The experiment was established in a completely randomized design. All numeric data
provided by the laboratory analyses were tested with one—way analysis of variance (ANOVA)
and post hoc analysis using NIR-Fisher test at p < 0.05 to assess merely the responses of the
plants to the application of the tested chemical substances. Values expressed as percentage

(reduction of the DPPH) were normalized by arcsin transformation prior to ANOVA analysis.



5. Conclusions

The present study reveals, for the first time, the distinct biochemical and physiological
responses of C. majus to different chemically diverse elicitors applied in vivo via the soil
substrate. An integrated experimental design was employed, including secondary metabolite
profiling, oxidative stress biomarkers and physiological indicators, all assessed under uniform
environmental conditions and including exposure time. Given the hydrophobic nature of C.
majus leaves, the application of chemical elicitors to the soil substrate appears to be the only
possible technique for use in vivo. Among the tested compounds, Se and SA (abiotic
elicitors), led to a significant modification in the concentration of valuable specialized
metabolites in the shoots of C. majus. The stimulatory effect on the accumulation of selected
isoquinoline alkaloids was observed as the content of protopine, berberine, and allocryptopine
was strongly enhanced. The elicitor treatments also increased total phenolic content and
markedly improved the antioxidant activity of the plant extracts. Although elicitor-induced
changes in oxidative status (increased H>O» accumulation and enhanced lipid peroxidation)
and free proline accumulation were observed it remains unclear whether these shifts are
causally related to the up-regulation of specialized metabolite biosynthesis.

Overall, the results support the potential of soil-applied Se and SA as a promising
method for improving the phytochemical value of C. majus in controlled pot cultivation.
However, the complexity of the factors that determine the success of elicitation and the
limited information on alkaloid stimulation in this plant species require further research to
optimise elicitation in C. majus, including analysis of the activity and gene expression of key

enzymes involved in isoquinoline alkaloid biosynthetic pathways.
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Fig. S1. Sample HPLC chromatogram (A), spectrochromatogram (B) and DAD spectra of the chromatographic
peaks (C) obtained during the separation of alkaloids from H. perforatum methanolic leaf extracts — protopine
(1), allocryptopine (2), chelidonine (3), coptisine (4), berberine (5), and chelerythrine (6).
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Fig. S2. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic acid on
the biomass of C. majus shoots after 10 day of the elicitor exposure. Control plants were treated with distilled
water. Means (= SD; n = 10) marked with different letters differ statistically significantly (p < 0.05, NIR-
Fischer test).
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Fig. S3. Effect of soil application of ChL — chitosan lactate, Se — sodium selenite, and SA — salicylic acid on
selected parameters of chlorophyll a fluorescence in C. majus on the 4" (a) and 10" (b) day of the elicitor
exposure. Control plants were treated with distilled water. Means (£ SD; n = 10) for individual parameters

marked with different letters differ statistically significantly (p < 0.05, NIR-Fischer test).
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Fig. S4. Effect of soil application of ChL — chitosan lactate, Se — selenite, and SA — salicylic acid on the
concentration of photosynthetic pigments in C. majus on the 4" (a) and 10" (b) day of the elicitor exposure.
Control plants were treated with distilled water. Means (+ SD; n = 4) for individual pigments marked with
different letters differ statistically significantly (p < 0.05, NIR-Fischer test).
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IIT Ogodlnopolska Konferencja Naukowa ,,Pierwotne 1 wtdrne metabolity roslin

i grzybow”, 15.12.2023, Lublin.
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at the University of Life Sciences in Lublin ENVIRONMENT-PLANT-
ANIMAL-PRODUCT, 24-26.04.2024, Lublin, Polska
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ENVIRONMENT-PLANT-ANIMAL-PRODUCT together with the
Information campaign on the Lublin Digital Union — digital solutions and
artificial intelligence in medical, natural and technical sciences, 09.04.2025,
Lublin, Polska

cztonek Rady Samorzadu Doktorantow Uniwersytetu Przyrodniczego
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