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STRESZCZENIE

Celem niniejszej rozprawy doktorskiej, przedstawionej w formie cyklu
powiazanych tematycznie artykutow, byla ocena skuteczno$ci fumigacji gazowym
ozonem jako alternatywnej metody ochrony ro$lin przed chorobami grzybowymi
u wybranych trzech odmian jagody kamczackiej (Lonicera caerulea var. kamtschatica)
oraz jednej odmiany i1 dwodch klonow haskapu japonskiego (Lonicera caerulea var.
emphyllocalyx) w latach 2021-2024. W okresie wegetacji ocenie poddano wybrane
wskazniki fizjologiczne roslin, bedace markerami ich zdrowotnosci. Dodatkowo
okreslono wpltyw proponowanej metody na wlasciwo$ci mechaniczne 1 biologiczne
owocOw bezposrednio po zbiorze oraz w czasie przechowywania, ze szczegdlnym
uwzglednieniem poprawy jako$ci oraz wydtuzenia ich trwatosci pozbiorczej. Istotnym
elementem pracy bylo rowniez przedstawienie potencjatu mikrorozmnazania in vitro w
produkcji eksplantatow haskapu japonskiego (Lonicera caerulea var. emphyllocalyx).

Pierwszym etapem badan bylo okre$lenie wptywu zastosowanych dawek
gazowego ozonu na wybrane cechy fizjologiczne roslin, bedgce wskaznikami kondycji
i zdrowotnos$ci roslin, w tym szczegélnie w aspekcie chorob grzybowych. Badania
opisane w publikacji 1 obejmowaty analiz¢ krzywej indukcji OJIP (Fv/Fm, Mo, Pliotal),
analize zawarto$ci ChIM, FIvM 1 AnthM, oraz indeksu NFI, a takze analiz¢ wybranych
parametréw wymiany gazowej lisci (E, Ci, Gs). Uzyskane wyniki badan wykazaly, iz
zastosowanie ozonowania nie wplynelo istotnie na zroznicowanie wigkszosci
analizowanych parametrow fizjologicznych roslin badanych odmian Lonicera caerulea
var. kamtschatica oraz odmiany i klonéw Lonicera caerulea var. emphyllocalyx. Istotne
réznice $redniej wartosci cech fizjologicznych oraz wskaznikéw wymiany gazowej roslin
wzgledem proby kontrolnej wystepowaty jedynie przy zastosowaniu najwyzszej dawki
ozonu (5 ppm przez 5 min). Srednia warto$¢ wskaznika Plio istotnie zmniejszyta si¢ po
zastosowaniu gazowego ozonu w dawce 5 ppm przez 5 min, w przypadku Lonicera
caerulea var. emphyllocalyx dla klonu ‘139-24° oraz odmiany Lori w 2022 roku, w
odniesieniu do proby kontrolnej. Jednocze$nie odnotowano istotne zmniejszenie wartosci
wskaznika E dla tej samej dawki ozonu u roslin klonu ‘21-17° Lonicera caerulea var.
emphyllocalyx we wszystkich latach prowadzenia do$wiadczenia, w poréwnaniu do
proby kontrolnej. Na podstawie uzyskanych wynikéw badan oraz pomiarow,
stwierdzono, ze zaproponowane dawki gazowego ozonu w procesie fumigacji roslin

celem ochrony przed patogenami grzybowymi nie wywolaty efektu fitotoksycznego.
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Najlepsze rezultaty kondycji i zdrowotnosci roslin okreslanej wskaznikami fluorescencji
chlorofilu oraz wymiany gazowej odnotowano dla ro§lin Lonicera caerulea var.
kamtschatica oraz Lonicera caerulea var. emphyllocalyx traktowanych gazowym ozonem
o stezeniu 5 ppm przez 1 1 3 min.

W kolejnym etapie badan okre§lono wplyw fumigacji gazowym ozonem na
wlasciwosci biologiczne owocow jagody kamczackiej oraz haskapu japonskiego
(publikacja 2). Okreslono wptyw zaproponowanych dawek gazowego ozonu na
zawarto$¢ witaminy C, calkowita zawartos¢ zwigzkow fenolowych oraz potencjat
antyoksydacyjny badanych owocéw. Ponadto oceniono wpltyw przeprowadzonych
zabiegébw fumigacji ro$lin gazowym ozonem na wybrane parametry morfologiczne
zebranych owocow. Wyniki uzyskane w toku prowadzonych badan pozwolity stwierdzi¢
roéznice pomigdzy zawartos$cig wybranych zwigzkow bioaktywnych w owocach badanych
podgatunkdéw Lonicera caerulea L., jednakze roznice te zalezne byly od sezonu
wegetacyjnego, odmiany lub klonu, oraz testowanej dawkami gazowego ozonu w
procesie fumigacji roslin. Stwierdzono, ze zastosowane dawki gazowego ozonu wplynety
istotnie na ksztaltowanie catkowitej zawartosci zwigzkéw fenolowych oraz potencjatu
antyoksydacyjnego badanych owocéw. Jednoczesnie wykazano, ze najlepsze rezultaty
osiggnieto w przypadku owocow pobranych z roslin traktowanych gazowym ozonem w
dawce 5 ppm przez 3 min. Catkowita zawarto$¢ zwigzkow fenolowych w owocach dla
tego wariantu doswiadczenia zwigkszyta si¢ o 11,5%, w odniesieniu do zawartosci
odnotowanej dla proby kontrolnej. Po zastosowaniu ozonu w dawce 5 ppm przez 5 min
odnotowano wzrost potencjatu antyoksydacyjnego FRAP 1 ABTS odpowiednio: o 6,7%
oraz 6,1%, w poréwnaniu do potencjalu owocdéw z proby kontrolnej. Na podstawie
uzyskanych wynikéw badan stwierdzono, iz zastosowanie odpowiednio dobranych
dawek gazowego ozonu w procesie fumigacji roslin Lonicera caerulea L. moze
ksztaltowa¢ warto$¢ biologiczng produkowanych owocow.

Nastepnym krokiem badawczym bylo okreslenie przydatno$ci procesu
ozonowania roslin Lonicera caerulea L. do przedtuzania trwatosci przechowalniczej
zebranych owocow. W tym celu okreslano wptyw proponowanych dawek gazowego
ozonu na wybrane wtasciwosci morfologiczne 1 mechaniczne owocow Lonicera caerulea
var. kamtschatica oraz Lonicera caerulea var. emphyllocalyx (publikacja 3).
Przeprowadzono pomiary jednoosiowego przebicia stemplem skorki oraz migzszu

owocow jako wskaznika trwato$ci owocow w tancuchu dostaw w tym podczas



przechowywania. Przeprowadzone badania pozwolity okresli¢, ze owoce badanej
odmiany 1 klonéw haskapu japonskiego charakteryzowaty si¢ wigksza odpornoscia na
przebicie skorki 1 migzszu, w porownaniu do wybranych odmian jagody kamczackiej, co
jest determinantem lepszej ich odpornosci na zbidr, transport 1 potencjalne
magazynowanie. Nalezy jednak zaznaczy¢, ze odnotowane wartos$ci sily niszczacej w
obrgbie danego podgatunku byly zréznicowane w zaleznosci od odmiany i klonu.
Testowane dawki gazowego ozonu w procesie fumigacji badanych roslin wplynety na
wybrane parametry mechaniczne owocow. Wplyw ten jednak byl zréznicowany w
zalezno$ci od czasu prowadzenia zabiegu. Najlepsza odpornoscia na uszkodzenia
mechaniczne odznaczaly si¢ owoce Lonicera caerulea L. poddane fumigacji gazowym
ozonem o stezeniu 5 ppm przez 3 min. Na podstawie uzyskanych wynikdw mozna
wnioskowa¢ iz, zastosowanie odpowiedniej dawki ozonu moze przyczyni¢ si¢ do
produkcji owocdéw o polepszonych wilasciwosciach mechanicznych, bezposrednio
zapewniajac lepsza trwato$¢ przechowalnicza owocow. Dodatkowo zastosowanie
nauczania maszynowego do zaprojektowania dokladnych modeli umozliwito
doktadniejsza interpretacj¢ uzyskanych wynikow w zakresie oceny odpornosci owocow
na uszkodzenia mechaniczne. Testowane algorytmy uczenia maszynowego dostarczyty
jednoczes$nie doktadne modele do przewidywania deformacji i zuzycia energii do
momentu ich przebicia. Modele te moga by¢ wykorzystywane w praktyce do
projektowania proceséw przechowywania owocow jagody kamczackiej oraz haskapu
japonskiego produkowanych z wykorzystaniem gazowego ozonu w procesie fumigacji.
Jednym z etapow przeprowadzonych prac badawczych bylo okreslenie
mozliwo$ci mikrorozmnazania haskapu japonskiego, ktére w praktyce ogrodniczej
dotychczasowo nie byto stosowane. W publikacji 4 zaprezentowano wyniki dotyczace
wplywu wybranych fragmentow rosliny do inicjacji kultur, substancji wzrostowych (IBA,
BA, mT) 1 niskiej (4°C) temperatury na wzrost i rozwdj nowotworzonego materiatu
nasadzeniowego w procesie mikrorozmnazania. Na podstawie uzyskanych wynikow z
przeprowadzonych do$wiadczen wykazano, Zze znacznie wigcej eksplantatéw ST niz NF
rozpoczelo widoczny wzrost w fazie proliferacji. Zastosowanie substancji wzrostowej BA
w stezeniu 1 mg + dm > pozwolito na uzyskanie istotnie lepszej zdrowotnosci roslin, a
takze na lepsza proliferacje kultur, w poroéwnaniu do ro$lin z proby kontrolnej
(mikrorozmnazanie bez dodatku substancji wzrostowej). Ponadto stwierdzono, ze

zastosowanie niskiej temperatury, na etapie aklimatyzacji nowych roslin, istotnie



wplyneto na ich przezywalnos¢. Wplyw ten jednak byt zréznicowany w zaleznosci od
odmiany i klonu. Najlepsze rezultaty uzyskano w przypadku kultur in vitro klonu ‘139-

24°,

Stowa kluczowe: Lonicera caerulea L., owoce, fumigacja, gazowy ozon, wlasciwosci
bioaktywne i mechaniczne, parametry fizjologiczne roslin, nauczanie maszynowe, in

Vitro



STRESZCZENIE W JEZYKU ANGIELSKIM

The aim of this doctoral dissertation, presented as a series of thematically related
articles, was to evaluate the effectiveness of gaseous ozone fumigation as an alternative
method of plant protection against fungal diseases in selected varieties of haskap
(Lonicera caerulea var. kamtschatica) and Japanese haskap (Lomnicera caerulea var.
emphyllocalyx) between 2021 and 2024. Selected plant physiological indicators, which
are markers of their health, were assessed. Additionally, the impact of the proposed
method on the mechanical and biological properties of the fruit immediately after harvest
and during storage was determined, with particular emphasis on improving quality and
extending their postharvest shelf life. An important element of the work was also to
present the potential of in vitro micropropagation in the production of Japanese haskap
(Lonicera caerulea var. emphyllocalyx) explants.

The first stage of the study was to determine the effect of the applied doses of
gaseous ozone on selected plant physiological traits, which are indicators of plant
condition and health, particularly in terms of fungal diseases. The study described in
publication 1 included analysis of the OJIP induction curve (Fv/Fm, Mo, PI total),
analysis of ChlM, FIvM, and AnthM content, and the NFI index, as well as analysis of
selected leaf gas exchange parameters (E, Ci, Gs). The obtained results showed that the
use of ozone did not significantly affect the variation in most of the analyzed
physiological parameters of the tested Lonicera caerulea var. kamtschatica and Lonicera
caerulea var. emphyllocalyx cultivars. Significant differences in the mean values of
physiological traits and gas exchange indices of plants compared to the control group
occurred only with the highest ozone dose (5 ppm for 5 minutes). The mean Pitotal value
decreased significantly after the application of gaseous ozone at a dose of 5 ppm for 5
minutes in the case of Lonicera caerulea var. emphyllocalyx for the '139-24' clone and
the Lori cultivar in 2022, compared to the control sample. At the same time, a significant
reduction in the E index value was noted for the same ozone dose in plants of the '21-17'
clone of Lonicera caerulea var. emphyllocalyx in all years of the experiment, compared
to the control sample. Based on the obtained test results and measurements, it was
concluded that the proposed doses of gaseous ozone in the process of plant fumigation
for protection against fungal pathogens did not cause a phytotoxic effect. The best results

in plant condition and health, determined by chlorophyll fluorescence and gas exchange



indices, were recorded for Lonicera caerulea var. kamtschatica and Lonicera caerulea
var. emphyllocalyx treated with ozone gas at a concentration of 5 ppm for 1 and 3 min.

The next stage of the study involved determining the effect of gaseous ozone
fumigation on the biological properties of the studied varieties and clones of Lonicera
caerulea var. kamtschatica and Lonicera caerulea var. emphyllocalyx (publication 2). The
effect of the proposed gaseous ozone doses on the vitamin C content, total phenolic
compound content, and antioxidant potential of the studied fruits was determined.
Furthermore, the effect of gaseous ozone fumigation on selected morphological
parameters of the harvested fruits was assessed. The results obtained during the study
revealed differences in the content of selected bioactive compounds in the fruits of the
studied Lonicera caerulea L. subspecies. However, these differences depended on the
growing season, variety or clone, and the gaseous ozone doses tested during the plant
fumigation process. It was found that the tested gaseous ozone doses significantly
influenced the total phenolic compound content and antioxidant potential of the studied
fruits. At the same time, it was shown that the best results were achieved for fruit collected
from plants treated with gaseous ozone at a dose of 5 ppm for 3 minutes. The total
phenolic compound content for the tested fruits of this experimental variant increased by
11,5%, compared to the content recorded for the control sample. After the application of
ozone at a dose of 5 ppm for 5 min, an increase in the antioxidant potential of FRAP and
ABTS was noted by 6.7% and 6.1%, respectively, compared to the potential of the fruit
from the control sample. Based on the obtained research results, it was concluded that the
use of appropriately selected doses of gaseous ozone in the fumigation process of
Lonicera caerulea L. plants can shape the biological value of the produced fruit.

The next research step was to determine the suitability of ozonation of Lonicera
caerulea L. plants for extending the storage life of harvested fruit. To this end, the effect
of proposed ozone gas doses on selected morphological and mechanical properties of
Lonicera caerulea var. kamtschatica and Lonicera caerulea var. emphyllocalyx was
determined (publication 3). Uniaxial puncture resistance of the fruit skin and flesh was
measured as an indicator of fruit durability throughout the supply chain, including during
storage. The study determined that the fruits of the studied Japanese haskap cultivars and
clones were characterized by greater resistance to puncture of the skin and flesh compared
to haskap, which determines their improved resistance to harvesting, transport, and

potential storage. However, it should be noted that the observed values of destructive
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force within a given subspecies varied depending on the cultivar and clone. The tested
doses of gaseous ozone during the fumigation of the studied plants affected the
mechanical parameters of the fruit. However, this effect varied depending on the duration
of the treatment. The best resistance to mechanical damage was demonstrated by Lonicera
caeurlea L. fruits fumigated with gaseous ozone at a concentration of 5 ppm for 3
minutes. Based on the obtained results, it can be concluded that applying an appropriate
dose of ozone can contribute to the production of fruit with improved mechanical
properties, which directly translates into improved storage stability. Furthermore, the use
of machine learning to design accurate models enabled a more accurate interpretation of
the obtained results regarding the assessment of fruit resistance to mechanical damage.
The tested machine learning algorithms also provided accurate models for predicting
deformation and energy consumption until puncture. These models can be used in practice
to design storage processes for Lonicera caerulea var. kamtschatica and Lonicera
caerulea var. emphyllocalyx fruits produced using gaseous ozone during the fumigation
process.

One of the research stages was to determine the potential for micropropagation of
Japanese haskap, a method previously unused in horticultural practice. Publication 4
presents result on the effects of selected plant fragments, growth substances (IBA, BA,
mT), and low temperature (4°C) on the growth and development of newly created
planting material during micropropagation. Based on the experimental results, it was
demonstrated that significantly more ST explants than NF explants began visible growth

in the proliferation phase. The use of BA growth substance at a concentration of 1 mg *

dm 3 resulted in significantly better plant health and improved proliferation of the cultures
compared to the control plants (micropropagation without the addition of growth
substance). Furthermore, the use of low temperature during the acclimation phase of new
plants significantly affected their survival. However, this effect varied depending on the
variety and clone. The best results were obtained with in vitro cultures of the clone ‘139-

24°,

Keywords: Lonicera caerulea L., fruit, fumigation, gaseous ozone, bioactive and

mechanical properties, plant physiological parameters, machine learning, in vitro

11



1. WPROWADZENIE

Sadownictwo stanowi istotny element produkcji roslinnej w Polsce. W latach
20202024 catkowite zbiory owocdéw ogotem byly zréznicowane 1 wynosity
odpowiednio: 4,4 min t (2020), 4,97 min t (2021), 5,4 min t (2022), 4,92 mIn t (2023) do
4,1 mln t (2024). Najwiekszy udzial w produkcji stanowity jabtka, catkowity udziat
miescit si¢ w przedziale od 3,9 mint w 2020, do 4,8 mInt w 2022. Inne owoce z drzew
(wisnie, $liwki, gruszki) sg produkowane w znacznie mniejszej ilosci (gov.pll,
stat.gov.pl). Owoce jagodowe (truskawki, maliny, borowki, porzeczki) stanowity ok.
12-15% produkcji ogdlem. Polska jest znaczacym producentem owocoéw jagodowych w
UE - druga w UE w produkcji porzeczek, czwarta w $wiatowej produkcji malin 1 wisni w
tym bardzo znaczaca w bordéwce wysokiej (hortidaily.com, syngenta.pl). Produkcja
owocow jagodowych jest wazna dla przetworstwa i eksportu mrozonych owocow
(gov.pl2). W Polsce w analizowanych latach, produkcja owocéw jagodowych
zmniejszala si¢ z kazdym rokiem w wyniku zmieniajgcych si¢ warunkéw produkcji oraz
nowo powstajacych regulacji prawnych (Klepacka i in. 2022, GUS 2024). Produkcja
poszczegblnych gatunkdow roslin  jagodowych rozni si¢ istotnie pod wzgledem
charakterystyki uprawy, co moze znacznie wptyna¢ na optacalnos¢ produkcji. Dobor
odpowiedniego gatunku do warunkoéw uprawy znacznie przyczynia si¢ do zmniejszenia
naktadow pracy (Brondino 2022, Btaszczyk 2022, Rysz i in. 2023). Sposréd znanych
gatunkow roslin jagodowych coraz wigksza popularno$¢ zyskuje wiciokrzew siny, szerzej
znany jako jagoda kamczacka - Lomicera caerulea var. kamtschatica. Owoce tego
gatunku, w naszym kraju nazywane s3 ,,polskim superowocem”, poniewaz stanowig
warto$ciowy sktadnik preparatow leczniczych lub suplementow diety, dzigki zawarto$ci
cennych zwigzkow bioaktywnych (Sokol Letowska 2024, Majchrzak 1 in. 2024).
Popularnos¢ zyskuje takze podgatunek (odmiana botaniczna) Lomnicera caerulea var.
emphyllocalyx, czyli haskap japonski, charakteryzujacy si¢ nieco innymi owocami, a
takze pozniejszym dojrzewaniem (Cheng 2023, Guo 2024). Dane z 2024 wskazuja, Ze
laczny areal wszystkich upraw jagodowych (truskawki, maliny, porzeczki i jagody
kamczackiej) w Polsce przekracza 106 tys. ha, co oznacza, ze jagoda kamczacka stanowi
istotny jego komponent i uczestniczy w dynamicznym wzro$cie nowoczesnych upraw.
Gatunek nabiera znaczenia ze wzgledu na mechanizacj¢ zbiordéw, trend przemystowy i

rosngcy udziat w konsumpcji $wiezej 1 przetworzonej (polskiesuperowoce.pl, money.pl).
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Wspolczesne sadownictwo opiera si¢ na naukowej wiedzy, wykorzystaniu
nowoczesnych technologii oraz precyzyjnych metod uprawy, co pozwala osiggac
wysokie 1 jakosciowe plony. Duzy nacisk kladzie si¢ na integrowane rozwigzania, ktore
facza postep technologiczny 1 biologiczny, minimalizujgc negatywne skutki dla
srodowiska 1 zdrowia ludzi (Khobragade i1 in. 2021, Bhati 2024). Nowoczesne
sadownictwo koncentruje si¢ na hodowli odmian, ktore cechuja si¢ odpornoscig na
choroby, sg dobrze dopasowane do lokalnych warunkow klimatycznych oraz wyr6zniaja
si¢ wysoka jakoscig owocow. W ramach nowoczesnego sadownictwa ogranicza si¢
stosowanie syntetycznych $rodkéw ochrony roslin i nawozow mineralnych, a gléwny
nacisk kladzie si¢ na zréwnowazone metody uprawy, takie jak wybor gatunkow
odpornych na choroby oraz ograniczanie uzycia §rodkow chemicznych w ochronie roslin
(Khan 1 in. 2021, Finger 2024). Europejski Zielony Lad, opracowany przez Komisje
Europejska, to plan rozwoju rolnictwa i terenow wiejskich. Jego kluczowe elementy to
strategie ,,0d pola do stolu” oraz ,,Unijna strategia na rzecz bior6znorodnosci” (European
Comision 2020a, European Comision 2020b). Projekt ten przewiduje surowe
ograniczenia dla rolnictwa, takie jak zmniejszenie do 2030 roku stosowania §rodkow
ochrony roslin o 50%, nawozow mineralnych o 20% oraz strat sktadnikow odzywczych
0 50%, przy jednoczesnym zachowaniu zyznosci gleby. Zatozenia Zielonego Ladu sg
bezposrednio powigzane z cigglym rozwojem nowoczesnego rolnictwa integrowanego,
ktore umozliwiaja poprawe jakosci surowca na wszystkich etapach ciggu logistycznego
uprawy sadowniczej (Wrzaszcz 2023, Klepacka i in. 2022).

Zastosowanie gazowego ozonu ze wzgledu na jego bardzo szybki rozktad i brak
pozostalo$ci po zastosowaniu, umozliwia potencjalne wykorzystanie podczas uprawy
wybranych gatunkéw roslin, a takze w trakcie wigkszosci etapow tanicucha logistycznego
w produkcji sadowniczej (Fan 1 in. 2020, Dubey 2022, Kuzniar i in. 2022). Wdrozenie
gazowego ozonu do produkcji sadowniczej nie narusza zasad ekologicznej uprawy, w
ktorej syntetyczne S$rodki ochrony ro$lin podlegaja regulacjom. Ozon dziata
bakteriobojczo, grzybobojczo 1 wirusobodjczo, a takze wykazuje wysoka skuteczno$¢ w
eliminacji m.in. patogenow powodujacych plesnienie i1 psucie si¢ owocow. Ponadto
odpowiednio przeprowadzone zabiegi ozonowania owocoéw klimakterycznych, skutkuja
zmniejszeniem wydzielania etylenu oraz dwutlenku wegla przez surowce, co moze
jednoczes$nie przektadaé si¢ na ograniczanie strat magazynowych i zwigkszy¢ trwatos¢

owocOw w lancuchu dostaw. Ze wzgledu na swoje szerokie zastosowanie oraz brak

13



pozostatosci po zabiegu ozonowanie moze by¢ ekologiczng metoda ograniczenia strat w
produkcji sadowniczej, ktora bedzie si¢ wpisywaé w regulacje przewidziane w Zielonym

Fadzie.

2. PRZEGLAD AKTUALNEGO STANU WIEDZY

2.1. Charakterystyka L. caerulea var. kamtschatica oraz L. caerulea var.
emphyllocalyx

Wiciokrzew siny (Lonicera caerulea L.) nalezy do rodzaju Lonicera (Caprifoli
aceac), ktory zawiera ponad 200 gatunkow wystepujacych w chlodnych regionach Azji
Srodkowej oraz Dalekiego Wschodu. Wiekszo$é gatunkow to rosliny ozdobne, okoto 17
z nich produkuje jadalne owoce (Gawronski i in. 2014, Kula 1 in. 2016). Lonicera
caerulea L. ma wiele odmian, z ktorych kilka jest szeroko uprawianych, pochodza z Rosji
(L. caerulea var. edulis, L. caerulea var. kamtschatica, L. caerulea var. altaica, L.

caerulea var. boczkarnikovae) oraz z wyspy Hokkaido w Japonii (L. caerulea var.

emhyllocalyx) (Maxine 2006, Kucharska i in. 2017).

Zrddto: Opracowanie wlasne

Krzewy osiagaja wysokos¢ 0,8-2,0 m, wytrzymujg temperatury -30 °C i
zachowujg aktywnos¢ biologiczng przez okres nawet 30 lat. Wymagaja zewnetrznego

zapylacza, aby wydac¢ owoce rok po posadzeniu. Po trzech latach z jednej rosliny mozna
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uzyskac okoto 500 g owocow. Jagody maja ciemnoniebieski lub ciemnofioletowy kolor,
wielko$¢ od 1,5 do 3,0 cm i przewaznie cylindryczny ksztalt z woskowa powtoka
(Bieniek 2021). Rosliny jagody kamczackiej wykazuja odpornos¢ nawet na temperatury
ponizej -45°C, a kwiaty tolerujg przymrozki siggajace okoto -8 °C. Rosliny maja
minimalne wymagania nawozowe i glebowe, rosng w glebie o pH gleby 5,5 - 6,0, bez
potrzeby stosowania nawozenia azotowego, co pozwala na mozliwo$¢ uprawy w

umiarkowanie zyznej glebie bez intensywnego nawozenia (Tremblay 2019, Wang 2024).

2.2. Agrotechnika uprawy i wskazniki stanu fizjologicznego roslin

Produkcja przemystowa owocéw jagody kamczackiej i haskapu japonskiego
prowadzona jest na plantacjach w warunkach polowych. Agrotechnika uprawy jagody
kamczackiej (Lonicera caerulea L.) opiera si¢ na precyzyjnym zarzadzaniu woda,
nawozeniu oraz szeregu zabiegéw majacych na celu maksymalizacj¢ zdrowotnosci i
produktywnosci roslin. Wskazniki fizjologiczne roslin takie jak zawarto$¢ chlorofilu oraz
parametry jego fluorescencji, tempo fotosyntezy, stezenie CO. wewnatrz liSci moga
stuzy¢ jako markery zdrowotnos$ci roslin. Pozwalaja one na okreslenie optymalnych
warunkow wzrostu i rozwoju roslin nie powodujacych stresow (Ge et al. 2024).
Utrzymanie odpowiedniej wilgotnosci podioza sprzyja uzyskiwaniu optymalnych
zawartosci chlorofilu w liSciach, efektywnej fotosyntezie oraz stabilno$ci czynno$ci
fotosystemu II. Stres indukowany susza powoduje obnizenie intensywnos$ci fotosyntezy,
ograniczenie przewodnictwa gazowego oraz redukcj¢ fluorescencji chlorofilu (Yan et al.
2024). W uprawie polowej zaleca si¢ jesienne sadzenie (wrzesien—pazdziernik),
scidtkowanie i1 stosowanie fertygacji, co wspiera sprawng aktywnos¢ fotosyntetyczng
liSci. Po zbiorach istotne jest utrzymanie aktywno$ci fotosyntetycznej lici poprzez
odpowiednie nawozenie dolistnie, co wplywa korzystnie na wyksztalcenie dlugich
jednorocznych peddéw 1 przygotowanie roslin do kolejnego sezonu wegetacyjnego
(Grewal 2020). Warto$ci poszczegolnych parametréw fizjologicznych roslin, moga si¢
r6zni¢ w zaleznos$ci od badanego gatunku, odmiany czy klonu, a takze w zalezno$ci od

stanowiska uprawy.
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2.3. Wiasciwosci prozdrowotne owocow

Owoce Lonicera caerulea L. sa bogate w cukry, kwasy organiczne 1 zwigzki
fenolowe, co ma znaczacy wptyw nie tylko na percepcje sensoryczna, ale takze na ich
prozdrowotne wlasciwosci. Zawartos¢ zwigzkow fenolowych, gléwnej grupy
wykazujacej aktywnos¢ biologiczng, moze si¢ r6zni¢ w zaleznosci od odmiany i terminu
zbioru (dojrzatosci). Warunki uprawy (rodzaj gleby i sposdéb nawozenia) wptywajg na
zawarto$¢ zwiazkow bioaktywnych w owocach jagody kamczackiej (Yu i in. 2023, Zurek
1in. 2024). Owoce Lonicera caerulea L. charakteryzuja si¢ wysokg zawarto$cig witaminy
C oraz zwiagzkéw fenolowych, takich jak antocyjany, flawonoidy, proantocyjanidyny i
kwasy fenolowe, przy czym dominujaca grupa zwigzkow fenolowych sa antocyjany,
gléwnie cyjanidyno-3-O-glukozyd (Cesoniené i in. 2021, Orsavova i in. 2022). Owoce
ze wzgledu na swoj sktad bogaty w zwiazki bioaktywne wykazuja szerokie dziatanie
antyoksydacyjne, przeciwzapalne, przeciwdrobnoustrojowe, a takze przeciwcukrzycowe
(Dayar iin. 2021, Zhang i in. 2023). Aby zachowac¢ trwato$¢ zwiazkdéw prozdrowotnych,
jagody sa suszone oraz wykorzystywane do produkcji dzemoéw, sokéw 1 win (Dadan i in.
2022, Chen 1 1n.2025). Ze wzgledu na wyjatkowe bogactwo zwigzkoéw antocyjanowych,
owoce te mozna uzna¢ za doskonate zrédlo oferujace game naturalnych barwnikow. Maja
potencjalne zastosowania w réznych sektorach, w tym w przemysle spozywczym,

farmaceutycznym i kosmetycznym (Senica i in. 2019, Guoi in. 2023).

2.4. Wlasciwosci mechaniczne owocow

Owoce Lonicera caerulea L. mozna zbiera¢ rgcznie oraz mechanicznie. Rgczny
zbidr pozwala na selekcje dojrzalych owocow, co jest istotne przy produkcji deserowej
swiezych jagod, jednak jest czasochtonny i kosztowny. Owoce zbierane mechaniczne
moga by¢ wykorzystane w przetworstwie do produkcji sokow, przetwordw takich jak
dzemy, a takze jako naturalnych barwnikéw. Na efektywno$¢ zbioru owocow Lonicera
caerulea L. wptywa wiele czynnikdw zwigzanych zaré6wno z cechami ro$lin, jak i
warunkami Srodowiskowymi (Jurikova i in. 2012, Grobelna 1 in. 2020). Istotng role
odgrywa odmiana, poszczegdlne genotypy roéznig si¢ terminem dojrzewania, wielkoscia,
jedrno$cia owocoOw oraz podatnos$ciga na opadanie. Odmiany o twardszej skorce i
wyrownanym dojrzewaniu lepiej nadaja si¢ do zbioru mechanicznego 1 dluzszego
przechowywania. Wazny jest takze pokr6j krzewu, formy zwarte i wzniesione utatwiajg

lepszy dostep maszyn zbierajacych, podczas gdy krzewy roztozyste moga utrudniaé prace
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1 zwigkszaé straty w czasie zbioru. Kolejnym czynnikiem jest stopien opadania owocow,
niektore odmiany szybko traca owoce po osiggni¢ciu dojrzatosci, co wymaga szybkiego
1 skoordynowanego zbioru. Nierownomierne dojrzewanie owocoéw utrudnia jednorazowe
zbiory 1 moze obniza¢ ich jako$¢ (Ochmian i in. 2012, Leisso 1 in. 2022).

Owoce jagodowe wykazuja wysoka podatno$¢ na uszkodzenia mechaniczne
powstajace w trakcie zbioru i transportu. Dodatkowo sa wrazliwe na dlugotrwate
przechowywanie, nawet w warunkach chtodniczych (Thompson i in. 2018, Surucu-Balci
1 in. 2021). Zaburzenia w ciaggu logistycznym, takie jak nieodpowiednia temperatura
przechowywania, niewlasciwy sktad atmosfery, zbyt dhlugi czas transportu oraz
nicodpowiednie opakowanie mogg prowadzi¢ do zmniejszenia jakosci surowca (Polak i
in. 2023, Wulczynska 2024). Owoce L. caerulea var. kamtschatica oraz L. caerulea var.
emphyllocalyx ze wzgledu na szybie przejrzewanie, psucie si¢, a takze swojg malg
odporno$¢ na uszkodzenia mechaniczne oraz brak ustalonej technologii zbioru i
magazynowania, moga by¢ przechowywane w optymalnych warunkach do 10 dni. Aby
zachowa¢ wysoka jako$¢ zebranego surowca stawia si¢ szczegOlny nacisk na
zapewnienie odpowiednich warunkoéw podczas calego procesu logistycznego zwiazanego

z jego zagospodarowaniem (Kalisz i in. 2023, Lagarda-Clark i in. 2025).

2.5. Wykorzystanie ozonu w rolnictwie

Ozon (Os) znajduje coraz szersze zastosowanie w nowoczesnym rolnictwie,
gtownie ze wzgledu na swoje silne wlasciwosci utleniajace, biobdjcze 1 dezynfekujace.
Jako gaz wystepujacy naturalnie w atmosferze, w warunkach kontrolowanych moze by¢
wykorzystywany jako nietoksyczny i1 przyjazny dla srodowiska $srodek wspomagajacy
produkcje¢ roslinng, zardéwno przed zbiorem, jak i po zbiorze plonéw. W rolnictwie ozon
stosowany jest gtownie w dwoch formach: jako gaz oraz jako substancja rozpuszczona w
wodzie (Emberson i in. 2020, Kobayashi 2023).

Gazowy ozon jest wyjatkowo skuteczny w eliminowaniu bakterii, wirusow, a
takze grzyboéw zanim przejda w stan przetrwalnikowy. Z tego powodu znajduje
zastosowanie w dezynfekcji powierzchni roslin, ochronie upraw przed chorobami
grzybowymi, przedtuzaniu trwaloSci owocéw 1 warzyw, poprawie jakosci
przechowywanych ptodéow rolnych oraz w ograniczaniu obecno$ci niepozadanych
gazow, takich jak etylen w warunkach magazynowych (Wang i in. 2023). Dzi¢ki temu,

ze ozon ulega samoistnemu rozkltadowi do tlenu, nie pozostawia toksycznych
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pozostalo$ci na powierzchni ro$lin ani w srodowisku, czyni go szczegolnie atrakcyjnym
w rolnictwie ekologicznym. Dodatkowym atutem gazowego ozonu jest jego zdolno$¢ do
pobudzania mechanizméw obronnych w roslinach. Stymuluje on produkcje zwigzkow
fenolowych, flawonoidéw 1 antocyjandw, ktore zwickszaja odpornos¢ roslin na stres oraz
poprawiaja ich warto$¢ biologiczng (Botondi i in. 2021). Nalezy jednak pamigtaé, ze ozon
jako silny utleniacz, moze takze wywolywac reakcje niepozadane, jesli zastosuje si¢ go
w zbyt wysokim st¢zeniu lub przez zbyt dlugi czas. Dziatanie takie moze prowadzi¢ do
stresu oksydacyjnego, ktory z kolei moze powodowac uszkodzenia tkanek roslinnych,
degradacje¢ chlorofilu, pogorszenie smaku, utrate jedrnosci i spadek ogdlnej jakos$ci
owocow (Piechowiak i in. 2022a, Pinto i in. 2020, Karmakar i in. 2022).

Wykorzystanie gazowego ozonu podczas produkcji sadowniczej moze przyczynic¢
si¢ do ograniczania 1 eliminacji niektorych szkodnikéw roslin oraz patogendéw
grzybowych. Ozonowanie moze mie¢ podwdjne zastosowanie, podczas owocowania cale
ros$liny moga by¢ poddane zabiegowi fumigacji, aby zwalczy¢ potencjalne szkodniki oraz
choroby, a takze zwigkszy¢ warto$¢ biologiczng owocdw oraz poprawic ich wlasciwosci
przechowalnicze (Remondino 1 in. 2018, Fan 2020). Skuteczne wykorzystanie ozonu w
ochronie roslin i przechowywaniu owocéw wymaga bardzo precyzyjnego doboru
parametrow aplikacji, takich jak stezenie, czas ekspozycji oraz warunki srodowiskowe,
zwlaszcza temperatura 1 wilgotno$¢. Ozon stanowi cenne narzedzie we wspolczesnym
rolnictwie, umozliwiajace redukcj¢ stosowania syntetycznych srodkéw ochrony roslin i
poprawe jakosci przechowywanej zywnosci. Gazowy ozon charakteryzuje si¢ bardzo
wysoka skutecznoscig dziatania 1 moze by¢ stosowany do dezynfekcji catych partii
owocOw lub roslin w warunkach kontrolowanych (Lemic i in. 2025). Z kolei ozon
rozpuszczony w wodzie zapewnia bezpieczniejsze mozliwosci aplikacji, szczegdlnie w
przypadku produktéw spozywczych wymagajacych tagodnego traktowania. Kluczem do
efektywnego 1 bezpiecznego wykorzystania ozonu w rolnictwie jest jednak precyzyjne
dostosowanie parametréw jego uzycia do konkretnego gatunku rosliny, etapu rozwoju

oraz warunkow przechowywania i transportu.

2.6. Produkcja materialu nasadzeniowego roslin jagodowych

Polska jest Swiatowym liderem w uprawie jagody kamczackiej, a takze
znaczacym producentem sadzonek. Roczna produkcja materialu nasadzeniowego w

Polsce obejmuje miliony drzewek i sadzonek w tym znaczacg liczbe krzewow
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jagodowych 1 truskawek. Produkcja zdrowego 1 certyfikowanego materialu
nasadzeniowego (kwalifikowanego, elitarnego, lub CAC) to podstawa sukcesu w
uprawach, zapewniajaca lepsza zdrowotnos¢, odpornos$¢ i plonowanie roslin (gov.pl,
jagodnik.pl). W 2024 roku wyprodukowano ponad 9 min sadzonek krzewéw jagodowych
(kwalifikowanych), w stosunku do roku 2023 byt to jednak spadek ilosci o 23,6%
(stat.gov.pl). Najwicksze udzialy w ilosci wyprodukowanych sadzonek miaty czarna
porzeczka, malina oraz borowka wysoka. Chociaz konkretne liczby sadzonek jagody
kamczackiej produkowanych co roku w Polsce nie sa powszechnie publikowane,
dostepne zrédta wskazuja na rosngce zainteresowanie tym gatunkiem i1 rozwojem
produkcji szkotkarskiej (Mikuta i in. 2022, Singh i in. 2024). Sadzonki s3 dostepne i
sprzedawane zazwyczaj jako rosliny doniczkowe gotowe do zatozenia nowych plantacji.
Wykorzystanie sadzonek wyprodukowanych metoda in vitro (kultur tkankowych) niesie
wiele istotnych korzys$ci, zwlaszcza w nowoczesnym sadownictwie, szkotkarstwie oraz
przy produkcji materiatu nasadzeniowego roslin jagodowych w tym miedzy innymi:

borowki, jagody kamczackiej oraz truskawki (Isac 2012, Kulikova i in. 2021).
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Rys. 2. Roélina Lonicera caerulea L. podczas réznych etapow produkcji: A) nowo
powstale sadzonki, B) sadzonki z rozwinigtymi pakami szczytowymi, C) sadzonki, D)
ros$liny podczas wzrostu w kontenerach, E) rozmnazanie in vitro, F) aklimatyzacja w
pojemnikach.

Zrodto: Opracowanie wlasne
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3. WYKAZ POWIAZANYCH TEMATYCZNIE ARTYKULOW
NAUKOWYCH

punkty IF Udzial

L.p. Publikacja MNISW %

Basara, O., Gorzelany, J. (2025). Impact of Ozone
Exposure on Chlorophyll Fluorescence, Pigment
Content and Leaf Gas Exchange on Lonicera
caerulea var. kamtschatica and Lonicera caerulea
var. emphyllocalyx. Sustainability, 17, 2820.
https://doi.org/10.3390/su17072820
Basara, O., Gorzelany, J. (2024). Assessment of
Selected Chemical and Morphological Properties
) of Lonicera var. kamtschatica and Lonicera var. 140 49 20
emphyllocalyx Treated with Gaseous Ozone. '
Molecules, 29, 3616.
https://doi.org/10.3390/molecules29153616
Basara, O., Pento$, K., Gorzelany, J. (2025).
Investigating the Effect of Ozonation on the
3 Mechanical Parameters of Lonicera caerulea L. 40 - 65
Fruits Using Machine Learning. Agricultural
Enginering, 29, 97-114
Basara, O., Litwinczuk. W., Gorzelany, J. (2024).
Assessment of Micropropagation Possibilities for
4  Japanese Hascap (Lomicera caerulea var. 100 2.838 60
emphyllocalyx  L.)  Appl. Sci.l4, 9452.
https://doi.org/10.3390/app 14209452

100 3.9 80

Laczna liczba punktow MNiSW za publikacje naukowe wchodzace w sktad cyklu
wynosi 380 pkt. Sumaryczny IF dla ww. publikacji zgodnie z rokiem publikowania
wynosi [F=10,938.
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4. CEL I ZAKRES BADAN

4.1. Cel badan

Celem badan zaprezentowanych w cyklu powigzanych tematycznie artykutow
naukowych, byta ocena skutecznosci fumigacji gazowym ozonem jako alternatywne;j
metody ochrony roslin przed chorobami grzybowymi u wybranych odmian jagody
kamczackiej (Lonicera caerulea var. kamtschatica) oraz haskapu japonskiego (Lonicera
caerulea var. emphyllocalyx) w latach 2022-2024. Ocenie poddano wybrane wskazniki
fizjologiczne ro$lin bedace markerami ich zdrowotnosci. Dodatkowo okreslono wptyw
proponowanej metody na wlasciwosci mechaniczne 1 biologiczne owocow bezposrednio
po zbiorze oraz w czasie przechowywania, ze szczegolnym uwzglednieniem poprawy
jakosci oraz wydhluzenia ich trwalo$ci pozbiorczej. Istotnym elementem pracy byto
rowniez przedstawienie potencjatu mikrorozmnazania in vitro w produkcji eksplantatow

haskapu japonskiego (Lonicera caerulea var. emphyllocalyx).

4.2. Zadania badawcze

Osiggnigcie powyzszego celu wymagalo realizacji nastepujacych zadan

badawczych:

* (Celem badan bylo okre§lenie wplywu fumigacji gazowym ozonem na
zdrowotnos$¢ ro$lin Lonicera caerulea L. poprzez analiz¢ wybranych parametrow
fizjologicznych roslin, w tym gltownie fluorescencji chlorofilu liSci oraz
wskaznikow wymiany gazowej roslin.

= Okre$lenie wptywu gazowego ozonu na zawarto$¢ zwigzkow bioaktywnych
w owocach.

= QOkreslenie wptywu gazowego ozonu na wybrane wilasciwosci morfologiczne
1 mechaniczne, a takze trwalo$¢ przechowalniczg badanych owocow.

* Ocena wplywu zastosowania wybranych substancji wzrostowych oraz
przechowywania kultur in vitro w warunkach chtodniczych na wzrost i rozwoj

eksplantatow haskapu japonskiego (Lonicera caerulea var. emphyllocalyx).
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5. HIPOTEZY BADAWCZE

Na podstawie przeprowadzonego przegladu literaturowego sformutowano

nastgpujace hipotezy badawcze:

H1: Zastosowanie odpowiednio dobranej dawki gazowego ozonu w procesie
fumigacji ros$lin Lonicera caerulea L. przyczyni si¢ do poprawy ich kondycji
fizjologicznej oraz ogdlnej zdrowotnosci.

H2: Zastosowanie fumigacji gazowym ozonem roslin Lonicera caerulea L. zwigkszy

zawarto$¢ zwigzkow bioaktywnych w owocach, w tym calkowitg zawarto$¢ zwigzkoéw

fenolowych, kwasu askorbinowego oraz warto$¢ antyoksydacyjna.

H3: Proces ozonowania wptynie na zwigkszenie odpornosci owocdéw na uszkodzenia

mechaniczne, przez co zwigkszy ich trwato$¢ przechowalnicza w tancuchu dostaw.

H4: Wykorzystanie substancji wzrostowej BA i mT, a takze przechowywania
chlodniczego podczas mikrorozmnazania in vitro haskapu japonskiego poprawi

zdrowotno$¢ oraz proliferacje nowo wytwarzanych roslin.
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6. CYKL PUBLIKACJI NAUKOWYCH I ICH OMOWIENIE

Rozprawa doktorska zostata przygotowana w formie spdjnego tematycznie cyklu
publikacji naukowych, zgodnie z art. 187 ust. 3 ustawy z dnia 20 lipca 2018 r. — Prawo
o szkolnictwie wyzszym i nauce. W sklad cyklu wchodza nastepujace publikacje

naukowe:

Publikacja 1: Basara, O., Gorzelany, J. (2025). Impact of Ozone Exposure on
Chlorophyll Fluorescence, Pigment Content and Leaf Gas Exchange on Lonicera

caerulea var. kamtschatica and Lonicera caerulea var. emphyllocalyx. Sustainability, 17,
2820. https://doi.org/10.3390/sul7072820

Publikacja 2: Basara, O., Gorzelany, J. (2024). Assessment of Selected Chemical and
Morphological Properties of Lonicera var. kamtschatica and Lonicera var. emphyllocalyx
Treated with Gaseous Ozone. Molecules, 29, 3616.
https://doi.org/10.3390/molecules29153616

Publikacja 3: Basara, O., Pento$, K., Gorzelany, J. (2025). Investigating the Effect of
Ozonation on the Mechanical Parameters of Lonicera caerulea L. Fruits Using Machine
Learning. Agricultural Enginering, 29, 97-114

Publikacja 4: Basara, O., Litwinczuk. W., Gorzelany, J. (2024). Assessment of
Micropropagation Possibilities for Japanese Hascap (Lonicera caerulea var.
emphyllocalyx L.) Appl. Sci.14, 9452. https://doi.org/10.3390/app14209452
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PUBLIKACJA 1 - IMPACT OF OZONE EXPOSURE ON CHLOROPHYLL
FLUORESCENCE, PIGMENT CONTENT AND LEAF GAS EXCHANGE ON
LONICERA CAERULEA VAR. KAMTSCHATICA AND LONICERA CAERULEA VAR.
EMPHYLLOCALYX

Pierwszy artykut wchodzacy w sktad pracy doktorskiej zostat opublikowany
w 2025 roku w czasopismie Sustainability (100 pkt. MNiSW, 3.9 IF), pod tytulem
»Impact of ozone exposure on chlorophyll fluorescence, pigment content and leaf
gas exchange on Lonicera caerulea var. kamtschatica and Lonicera caerulea var.
emphyllocalyx”. Niniejsza publikacja przedstawia wptyw procesu fumigacji gazowym
ozonem (trzy dawki) na kondycje i zdrowotnos$¢ roslin wybranych odmian i klonow
Lonicera caerulea var. kamtschatica oraz Lonicera caerulea var. emphyllocalyx w trakcie
uprawy.

We wstepie podkreslono, ze ozon jest silnym utleniaczem, ktory w ostatnich latach
znajduje coraz szersze zastosowanie, w tym réwniez w rolnictwie. Jego dzialanie moze
pozytywnie wptywaé na wzrost 1 zdrowotno$¢ roslin, gléwnie poprzez ograniczanie
obecnos$ci patogenow. Jednakze w nieodpowiednich dawkach ozon moze wywoltywaé
stres fizjologiczny i prowadzi¢ do zaktocen w procesach metabolicznych roslin. Jako
silny czynnik utleniajacy w nadmiernych stezeniach oraz przy zbyt dlugim czasie
ekspozycji, wykazuje dzialanie fitotoksyczne, indukujac stres oksydacyjny w komorkach
ro§linnych. Moze to prowadzi¢ m.in. do degradacji chlorofilu, uszkodzen blon
komorkowych oraz zaburzen w funkcjonowaniu aparatow fotosyntetycznych. Z tego
wzgledu skuteczne 1 bezpieczne wykorzystanie ozonu w uprawach sadowniczych
wymaga precyzyjnego doboru parametrow aplikacji, w tym przede wszystkim stezenia,
czasu ekspozycji oraz warunkow $rodowiskowych, takich jak temperatura i wilgotno$¢
(Grulke 2020).

W ostatnich latach obserwuje si¢ rosngce zainteresowanie uprawa Lonicera
caerulea L., co wynika przede wszystkim z prozdrowotnych wtasciwosci jej owocow
oraz wysokiej odpornos$ci krzewow na niskie temperatury. Dynamiczny rozwdj produkcji
tego gatunku wiaze si¢ jednak z rosnagcym zagrozeniem ze strony chorob i szkodnikow,
co generuje potrzebe poszukiwania skutecznych, a zarazem bezpiecznych metod ochrony
roslin (Cheng 1 in. 2023). Jedng z rozwazanych alternatyw dla tradycyjnych $rodkow
ochrony, takich jak fungicydy, jest zastosowanie procesu ozonowania ro$lin. Kluczowym

zagadnieniem w tym konteks$cie jest okreslenie potencjalnych dawek ozonu, ktore nie
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beda wywoltywacé uszkodzen fizjologicznych roslin, a jednoczesnie pozwolg na skuteczng
poprawe kondycji i zdrowotnosci roslin, w tym ochrong przed patogenami grzybowymi.

Celem pracy byla ocena wplywu procesu fumigacji gazowym ozonem na
kondycje 1 zdrowotno$¢ roslin wybranych odmian i klonow Lonicera caerulea var.
kamtschatica oraz Lonicera caerulea var. emphyllocalyx w trakcie uprawy.

W czeséci dotyczacej wykorzystanych metodyk badawczych opisano schemat
prowadzonego doswiadczenia oraz wykonane pomiary i analizy, a takze zastosowane
metody. W ramach realizacji zatozonych celow i1 hipotez badawczych przeprowadzono
trzyletnie (2021-2023) S$ciste doswiadczenie wazonowe w ukladzie losowym,
z dziesigcioma powtdrzeniami dla kazdego wariantu. W do$wiadczeniu wykorzystano
trzy odmiany Lonicera caerulea var. kamtschatica oraz jedng odmiang¢ 1 dwa klony
Lonicera caerulea var. emphyllocalyx. Badano wplyw fumigacji gazowym ozonem
o stezeniu 5 ppm, stosowanej w trzech réznych czasach ekspozycji: 1, 3 oraz 5 minut.
Dawkowanie zostalo opracowane na podstawie wczesniejszych testow fitotoksycznosci.
Zabiegi fumigacyjne przeprowadzono z wykorzystaniem autorskiej, pilotazowe;,
przenosnej komory fumigacyjnej oraz generatora ozonu KORNOA OZON A40. St¢zenie
ozonu w komorze kontrolowano podczas zabiegu przy uzyciu detektora Ozone Solution
106 M UV. Fumigacje¢ prowadzono trzykrotnie w ciggu sezonu wegetacyjnego: w fazie
zawigzywania owocoéw, w fazie dojrzewania oraz w fazie petnej dojrzatosci zbiorcze;.
Skuteczno$¢ zastosowanego procesu ozonowania jako alternatywnej metody ochrony
1 poprawy zdrowotnos$ci roslin, oceniono na podstawie analizy wybranych wskaznikow
fizjologicznych $§wiadczacych o ich kondycji. Okreslono wzgledng zawartos¢ chlorofilu
(ChIM), flawonoli (FIvM) i antocyjanoéw (AnthM) w li§ciach, a takze wybrane parametry
fluorescencji chlorofilu (Fv/Fm, Mo, Pliw) oraz wskazniki wymiany gazowej lisci
(intensywnos¢ transpiracji (E), wewnetrzne stezenie CO: w lisciu (Ci), przewodnictwo
szparkowe (Gs)). Pomiary wykonano 1., 3. oraz 5. dnia po przeprowadzeniu zabiegu
0zonowania.

Zaprezentowane w pracy wyniki z przeprowadzonych pomiarow wykazaty, ze
srednia zawarto$¢ chlorofilu (ChIM), flawonoli (FIvM) i1 antocyjanéw (AnthM) dla
badanych odmian i klonéw Lonicera caerulea L. wynosita odpowiednio 0.45,1.4110.11.
Natomiast §rednia warto$¢ wskaznika NFI (indeks flawonowo-azotowy) wynosita 0.33.
Stwierdzono zrdéznicowanie w warto$ciach badanych parametréw w zaleznosci od

podgatunku (odmiany botanicznej) Lonicera caerulea L. Odmiany Lonicera caerulea
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var. kamtschatica charakteryzowaly si¢ wyzsza zawarto$cig ChlM, FIvM oraz AnthM niz
odmiana i klony Lonicera caerulea var. emphyllocalyx. Natomiast w przypadku indeksu
azotowo-flawonolowego nie odnotowano roznic pomiedzy $rednimi wartosciami dla
badanych podgatunkéw. Srednia warto$¢ NFI dla obu podgatunkéw wynosita 0,33. W
zalezno$ci od roku uprawy rowniez nie odnotowano istotnych réznic w zawarto$ci
barwnikéw roslinnych w lisciach badanych roslin Lonicera caerulea L.

Wplyw zastosowanego procesu ozonowania roslin Lonicera caerulea L. podczas
uprawy na zawarto$¢ wybranych barwnikow w lisciach byt zroznicowany w zaleznosci
od dawki gazowego ozonu oraz terminu wykonania pomiaréw (czasu, jaki uptynat od
ekspozycji roslin na ozon). W wigkszosci przypadkow obserwowane réznice nie byly
istotne statystycznie. Znaczace zmiany w zawarto$ci barwnikéw ro$linnych,
w odniesieniu do proby kontrolnej, stwierdzono jedynie w przypadku zastosowania
fumigacji gazowym ozonem o st¢zeniu 5 ppm przez 5 minut. Pomimo braku widocznych
uszkodzen morfologicznych, taka dawka ozonu istotnie obnizyla $rednig zawartos$¢
chlorofilu (ChIM) w lisciach, co przelozylo si¢ roéwniez na spadek wartosci indeksu
azotowo-flawonolowego (NFI). W poréwnaniu z proba kontrolna, zastosowanie ozonu w
stezeniu 5 ppm przez 5 minut spowodowato obnizenie §rednich wartosci parametréw
ChIM 1 NFI odpowiednio o 6,8% 1 8,8%. Najbardziej korzystne rezultaty uzyskano przy
zastosowaniu ozonowania roslin trwajagcego 3 minuty. W tym wariancie S$rednia
zawarto$¢ analizowanych barwnikow roslinnych dla badanych terminéw pomiaréw nie
roznila si¢ istotnie od $redniej zawartosci w probie kontrolnej, co moze §wiadczy¢ o braku
reakcji stresowe] ze strony ro$lin (zaburzen fizjologicznych), przy jednoczesnym
potencjale dezynfekujacym tej dawki ozonu, mogacym wspiera¢ ochrong¢ roslin przed
patogenami, w szczego6lnosci grzybowymi. Obserwacje te zostaty potwierdzone przez
innych badaczy (Fujiwara i in 2009).

Stres wystepujacy w srodowisku wzrostu roslin, w tym m.in. choroby grzybowe,
a takze nieodpowiednio prowadzony proces ozonowania moze prowadzi¢ do obnizenia
maksymalnej wydajnosci kwantowej fotosystemu II. Dlatego tez w ramach niniejszych
badan okreslono zdrowotno$¢ roslin oraz wptyw procesu ozonowania na badane ro$liny
poprzez pomiary wybranych wilasciwosci fizjologicznych roslin, w tym wydajnosé
fotosystemu II. Maksymalna efektywnos$¢ fotosystemu II oceniana na podstawie
wskaznika Fv/Fm, dla wszystkich badanych ro$lin Lonicera caerulea L., miescita si¢ w

optymalnym zakresie (0.79-0.84) niezaleznie od odmiany, roku wegetacji i zastosowane;j
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dawki gazowego ozonu, co $wiadczy jednoznacznie o braku fitotoksycznego dziatania
prowadzonych zabiegéw fumigacji gazowym ozonem.

Warto§¢ wskaznika Mo (stanowigcego miar¢ szybkosci zamykania centrow
reakcji fotosystemu II) uzalezniona byla od badanego podgatunku 1 odmiany,
zastosowanej dawki gazowego ozonu oraz roku prawy. Srednie wartosci Mo w lisciach
jagody kamczackiej i haskapu japonskiego miescity si¢ w zakresie od 0,43 do 0,56.
Zastosowanie gazowego ozonu w zaproponowanych dawkach nie miato istotnego
wpltywu na $rednig warto$¢ parametru Mo u wigkszosci badanych roslin LK 1 LE
w analizowanych latach uprawy. Wyjatek stanowita odmiana ‘Jugana’, u ktérej w 2022
roku warto$¢ Mo istotnie spadia o 12,3% po ozonowaniu roslin dawka 5 ppm przez 5
minut w odniesieniu do warto$ci odnotowanej dla proby kontrolnej. Nalezy jednak
zaznaczy¢, iz najprawdopodobniej mogto to wynika¢ z warunkoéw prowadzenia zabiegu
ozonowania, poniewaz w kolejnym roku badan odnotowano nieistotny wzrost wartosci
tego parametru. Natomiast w przypadku odmiany ‘Aurora’ (jagoda kamczacka)
odnotowano istotny wzrost wartosci Mo w li§ciach roslin ozonowanych przez 3 minuty
(2022 rok) oraz przez 5 min (2022 i 2023 rok). Wahania wartosci parametru Mo w lisciach
poza optymalne zakres (0,3-0,6) moga powodowac¢ zmiany w procesach fotosyntezy
podczas wzrostu ro$lin (Strasser 1 in. 2000). Warto podkresli¢, ze wszystkie odnotowane
w badaniu warto$ci Mo mie$cily si¢ w zakresie uznawanym za optymalny, co sugeruje,
ze fotosystem II funkcjonowat prawidtowo w analizowanych warunkach.

Istotnym wskaznikiem okreslajagcym efektywnosci fotosyntezy u roslin jest
catkowity indeks wydajnosci (Plwwi). Na warto$¢ tego wskaznika u badanych roslin
wplyw miala odmiana, zastosowana dawka ozonu oraz rok uprawy. Dla wigkszo$ci
zastosowanych dawek gazowego ozonu, niezaleznie od klonu, odmiany oraz roku
wegetacji, nie odnotowano istotnych réznic w wartosci parametru Pliotal W odniesieniu do
préby kontrolnej. Istotny wplyw miata jedynie dawka gazowego wynoszaca 5 ppm przez
5 min w 2022 roku, ktora w przypadku klonu ‘139- 24’ (haskap japonski) wplyneta na
spadek badanego parametru o 23,1% w poroéwnaniu do wartosci odnotowanej dla proby
kontrolnej. Natomiast w 2023 roku dla odmiany ‘Lori’ aplikacja tej dawki skutkowata
obnizeniem warto$ci Pl 0 23,8% w porownaniu do kontroli. Uzyskane wyniki
wskazuja, ze parametr Pliwa moze stanowi€ czuty 1 przydatny wskaznik diagnostyczny do
oceny reakcji ro$lin na dzialanie ozonu, uwzglgdniajac zarowno zmiennos¢ genotypowa,

jak 1 warunki §rodowiskowe w poszczego6lnych sezonach wegetacyjnych.
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Weczesnag reakcja roslin na stres §rodowiskowy sg zmiany w wymianie gazowe;j,
ktére moga wystapi¢ jeszcze przed redystrybucja (Hasanuzzman i in 2012). Parametry
takie jak tempo transpiracji (E), przewodnictwo szparkowe (Gs) oraz migdzykomorkowe
stezenie CO: (Ci) odzwierciedlaja rzeczywisty stan fizjologiczny rosliny i moga
wskazywaé na wplyw ozonu stosowanego w procesie fumigacji. Wykorzystanie
gazowego ozonu w proponowanych dawkach wykazalo zroéznicowany wplyw na
parametry wymiany gazowej li§ci Lonicera caerulea var. kamtschatica oraz Lonicera
caerulea var. emphyllocalyx. Jednakze u wigkszosci testowanych odmian i klonow,
niezaleznie od roku badan, $rednie warto$ci parametrow wymiany gazowej nie ulegly
istotnym zmianom po fumigacji ozonem. Wyjatek stanowita dawka 5 ppm przez 5 minut,
ktora spowodowata fluktuacje tempa transpiracji (E) u roslin odmiany ‘Lori’. Dla tej
odmiany odnotowano istotny spadek warto$ci parametru w poréwnaniu do kontroli,
powtarzajacy si¢ w obu sezonach badawczych. Podobne obserwacje poczyniono dla
przewodnictwa szparkowego (Gs), ktorego warto$¢ nie zmieniala si¢ istotnie w
odpowiedzi na wigkszo$¢ analizowanych dawek gazowego ozonu. Jedynie najwyzsza
dawka (5 ppm przez 5 minut) miata istotny wplyw na wzrost Gs u roslin klonu 139-24°
w obu latach badan oraz u odmiany ‘Aurora’ w sezonie 2023, w poréwnaniu z warto$cig
odnotowang w wariancie kontrolnym. Z kolei warto§¢ migdzykomorkowego stezenia
CO: (Ci) w liSciach badanych roslin zalezata gtownie od testowanej odmiany 1 klonu.
Aplikacja gazowego ozonu w procesie fumigacji modyfikowala wartosci Ci, jednak
istotne roznice wzgledem kontroli zaobserwowano jedynie w przypadku najwyzszej
dawki ozonu. U odmiany ‘Lori’ odnotowano istotny spadek wartosci Ci w obu sezonach
badawczych, co moze $wiadczy¢ o ograniczeniu dyfuzji CO: lub spadku aktywnosci
fotosyntetycznej.

W podsumowaniu pracy wskazano, ze dawka 5 ppm ozonu aplikowana przez 5
minut moze negatywnie wplywaé na procesy fizjologiczne u niektérych genotypow
Lonicera, mimo ogolnej tolerancji wigkszosci odmian na dziatanie ozonu w badanych
stezeniach. Na podstawie przeprowadzonych badan stwierdzono, ze ozon stosowany w
dawce nieprzekraczajacej 5 ppm przez 5 minut nie wykazuje dziatania fitotoksycznego
wobec wigkszosci badanych odmian i1 klondw Lonicera caerulea L. Oznacza to, ze moze
by¢ bezpiecznie wykorzystywany w praktyce agrotechnicznej, bez istotnego wptywu na
podstawowe parametry fizjologiczne roslin. Zastosowanie ozonowania jako elementu

strategii ochrony roslin moze stanowi¢ perspektywiczng technologie wspomagajaca
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uprawe Lonicera caerulea L., m.in. w zwalczaniu patogenow grzybowych. Na podstawie
prowadzonych badan i obserwacji ros$lin Lonicera caerulea L. na zatozonym
doswiadczeniu w analizowanych latach badan nie stwierdzono wystepowania patogenow
grzybowych na roslinach poddanych procesowi ozonowania jak réwniez na kontroli.
Jednak w przypadku wystagpienia takich patogenéw rozwoj i optymalizacja tej technologii
mogg przyczyni¢ si¢ do poprawy zdrowotnos$ci roslin oraz jako$ci plonu. Niemniej jednak
wskazane jest kontynuowanie badan, ze szczegolnym  uwzglednieniem
dtugoterminowego wptywu ozonu na fizjologig, biochemi¢ oraz odpowiedzi molekularne

ro$lin z rodzaju Lonicera.

PUBLIKACJA 2 - ASSESSMENT OF SELECTED CHEMICAL AND
MORPHOLOGICAL PROPERTIES OF LONICERA VAR. KAMTSCHATICA AND
LONICERA VAR. EMPHYLLOCALYX TREATED WITH GASEOUS OZONE

Drugi artykut wchodzacy w sktad pracy doktorskiej zostat opublikowany w 2024
roku w czasopismie Molecules (140 pkt. MNiSW, 4,2 IF), pod tytutem ,,Assessment of
selected chemical and morphological properties of Lonicera var. kamtschatica and
Lonicera var. emphyllocalyx treated with gaseous ozone. Niniejsza publikacja
przedstawia wplyw procesu fumigacji gazowym ozonem (st¢zenie 5 pmm) stosowanego
w roznych czasach ekspozycji (I, 3 1 5 minut) na warto§¢ biologiczng (zawartos$¢
zwigzkéw fenolowych, witaminy C oraz calkowity potencjat antyoksydacyjny) oraz
wlasciwosci morfologiczne 1 prozdrowotne owocoéw wybranych klonéw 1 odmian
Lonicera caerulea L.

We wstepie podkreslono, iz zabieg fumigacji ro$lin gazowym ozonem moze
wplywac nie tylko na parametry fizjologiczne roslin (opisane w publikacji [1]), ale takze
modyfikowa¢ jakos$¢ produkowanych owocoéw. Ozon, aplikowany w odpowiednio
dobranej dawce moze ksztattowac przebieg proceséw metabolicznych, zwiekszajac
zawarto$¢ zwigzkow bioaktywnych oraz poprawiajac wlasciwosci antyoksydacyjne
owocow. Ponadto, wlasciwie przeprowadzony proces ozonowania moze przyczynic si¢
do wydhuzenia trwatosci surowcow roslinnych w tancuchu dostaw poprzez ograniczenie
utraty wody, redukcje obcigzenia mikrobiologicznego oraz zmniejszenie emisji etylenu
z owocow poddanych zabiegowi, co w efekcie przeklada sie na dluzszy okres

przydatnosci do spozycia (Piechowiak i in. 2022b, Fan 2021, Zapatowska i in 2021).
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W ostatnich latach zauwaza si¢ zwigkszone zainteresowanie Lonicera caerulea L.
wynika to zar6wno z wysokiej warto$ci prozdrowotnej owocoOw oraz mozliwosci ich
wykorzystania w przetworstwie. Jagody tych roslin sg znane z wysokiej zawartosci
witaminy C, antocyjandw i polifenoli, co ksztaltuje ich wtasciwosci przeciwutleniajace
1 prozdrowotne. Popularno$¢ uprawy tej rosliny pocigga za soba konieczno$¢ doboru
odmian o najwigkszym potencjale gospodarczym, a ich znaczenie wynika bezposrednio
z warto$ci biologicznej owocow. Zaadaptowanie odpowiednio dobranych dawek ozonu
moze miec istotny wptyw na poprawe ich wartosci biologicznej, co moze stanowié
alternatywny zabieg majacy na celu zwigkszenie potencjalu gospodarczego owocéw
(Rupasinghe i in. 2012).

Celem pracy byla ocena wplywu procesu fumigacji gazowym ozonem,
stosowanym w r6znych dawkach (5 ppm) i czasach ekspozycji (1, 3 1 5 minut) na warto$¢
biologiczng oraz wtasciwosci morfologiczne i prozdrowotne owocoéw wybranych klonow
1 odmian Lonicera caerulea L.

W czeéci dotyczacej wykorzystanych metodyk badawczych opisano
przeprowadzone analizy oraz zastosowane metody. Owoce wykorzystane w niniejszym
badaniu pozyskano z roslin uprawianych w ramach $cistego do§wiadczenia wazonowego
(po 100 g z kazdego wariantu doswiadczenia), ktorego szczegodtowy przebieg zostal
opisany w publikacji [1]. Material owocowy pochodzit z ro$lin Lonicera caerulea L.
poddanych fumigacji gazowym ozonem (5 ppm) przy réznych czasach ekspozycji (1, 3 i
5 minut). Proby owocow pobrano 24 godziny po zabiegu ozonowania w fazie pelnej
dojrzatosci zbiorczej, w celu okreslenia wplywu procesu fumigacji na wybrane
wlasciwosci biologiczne 1 morfologiczne. Wplyw zastosowanego ozonowania na warto$¢
biologiczng owocéw wybranych odmian wiciokrzewu sinego (Lonicera caerulea var.
kamtschatica 1 Lonicera caerulea var. emphyllocalyx) oceniono na podstawie oznaczenia
zawartosci  zwigzkow  fenolowych, kwasu askorbinowego oraz wlasciwosci
antyoksydacyjnych. Dodatkowo okreslono pH oraz kwasowo$¢ og6lng owocow (g-100
g ') zgodnie z normg PN-EN 12147:2000, ktére maja istotne znaczenie sensoryczne.
Zawarto$¢ kwasu askorbinowego (mg-100 g™') oznaczono zgodnie z normg PN-A-
04019:1998, a calkowitg zawartos¢ zwigzkow fenolowych (mg-100 g') metodg Folina—
Ciocalteu. Wiasciwosci antyoksydacyjne oznaczono trzema metodami: DPPH (procent
inhibicji), FRAP (uM Fe**-g™') oraz ABTS (uM TE-g™). Dodatkowo przeprowadzono

ocen¢ cech morfologicznych owocdéw, obejmujacag pomiar ich dtugosci, szerokosci oraz
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masy. Analiz¢ barwy owocéw wykonano w systemie kolorymetrycznym CIE LAB.
Wszystkie analizy wykonano w trzech powtdrzeniach dla kazdego wariantu
doswiadczenia. Uzyskane dane poddano analizie statystycznej z zastosowaniem analizy
wariancji (ANOVA) oraz testu istotnosci réznic Tukeya (p < 0,05).

Zaprezentowane w pracy wyniki z przeprowadzonych analiz wykazaty, ze warto$¢
pH oraz kwasowo$¢ ogdélna owocow wykazywaly zrdéznicowanie w zalezno$ci od
badanego podgatunku Lonicera caerulea L. Owoce L. emphyllocalyx charakteryzowaty
si¢ §rednio o0 6% nizszym pH w poréwnaniu z owocami odmian L. kamtschatica. Podobne
zalezno$ci zaobserwowano w przypadku kwasowos$ci ogolnej, co wynika z uwarunkowan
odmianowych. W zaleznos$ci od roku prowadzenia do$wiadczenia, w sezonach 2023—
2024 odnotowano istotnie wyzsza $rednig kwasowos$¢ ogolng owocdéw badanych odmian
1 klonéw Lonicera caerulea L. (2,35 g-100 g™') w poréwnaniu do roku 2022, w ktorym
warto$¢ ta wynosita 1,75 g-100 g'. Z kolei warto$¢ pH bytla istotnie wyzsza dla owocow
zebranych w roku 2023. Natomiast zastosowane dawki gazowego ozonu w procesie
fumigacji roslin badanych odmian i klonow Lonicera caerulea L. nie mialy istotnego
wptywu na pH i kwasowo$¢ ogdlng zebranych owocow. W dalszej czesSci pracy
zaprezentowano wyniki dotyczace wplywu procesu ozonowania na zawartos¢ zwigzkow
bioaktywnych w owocach, w tym witaminy C, zawarto$¢ zwigzkow fenolowych oraz
oceny aktywnosci antyoksydacyjnej mierzonej metodami FRAP, DPPH i1 ABTS.
Stwierdzono, iz w przypadku badanych odmian i1 klanéw Lonicera caerulea var.
kamtschatica 1 Lonicera caerulea var. emphyllocalyx wplyw na zawarto§¢ wybranych
zwigzkow bioaktywnych w owocach miata zastosowana dawka gazowego ozonu
w procesie fumigacji roslin, rok uprawy oraz badana odmiana oraz klon. Sposréd
badanych odmian oraz klondéw, bez wzgledu na roku produkcji oraz dawke ozonu,
najwyzsza zawarto$¢ witaminy C stwierdzono w owocach klonu ‘21-17’—57.80 mg-100
g . Ozonowanie nie mialo istotnego wplywu na zawartoéé witaminy C w owocach
badanych odmian niezalenie do zastosowanej dawki gazowego ozonu. Zaobserwowano
jednak wyrazne r6éznice mig¢dzy latami uprawy, w 2023 roku $rednia zawarto$¢ witaminy
C dla danych odmian i klonéw Lonicera caerulea L. byla istotnie nizsza w porownaniu
do roku 2022 oraz 2024. Najprawdopodobniej wynikato to z warunkow
meteorologicznych panujacych w trakcie okresu wegetacji.

Zwiazki fenolowe obecne w owocach petnig istotng role biologiczna, wykazujac

silne wtasciwosci przeciwutleniajace, przeciwzapalne oraz wspierajace ochrong
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organizmu przed stresem oksydacyjnym i chorobami cywilizacyjnymi (Ochmian i in.
2008). Oznaczona zawartos¢ tych zwigzkéw w owocach wiciokrzewu sinego wskazuje,
ze ich koncentracja zalezna jest od podgatunku, odmiany i klonu. Srednia calkowita
zawarto$¢ zwigzkow fenolowych w owocach L. kamtschatica i L. emphyllocalyx wahata
si¢ od 261,38 do 310,12 mg-100 g ' i od 231,59 do 286,92 mg-100 g '. Najwicksza
zawarto$¢ tych cennych zwigzkéw identyfikowano w owocach jagody kamczackiej
odmiany ‘Vostorg’ (310,12 mg-100 g!). NajniZsza natomiast byta w owocach haskapu
japonskiego klon ‘139-24’(231.59 mg-100 g ).

Prowadzone w trakcie wegetacji zabiegi fumigacji roslin gazowym ozonem
ksztattowaly zawarto$¢ zwiazkéw fenolowych w owocach wiciokrzewu sinego.
Stwierdzono istotny wplyw zastosowanych dawek gazowego ozonu na wzrost zwartosci
tych zwigzkéw w owocach w pordéwnaniu do proby kontrolnej (bez fumigacji).
Najlepsze rezultaty osiagni¢to jednak prowadzac proces fumigacji przez 3 min (st¢zenie
5 ppm). Srednia catkowita zawarto$¢ zwiazkéw fenolowych w owocach wiciokrzewu
sinego traktowanych ta dawka byla wyzsza o 11,5% w odniesieniu do zawarto$ci
odnotowanej na kontroli.

Wiasciwosci antyoksydacyjne owocow, zwigzane przede wszystkim z obecnoscia
zwigzkow fenolowych, mogg ulega¢ modyfikacjom w wyniku ozonowania ro$lin, ktore
stymuluje biosynteze zwigzkow bioaktywnych, zwiekszajac ich zdolno$¢ do neutralizacji
wolnych rodnikéw oraz ochrony przed stresem oksydacyjnym (Ochmian i in 2012).
Srednia aktywno$¢ antyoksydacyjna owocow wiciokrzewu sinego wykazywata
zréznicowanie w zalezno$ci od podgatunku, odmiany oraz klonu. Aktywno$¢
antyoksydacyjna mierzona metoda FRAP w owocach L. kamtschatica wynosita od 25,42
do 28,97 uM Fe**-g™!, natomiast w owocach L. emphyllocalyx od 28,00 do 29,53 uM
Fe*'-g!. Srednia aktywno$é antyoksydacyjna okreslona metoda DPPH w owocach L.
kamtschatica i L. emphyllocalyx mie$cita si¢ odpowiednio w zakresie 79,50—82,16% oraz
82,87—-85,41% inhibicji. Warto$ci aktywnos$ci antyoksydacyjnej wyznaczone metoda
ABTS rowniez wykazywaty zroznicowanie i wynosity od 0,31 do 0,36 mM TE-g ' dla L.
kamtschatica oraz od 0,34 do 0,36 mM TE-g' dla L. emphyllocalyx.

Wplyw fumigacji gazowym ozonem na witasciwosci antyoksydacyjne owocow
byl zroznicowany 1 zalezat zard6wno od zastosowanej dawki, jak 1 metody analizy. Dawka
5 ppm ekspozycja przez 5 minut istotnie zwickszyla warto$¢ aktywnosci

antyoksydacyjnej okre§lanej metodami FRAP oraz ABTS w pordéwnaniu do proby
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kontrolnej, we wszystkich badanych odmianach i klonach Lonicera caerulea var.
kamtschatica oraz Lonicera caerulea var. emphyllocalyx. W przypadku analizy
aktywnoS$ci antyoksydacyjnej metoda DPPH, najwyzsze wyniki (85,14% inhibicji)
uzyskano po zastosowaniu dawki 5 ppm przez 3 minuty. Aplikacja tej dawki wptyneta
istotnie na zwigkszenie si¢ warto$ci badanego parametru wzgledem proby kontrolnej
u wszystkich badanych odmian oraz klonach Lonicera caerulea var. kamtschatica
1 Lonicera caerulea var. emphyllocalyx. Wyniki wskazuja, ze ozonowanie, zwlaszcza
przy ekspozycji trwajacej 3 1 5 minut, zwicksza aktywnos$¢ antyoksydacyjng owocow
wiciokrzewu sinego, co sugeruje jego korzystny wplyw na wiasciwosci prozdrowotne
tych owocow.

Analiza morfologiczna owocéw wykazala istotne rdéznice miedzy klonami
1 odmianami Lonicera caerulea var. kamtschatica oraz Lonicera caerulea var.
emphyllocalyx. Owoce L. kamtschatica cechowaly si¢ wydluzonym, cylindrycznym
ksztattem, byty dtuzsze i wezsze oraz mialy $rednio o 35,5% mniejsza mas¢ niz owoce L.
emphyllocalyx, ktére charakteryzowaty si¢ wigksza szerokos$cig oraz bardziej kulistym
ksztattem. Ponadto, owoce L. emphyllocalyx wykazywaly ciemniejsza barwe, co moze
wptywacé na ich postrzegang atrakcyjno$¢ konsumencka.

W podsumowaniu pracy stwierdzono, ze fumigacja owocoéw Lonicera caerulea
var. kamtschatica oraz Lonicera caerulea var. emphyllocalyx odpowiednio dobrang
dawka ozonu wptywa na ksztattowanie jako$ci produkowanych owocéw. Odmiany
L. emphyllocalyx wyrdzniajg si¢ wyzszg zawarto$cig witaminy C oraz aktywnoS$cig
przeciwutleniajgca, co czyni je szczegdlnie wartosciowymi z punktu widzenia przemystu
spozywczego. Zastosowanie fumigacji ozonem w dawce nieprzekraczajacej 5 ppm przez
3 minuty istotnie poprawia warto$¢ biologiczna owocdw, zwigkszajac ich zawarto$¢
zwigzkow fenolowych, kwasu askorbinowego oraz potencjal antyoksydacyjny, nie
powodujac jednoczes$nie pogorszenia cech sensorycznych. Rok zbioru mial istotny
wplyw na badane parametry, co mozna powigza¢ ze zrdznicowanymi warunkow
klimatycznymi w okresie wegetacji. Przeprowadzone badania potwierdzaja potencjat
wykorzystania zardwno badanych odmian, jak i technologii ozonowania w produkcji
owocow jagodowych. Jednoczesnie wskazane jest dalsze okreslenie optymalnej dawki
gazowego ozonu, ktdra pozwoli na poprawg witasciwosci biologicznych owocoéw bez

negatywnego wplywu na ich jakos¢.
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PUBLIKACJA 3 - INVESTIGATING THE EFFECT OF OZONATION ON THE
MECHANICAL PARAMETERS OF LONICERA CAERULEA L. FRUITS USING
MACHINE LEARNING

Trzeci artykut wchodzacy w sktad pracy doktorskiej zostal opublikowany w 2025
roku w czasopismie Agricultural Engineering (40 pkt. MNiSW), pod tytulem
wInvestigating the effect of ozonation on the mechanical parameters of Lonicera
caerulea L. fruits using machine learning”. Niniejsza publikacja przedstawia badania
dotyczace wptywu fumigacji roslin gazowym ozonem na wybrane wlasciwosci
mechaniczne owocow oraz trwato$¢ przechowalnicza jagody kamczackiej i haskapu
japonskiego. Ponadto w pracy zaprezentowano mozliwo$¢ wykorzystania predykcyjnych
modeli uczenia maszynowego umozliwiajacych przewidywanie wlasciwosci
mechanicznych owocow danych gatunkéw i1 odmian w zaleznosci od zmiennych
parametréw badanego surowca, w tym roéwniez warunkéw przechowywania.

Wprowadzajac w tematyke badan, we wstepie podkreslono, ze w ostatnich latach
obserwuje si¢ wzrost zainteresowania owocami Lonicera caerulea L. w przemysle
spozywczym, co bezposrednio wigze si¢ z jej wlasciwosciami prozdrowotnymi oraz
wysoka zawarto$cig antocyjanéw, witaminy C 1 zwigzkéw fenolowych. Gloéwne
problemy w uprawie Lonicera caerulea L. obejmuja krotki okres zbioru, nierownomierne
dojrzewanie owocoéw oraz ich podatno$¢ na uszkodzenia mechaniczne podczas zbioru
1 przechowywania. Zaréwno uszkodzenia mechaniczne powstajgce w trakcie zbioru, jak
1 dhugotrwate przechowywanie w warunkach chtodniczych moga znaczaco obnizaé
warto$¢ prozdrowotng owocow. W tym kontek$cie proces ozonowania moze stanowic
obiecujaca technologi¢, pozwalajaca na przedluzenie trwaloSci owocoéw oraz
ograniczenie ryzyka rozwoju patogenow, bez konieczno$ci stosowania chemicznych
srodkoéw ochrony roslin (Lv 1 in. 2019).

Ozon jako silny czynnik utleniajagcy moze redukowac transpiracj¢ w owocach,
a tym samym ogranicza¢ utrate wody 1 wydtuza¢ ich przydatnos¢ do przechowywania.
Owoce poddane fumigacji gazowym ozonem wykazuja mniejszg podatno$¢ na rozwoj
grzybow 1 plesni oraz wigkszg odporno$¢ na uszkodzenia mechaniczne, zaréwno
w trakcie zbioru, jak i przechowywania w tancuchu dostaw. Ponadto zastosowanie
odpowiednich modeli uczenia maszynowego umozliwia prognozowanie zmian
wlasciwosci mechanicznych owocéw w  zaleznosci od zroznicowanych wartosci

(wieloletnie  dane) zastosowanych  zmiennych  (Niedbata 1 in. 2022).
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Celem pracy byta ocena wptywu procesu fumigacji gazowym ozonem w réznych
dawkach na badane wlasciwosci mechaniczne owocdéw Lonicera caerulea var.
kamtschatica 1 Lonicera caerulea var. emphyllocalyx.

W czesci  dotyczacej wykorzystanych metodyk badawczych opisano
przeprowadzone analizy oraz zastosowane metody. Badania prowadzono w latach 2022—
2024 na trzech odmianach Lonicera caerulea var. kamtschatica (‘Vostorg’, ‘Jugana’,
‘Aurora’) oraz jednej odmianie 1 dwoch klonach Lonicera caerulea var. emphyllocalyx
(‘Lori’, “21-17°, “139-24’). Owoce wykorzystane w niniejszym badaniu pozyskano
z ro$lin uprawianych w ramach $cistego do§wiadczenia wazonowego (po 100 g z kazdego
wariantu doswiadczenia), ktorego szczegdtowy przebieg zostat opisany w publikacji [1].
Material owocowy pochodzit z ro$lin Lonicera caerulea L. poddanych fumigacji
gazowym ozonem (5 ppm) przy roznych czasach ekspozycji (1, 3 1 5 minut). Po
wykonaniu zabiegéw fumigacji gazowym ozonem owoce z kazdego wariantu
doswiadczenia zebrano i przechowywano w warunkach chtodniczych w temperaturze
5°C. Kolejno w 1., 3. 1 5. dniu przechowywania przeprowadzano pomiary wybranych
wlasciwosci morfologicznych 1 mechanicznych badanych owocéw. Analizowano
nastepujace cechy morfologiczne (dhugos¢, szeroko$¢, mase, gestosé, kulisto$¢) oraz
mechaniczne (sile przebicia skorki 1 migzszu, deformacje, energie deformacji), a takze
zawarto§¢ wody. Pomiary mechaniczne wykonywano za pomocg teksturometru CT3-
1000 przy statej glebokos$ci penetracji i predkosci stempla testu. Innowacyjnym aspektem
pracy bylo wykorzystanie trzech metod uczenia maszynowego (MLP — wielowarstwowej
sieci neuronowej, RBF — radialnej funkcji bazowej 1 SVM — maszyn wektoréw nosnych)
do modelowania zalezno$ci migdzy parametrami mechanicznymi, a czynnikami
eksperymentalnymi (odmiana, rok, czas przechowywania, czas ozonowania).

Przedstawione w pracy wyniki pomiar6w wykazaly istotne rdznice
w wiasciwosciach morfologicznych owocow odmian 1 klonow Lonicera caerulea var.
kamtschatica oraz Lonicera caerulea var. emphyllocalyx. Niezaleznie od czasu
przechowywania 1 zastosowanej dawki gazowego ozonu, owoce odmian i klonow
L. caerulea var. emphyllocalyx charakteryzowaty si¢ $rednig masg wigkszg o 6,9%
w porownaniu z L. caerulea var. kamtschatica. Ponadto owoce tego podgatunku
cechowaly si¢ wyzszym S§rednim wspotczynnikiem kulisto$ci we wszystkich terminach

przechowywania, niezaleznie od dawki ozonowania.
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Owoce odmian i klonéw haskapu japonskiego (L. caerulea var. emphyllocalyx)
wykazywaly rowniez wigkszg odporno$¢ na uszkodzenia mechaniczne w pordwnaniu
z odmianami jagody kamczackiej (L. caerulea var. kamtschatica). Srednia sila przebicia
skorki 1 migzszu owocOw oraz energia niszczaca byly w ich przypadku wyzsze
odpowiednio 0 16,91% i 7,42%. Dodatkowo stopien deformacji owocow L. caerulea var.
emphyllocalyx byl nizszy we wszystkich analizowanych warunkach, co wskazuje na ich
wiekszg jedrnos¢ 1 odporno$¢ na zgniatanie. Zestawione cechy predysponujg odmiany
L. caerulea var. emphyllocalyx do zbioru mechanicznego oraz dhluzszego
przechowywania. Zastosowanie ozonowania miato pozytywny wplyw na wiasciwosci
mechaniczne badanych odmian i klonow Lonicera caerulea var. kamtschatica oraz
Lonicera caerulea var. emphyllocalyx. Zastosowanie fumigacji roslin gazowym ozonem
w dawce 5 ppm, przez 3 minuty, skutkowato istotnym zwiekszaniem wartosci sily
przebicia oraz energii potrzebnej do deformacji owocoéw Lonicera caerulea L.,
w poréwnaniu do wariantu kontrolnego. Otrzymane wyniki wskazuja, ze ozonowanie
moze stanowi¢ skuteczne narzedzie w poprawie trwato$ci pozbiorczej owocOdw Lonicera
caerulea L. poprzez zwigkszenie ich odpornosci mechanicznej, co istotnie rozszerza
mozliwosci ich dtuzszego przechowywania i transportu.

Zmiany morfologiczne i mechaniczne badanych owocow byly tez zalezne od roku
zbioru i czasu przechowywania. Owoce Lonicera caerulea var. kamtschatica i Lonicera
caerulea var. emphyllocalyx przechowywane przez 5 dni miaty nieco wigksza podatno$¢
na deformacj¢ 1 zapotrzebowanie na energi¢ przy przebiciu, co wskazuje na utrate ich
jedrnosci.

W celu oceny przydatno$ci metod uczenia maszynowego do prognozowania
zmian wlasciwosci mechanicznych owocow przeprowadzono modelowanie parametréw
zwigzanych z silg przebicia skorki 1 migzszu, deformacja i1 energig niszczaca.
Najdoktadniejsze modele uzyskano dla parametrow: deformaciji i energii (MAPE ok. 14—
20%). Modele przewidujace site przebicia cechowaty si¢ nizszag doktadnoscia,
szczegblnie w przypadku owocoéw haskapu japonskiego, co moze wynikaé z wigkszego
zrdznicowania tych danych. Analiza wrazliwo$ci modeli wykazata, ze najwazniejszym
czynnikiem wplywajacym na sil¢ 1 energi¢ przebicia owocow jagody kamczackiej miata
odmiana, a na deformacj¢ — rok zbioru. W przypadku Lonicera caerulea var.

emphyllocalyx wptyw wszystkich zmiennych (odmiana/klon, rok, czas przechowywania,
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ozonowanie) byt bardziej zrownowazony, co moze §wiadczy¢ o wigkszej stabilno$ci
mechanicznej owocow haskapu japonskiego.

W podsumowaniu stwierdzono, ze owoce Lonicera caerulea var. emphyllocalyx
wykazuja lepsze wlasciwosci mechaniczne i1 przechowalnicze w poréwnaniu do odmian
var. kamtschatica, co czyni je bardziej odpowiednimi do zbioru mechanicznego
1 dluzszego magazynowania. Ozonowanie dawka 5 ppm, szczeg6lnie 3-minutowe, moze
skutecznie poprawia¢ odpornos¢ mechaniczng owocow bez negatywnego wplywu na ich
jakos$¢. Modele predykcyjne oparte na uczeniu maszynowym mogg stanowi¢ uzyteczne
narzgdzie do projektowania optymalnych proceséw przechowywania i transportu

owocow jagodowych.

PUBLIKACJA 4 - ASSESSMENT OF MICROPROPAGATION POSSIBILITIES FOR
JAPANESE HASCAP (LONICERA CAERULEA VAR. EMPHYLLOCALYX L.)

Czwarty artykut wchodzacy w sktad niniejszej rozprawy doktorskiej (publikacja
2) zostal opublikowany w 2024 roku, w czasopismie Applied Sciences (100 pkt. MNiSW,
2,836 IF), pod tytutem ,,Assessment of micropropagation possibilities for japanese
hascap (Lonicera caerulea var. emphyllocalyx L.)”. Niniejsza publikacja przedstawia
badania nad opracowaniem skutecznego sposobu mikrorozmnazania haskapu
japonskiego (Lonicera caerulea var. emphyllocalyx), skupiajac si¢ na dwoch nowych
klonach hodowlanych — ‘21-17" (J21) 1 “139-24" (J13).

We wstepie podkreslono rosngce zainteresowanie produkcja owocow jagody
kamczackiej ze wzgledu na jej walory odzywcze i farmaceutyczne. Szczegdlng uwage
zwrocono na odmiane emphyllocalyx, rzadziej opisywang w literaturze, ktora cechuje si¢
pozniejszym kwitnieniem 1 dojrzewaniem owocOw 1 mniejszym opadaniem owocOw, co
czyni ja atrakcyjna dla plantatoréw. Tradycyjne metody rozmnazania, takie jak
sadzonkowanie, s3 jednak mato wydajne i obarczone ryzykiem infekcji, dlatego autorzy
proponuja zastosowanie kultur in vitro jako alternatywy umozliwiajacej szybkie
1 powtarzalne rozmnazanie zdrowego materiatu roslinnego (Kumar 1 in. 2011).

Celem badan byto opracowanie skutecznej metody mikrorozmnazania dla dwoch
wyzej wymienionych klonéw poprzez zastosowanie i porOwnanie roéznych typow
eksplantatow (fragmenty miedzyweziowe — NF 1 wierzchotki pedow — ST) oraz dwdch

regulatorow wzrostu: BA (6-benzyladenina) i mT (meta-topolina). Dodatkowo badano
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wplyw przechowywania roslin w niskiej temperaturze (4°C przez 4 tygodnie) na ich
aklimatyzacje.

W czesci dotyczacej wykorzystanych metodyk badawczych opisano trzyetapowy
protok6l mikrorozmnazania obejmujacy: proliferacje, ukorzenianie i1 aklimatyzacje.
Materiat roslinny pochodzit z mtodych roslin doniczkowych, ktére nie byly wczesniej
rozmnazane in vitro. W eksperymentach zastosowano pozywki oparte na Murashige i
Skooga (MS) z r6znymi dodatkami: cytokininy (BA lub mT) na etapie proliferacji,
auksyny (kwas indolilomastowy IBA) na etapie ukorzeniania oraz dodatkowe witaminy
1 mikroelementy.

Podczas fazy proliferacji zauwazono, ze znacznie wigcej eksplantatow typu ST
rozpoczeto wzrost w poréwnaniu z NF. Jednak to eksplantaty NF w potaczeniu z BA
wykazywaty wieksza liczbg dluzszych pedow 1 lepszy ogdlny wzrost. mT okazata si¢
mniej skuteczna niz BA — zar6wno pod wzgledem liczby pedéw, jak i ich dlugosci.
Kultury z mT charakteryzowaly si¢ mniejsza proliferacja i mniejszg wielkoscig kalusa,
pomimo iz rzadziej obserwowano martwice wierzchotkowa. Nie odnotowano istotnych
réznic migdzy klonami w odpowiedzi na cytokining, jednak J21 wykazywat wigksze
wydluzanie pedow.

W fazie ukorzeniania eksplantaty NF rowniez wykazaty lepsza zdolnos¢ do
ukorzeniania 1 rozwijaly dluzsze korzenie niz ST. Ogoélnie, klon J21 osiggat wyzszy
wskaznik ukorzeniania niz J13, pomimo, iz réZnice w martwicy wierzchotkow nie byty
istotne. Zastosowana pozywka zawierata IBA (kwas indolomastowy) w stezeniu 1,0
mg-dm™3, co pozytywnie wplywato na proces ukorzeniania.

Etap aklimatyzacji ujawnil wyrazne roznice miedzy klonami 1 typami
eksplantatow. Klon J21 rozwijal dluzsze korzenie, ale réwniez charakteryzowatl si¢
wyzszym odsetkiem martwych ro$lin po przeniesieniu do warunkow ex vitro.
Zastosowanie chlodzenia przed aklimatyzacja zwigkszalo S$miertelnos¢ siewek,
zwlaszcza w przypadku eksplantatow ST. Niemniej jednak chiodzone eksplantaty NF
mialy lepsze wyniki niz chtodzone ST. W pierwszych tygodniach aklimatyzacji
zauwazono zahamowanie wydhuzania pedow u roslin poddanych chtodzeniu, szczegdlnie
u klonu J21. Rdznice te zanikty w pdzniejszych obserwacjach 1 wykonanych pomiarach.

W czeéci  dyskusyjnej poroOwnano wyniki z wczesniejszymi badaniami
dotyczacymi innych odmian Lonicera. Zwrocono uwage na kluczowe znaczenie

genotypu, rodzaju eksplantatu oraz typu zastosowanej cytokiny w skutecznym
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mikrorozmnazaniu. Cytokina BA, mimo wiekszego ryzyka martwicy wierzchotkowej,
byta skuteczniejsza od mT w stymulowaniu wzrostu i tworzeniu pedéw. Eksplantaty NF
okazaly si¢ bardziej obiecujagcym materiatem do mikrorozmnazania niz ST, zar6wno na
etapie proliferacji, jak i aklimatyzacji.

W podsumowaniu stwierdzono, ze najskuteczniejszy protokot mikrorozmnazania
japonskiego haskapu obejmuje wykorzystanie eksplantatow typu NF oraz cytokininy BA.
Opracowana metoda moze by¢ w przysztosci uzyteczna dla rozmnazania nowych klonow
uzytkowych przeznaczonych do wuprawy towarowej 1 mechanicznego zbioru.
Przeprowadzone badania stanowig wazny krok w kierunku komercjalizacji

mikrorozmnazania tej cennej odmiany jagody kamczackiej.

7. PODSUMOWANIE

Przeprowadzone badania umozliwily wszechstronng oceng¢ wptywu fumigacji
gazowym ozonem na rosliny i owoce Lonicera caerulea L., obejmujaca aspekty
fizjologiczne, biochemiczne, mechaniczne oraz przechowalnicze. Uzyskane wyniki
jednoznacznie wskazuja, ze technologia ta, przy odpowiednio dobranych parametrach
prowadzenia procesu moze stanowiC istotny zabieg agrotechniczny wspierajacy
produkcje¢ sadowniczg oraz ksztattowanie jakosci handlowej owocow.

Wykazano, ze krotkotrwata ekspozycja roslin na dziatanie gazowego ozonu
o stezeniu 5 ppm nie wywoluje negatywnych zmian w funkcjonowaniu aparatu
fotosyntetycznego ani nie powoduje objawdw fitotoksycznosci. Analizowane wskazniki
fluorescencji chlorofilu oraz parametry wymiany gazowej utrzymywaly si¢ w zakresie
warto$ci optymalnych, co potwierdza prawidlowy przebieg procesow metabolicznych po
przeprowadzonych zabiegach fumigacji gazowym ozonem. Jedynie wydtuzony czas
ekspozycji roslin na dziatanie tego gazu (5 ppm przez 5 min) prowadzit do spadku
zawartoS$ci chlorofilu i pogorszenia czgsci parametrow fizjologicznych, co wskazuje na
mozliwo$¢ indukcji stresu oksydacyjnego. Wyniki te potwierdzaja, ze skuteczno$¢ i
bezpieczenstwo ozonowania determinowane sg przez st¢zenie Os 1 czas trwania zabiegu,
a takze przez cechy genotypowe badanych roslin. Zabieg ten stanowi obiecujgca
technologie wspierania zardOwno ochrony roslin, jak 1 poprawy ich zdrowotno$ci w
zréwnowazonej produkcji ogrodniczej. Jednakze wymaga dalszych badan, zwlaszcza w

przypadku innych gatunkéw roslin, polegajacych na doborze optymalnych dawek ozonu.
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Oceniajac jakos¢ produkowanych owocow stwierdzono, ze ozonowanie nie
obniza ich warto$ci biologicznej, a w wielu przypadkach prowadzi do istotnego wzrostu
zawartosci zwigzkow fenolowych oraz aktywnosci przeciwutleniajacej. Uzyskane wyniki
dowodza, ze fumigacja roslin gazowym ozonem moze przyczynia¢ si¢ do zwigkszenia
warto$ci prozdrowotnej produkowanych owocow, co podnosi ich atrakcyjnosé
konsumpcyjng i handlowa. Najkorzystniejsze efekty uzyskano przy zastosowaniu dawki
gazowego ozonu wynoszacej 5 ppm przez 3 minuty, ktora sprzyjata podwyzszeniu
zawartosci bioaktywnych metabolitow wtérnych przy jednoczesnym zachowaniu
integralnosci tkanek owocow. Jednocze$nie wykazano znaczace rdéznice pomiedzy
badanymi odmianami botanicznymi (podgatunkami). Owoce L. emphyllocalyx
charakteryzowaly si¢ wieksza masa, intensywniejsza barwa, wyzszg aktywnoS$cig
antyoksydacyjng oraz lepszymi wlasciwosciami mechanicznymi w poréwnaniu do L.
kamtschatica. Nalezy podkresli¢, ze istotny wptyw na jako$¢ owocow miaty réwniez
warunki §rodowiskowe w poszczegolnych latach prowadzenia badan. Czynniki takie jak
temperatura, opady czy nastonecznienie w okresie wegetacji oddzialywaty na biosynteze
witaminy C oraz zwigzkéw fenolowych, powodujac istotne wahania ich zawarto$ci
pomigdzy sezonami. Uzyskane wyniki dowodza zatem, ze efekty ozonowania
ksztattowane sg przez zmienno$¢ warunkowang przebiegiem pogody, co nalezy
uwzglednia¢ przy interpretacji rezultatow i planowaniu praktycznego wykorzystania tej
technologii.

Istotnym aspektem przeprowadzonych badan byla ocena trwatosci pozbiorczej
owocow. Wykazano, ze ozonowanie wptywa korzystnie na ich jedrno$¢ i odpornosc
mechaniczng, co ogranicza straty jako$ciowe podczas transportu i przechowywania.
Zastosowane zabiegi fumigacji ro$lin ograniczaty tempo degradacji §cian komoérkowych
1 utraty wody w owocach, dzigki czemu zachowywaty wigksza odporno$¢ mechaniczng
w porownaniu do owocow z prob kontrolnych. Najkorzystniejsze efekty uzyskano przy
zastosowaniu krotkotrwalej ekspozycji na ozon w dawce 5 ppm przez 3 minuty, ktora
pozwalata na znaczace spowolnienie proceséw starzenia, przy jednoczesnym zachowaniu
wysokiej jako$ci sensorycznej i1 technologicznej owocodw. Pomimo, iz naturalny proces
starzenia owocOow prowadzit do pogorszenia ich parametréw mechanicznych wraz
z wydtuzaniem okresu przechowywania, zastosowanie fumigacji ozonem pozwalato ten
proces spowolni¢. Nowatorskim elementem rozprawy byto wykorzystanie algorytmow

uczenia maszynowego do predykcji zmian jako$ci owocOw w zaleznosci od czasu

41



przechowywania, parametréw ozonowania i cech odmianowych. Uzyskane modele
wykazaty wysoka doktadno$c¢ predykcyjna, wskazujac na duzy potencjatl integracji metod
biologicznych 1 informatycznych do projektowania optymalnych procesow
przechowywania 1 transportu owocow jagodowych.

Catos¢ przeprowadzonych prac badawczych pozwala stwierdzi¢, ze ozonowanie
ro$lin i owocow Lonicera caerulea L. stanowi technologi¢ o znaczacym potencjale
aplikacyjnym, umozliwiajacg poprawe jakosci  biologicznej, prozdrowotnej
1 przechowalniczej surowcow, przy jednoczesnym wspieraniu zdrowotnosci roslin.
Wyniki rozprawy poszerzaja wiedz¢ o reakcjach roslin na dziatanie gazowego ozonu,
a jednoczes$nie wskazuja na realne mozliwos$ci praktycznego wdrozenia tej technologii
w ogrodnictwie.

Wnhioski te majg charakter zarowno poznawczy, jak i aplikacyjny. Z jednej strony
wzbogacaja podstawy naukowe dotyczace oddziatywania ozonu na procesy fizjologiczne
roslin 1 biochemiczne owocéw, z drugiej natomiast dostarczaja narzedzi i wskazéwek
przydatnych w praktyce ogrodniczej. Rozprawa dowodzi, ze odpowiednio
przeprowadzony proces ozonowania stanowi bezpieczng i przyjazng srodowisku metode,
ktéra moze odgrywaé istotng role w rozwoju nowoczesnych i zrownowazonych

systemow produkcji zywnos$ci wysokiej jakosci.
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Abstract: Lonicera caerulea is a species known for its fruit with a rich health-promoting
composition and the high frost resistance of its bushes. The increase in the popularity
of this species and the number and area of plantations increases the risk of diseases and
pests. However, the use of ozone gas may involve the risk of physiological damage to
the plant. In this experiment, in 2022-2023, the physiological response of six varieties of
Lonicera caerulea L. to gaseous ozone at a concentration of 5 ppm-1 min, 5 ppm-3 min and
5 ppm-5 min was determined. The flavonoid-nitrogen index (NFI) remained unchanged
at 0.33 in both non-ozonated leaves and those exposed to a 5 ppm-3 min dose of ozone.
In general, ozonation did not lead to significant changes in the physiological parameters
observed for most of the varieties studied. The mean performance index (Pjota1) value of
the ozonated leaves decreased by 23.1% for LE “Lori” and 23.8% for ‘139-24’, after applying
an ozone dose of 5 ppm-5 min in 2022. A significant decrease of 34.3% in the average
transpiration rate (E) was observed after the use of 5 ppm-5 min ozone in plants of the
variety ‘21-17" across both years of cultivation. The different effects of the ozone doses used
may indicate different reactions depending on the variety used and the year of cultivation.
Overall, the study found that ozone does not have a phytotoxic effect on most varieties,
which may indicate different reactions and differences between varieties. The use of an
appropriate dose of ozone did not cause any disruption in the selected physiological
parameters of Lonicera caerulea L. plants. The absence of phytotoxicity in some varieties
may allow the use of ozonation treatments in agriculture; however, further research on the
long-term effects on plants is required.

Keywords: Lonicera caerulea; ozonation; sustainability; NFL; Fm/Fv; leaf gas exchange

1. Introduction

Genus Lonicera is one of 200 species belonging to family Capirfoliace. An important
species from Central Asia and Eastern Europe is the blue honeysuckle—Lonicera caerluea [1].
This species contains several botanical varieties, such as L. caerulea var. kamtschatica, altaica,
edulis, emphyllocalyx and boczkarnikovae, found in regions of Russia and Japan. Lonicera
caerulea L. has a well-known botanical variety, L. kamtschatica, which is commonly referred
to in Poland as the 'Kamchatka berry’. It is recognized as one of the first fruit-bearing plants
to mature in Poland [2,3]. Referred to as the "haskap berry’, L. caerulea var. emphyllocalyx
Nakai, which originated from Hokkaido, is a lesser-known botanical variety of Lonicera
caerulea L., which thrives in the cold intermountain areas from central to northern regions
of Japan [4]. L. caerulea varieties are well known for their rich content of compounds such as
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cyanidin-3-glucoside and chlorogenic acid, which have a wide range of health-promoting
effects [5,6]. Lonicera caerulea can reach heights of 0.8 to 3.0 m, has a lifespan of 25 to
30 years and is well adapted to adverse environmental conditions that induce plant
growth [7]. The phytochemical composition of Lonicera caerulea L. provides various ad-
vantages for its growth, development and resistance to environmental stresses. These
compounds also play a key role in improving the plant’s ability to interact effectively with
its environment [8,9].

Ozone (O3) is a broad-spectrum, high-efficiency and rapid bactericidal compound
known for its strong oxidant effect [9]. Its application in suitable doses can influence the
levels of bioactive compounds and positively impact storage possibilities by minimizing
water loss, reducing microbial contamination and lowering ethylene emissions from treated
fruits [10-12]. Due to its wide range of applications, apart from food processing, ozonation
is increasingly used in agriculture [13]. The effective use of ozonation in agricultural
practices requires determining the appropriate dose of ozone, which may vary depending
on the plant species, variety and propagation season. Long-term exposure to ozone gas
can cause a number of disorders in plant growth and development, thereby reducing
plant growth, disturbing its gas exchange and the synthesis of biochemical compounds
and reducing yield [14]. Numerous scientific studies have documented a decline in net
photosynthesis (PN) as a result of exposure to elevated ozone levels. Photosynthesis
is the primary physiological process impacted by excessive ozone in the troposphere,
particularly in sensitive plants [15,16]. Physiological damage that may occur after the
use of ozone gas requires the determination of an appropriate ozone dose, which may
prevent a decrease in plant health [17,18]. Ozone eliminates agricultural pests through
multiple mechanisms. It can penetrate cell walls and disrupt the enzyme metabolism of
insects [13,19]. Ozone treatment, along with its ability to remove pesticide residues, has
made it a widely adopted, residue-free method for improving soil quality, sanitizing food
and purifying water [20]. The use of ozonation in plant production can be an effective
means of reducing fungal diseases, reducing the microbial load and eliminating plant
pests that transmit diseases [15,21]. When ozone is applied to soil or nutrient solutions, it
boosts oxygen levels, which subsequently improves root respiration [22]. The European
Green Deal’s regulations, which seek to drastically cut the application of agricultural
pesticide products in agriculture, are accelerating the lookout for sustainable alternatives.
The search for eco-friendly alternatives that enhance plant protection while ensuring crop
quality, safety and production profitability is being driven by initiatives aimed at drastically
reducing the use of plant protection products in agriculture [23]. Due to the growing
popularity of Lonicera caerulea var. kamtschatica and Lonicera caerulea var. emphyllocalyx,
along with the large scale of their cultivation, using an appropriate dose of gaseous ozone
could be beneficial in agrotechnical treatments for these species [24].

This study analyzes the main physiological characteristics of two botanical varieties of
Lonicera caerulea after ozonation, such as the content of chlorophyl, flavanols and antho-
cyanins; chlorophyll fluorescence properties; and leaf gas exchange parameters. This study
may reveal the effect of gaseous ozone on the physiological properties of plants and the
possibility of using ozone treatments during cultivation. The research results are of great
significance for improving the ozonation technology used on Lonicera caerulea.

2. Materials and Methods
2.1. Plant Material

The experiment was conducted in a potted plant nursery located in Tyczyn (49°57'52" N
22°2'47" E, Subcarpathian Voivodship, Poland), during years of 2021-2023. Plants of
Lonicera caerulea var. kamtschatica cultivars “Vostorg’, ‘Jugana’” and ‘Aurora’, later referred
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to as LK, and Lonicera caerulea var. emphyllocalyx ‘Lori’, ‘21-17" and “139-24’, later referred
to as LE, were used in this study. The research material consisted of 3-year-old plants
with a height of 1.40 cm to 1.50 cm in the early stage of fruit development. Growth
conditions, fertilization method and weather conditions prevailing during this experiment
are mentioned in our previous study [25].

2.2. Ozone Treatments

In each year of the experiment, ozonation was performed three times: during fruit
setting, greening and ripening. Gaseous ozone was used at a concentration of 5 ppm for
1 min, 3 min and 5 min (flow 40 g O3-h™1). The concentrations used in the experiment were
selected based on preliminary experiments, the results of which are not published in this
experiment. Preliminary studies were carried out in 2021, on the same group of plants,
at different times, to determine the optimal ozone dose and the appropriate time of day
for ozonation. Based on preliminary research, it was determined that doses of gaseous
ozone higher than 5 ppm-5 min caused visible symptoms of physiological damage in half
of the ozonated plants. The optimal time of day for ozonation was the evening; ozonation
performed in the morning when the plants were covered with dew or during the day when
the sun was shining intensely resulted in increased symptoms of phytotoxicity [Figure 1].

Figure 1. Plant damage during preliminary tests. (A) Healthy LE plants; (B) physiological damage
on LE caused by ozone exposure.

Ozone was produced with KORONA A 40 Standard (Korona, Piotrkéw Trybunalski,
Poland) with the UV-106-M ozone solution detector (Ozone Solution, Hull, MA, USA). The
ozonation treatment was performed in a chamber with dimensions of 1.50 x 1.20 x 1 m,
created for the purposes of the study. Temperature and relative humidity inside and outside
the chamber during ozonation were measured using BRESSER ClimaTemp IO (Bresser,
Rhede, Germany). The plants taking part in the experiment were randomly divided; ten
plants were used in the treatment and control groups. Plants were ozonated in batches of
10, and each variety was ozonated individually. Immediately after the ozonation treatment,
the generator was turned off and the chamber was opened and the plants removed. An
even distribution of ozone was possible thanks to two pipes that supplied ozone from
two sides and a fan that allowed for the even injection of ozone into the cubicle of the
entire chamber. Before taking measurements of physiological traits, several young upper
shoots with young leaves were marked on each plant. Each measurement of physiological
traits (pigment content, chlorophyll fluorescence and gas exchange) was taken from young
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leaves located on these shoots; measurements were taken from each of the ozone-exposed
plants. The parameters studied during the experiment were measured in accordance with
the order established during ozonation.

2.3. Content of Chlorophyl, Flavanols and Anthocyanins

The content of chlorophyll (ChIM; T850 nm/T720 nm), flavonols (FlvM, F660 nm/
F325 nm) and anthocyanins (AnthM; F660 nm /F525 nm) in Lonicera caerulea L. plants was
determined using an MPM-100 multi-pigment meter (ADC Bioscientific Ltd., Hoddesdon,
UK), based on the methodologies in study of Cerovic et al., 2008 [26]. The analysis was
repeated in each year of the study, at the same time interval. Pigment content was measured
on the 1st, 3rd and 5th day after ozonation. For each measurement, one leaf per plant
was selected. Data were analyzed from 10 measurements each (one per plant), for both
treatment and control groups. Using the initial data regarding content of chlorophyll and
flavonols, the nitrogen—flavonol index (NFL; (T850/T720)/(F660/F3)) was calculated.

2.4. Chlorophyll Fluorescence

The OJIP fluorescence transient analysis was conducted using OS30p Chlorophyll
Fluorometer (Opti-Sciences, Hudson, NH, USA). Fully developed young leaves were used
for analysis. Before measurement, leaves were dark adapted for 20 min. The analysis was
repeated in each year of the study, at the same time interval. Fluorescence analyses were
performed on the 1st, 3rd and 5th day after ozonation. For each measurement, one leaf
per plant was selected. Data were analyzed from 10 measurements each (one per plant)
for both treatment and control groups. The OJIP fluorescence parameters were calculated
based on the formulas shown in Table 1.

Table 1. Explanation of formulas of the steps of fluorescence induction.

Parameter Formula Explanation
Fo Minimum fluorescence intensity (50 ps)
FO Fluorescense intensity on O step (20 ps)
FJ Fluorescense intensity on J step (2 ms)
FI Fluorescense intensity on I step (60 ms)
Fm Maximal fluorescence also known as P step
Fv (Fm/Fo) Variable fluorescence of PSII (Fv = Fm — Fo)
Fv/Fm Variable fluorescence to maximal fluorescence
(Fv/Fm = (Fm — Fo)/Fm)
Fv/Fo The stress-detecting parameter (Fv/Fo = (Fm — Fo)/Fo)
Vj Vj = (Fj — Fo)/Fm — Fo
Mo Mo = (F300 — F50)/(Fm — F50)/0.25 ms
Piiotal Pltotal = PIAbs x {(1 — Vi)/(1 — Vj)}/[1 — {(1 — Vi)/(1 — Vj)}]

The study evaluated the initial parameters of minimum fluorescence (Fo) measured at
50 pus, FO—O step measured at 20 us, F]—] step measured at 2 ms, FI—I step measured at
60 ms and maximum fluorescence (Fm) and variable fluorescence (Fv) according to Baker
et al., 2004 [27]. The Fv/Fm ratio represents the maximum quantum yield of photosys-
tem II (PS II) and serves as an indicator of the maximum efficiency of excitation energy
transfer. The potential activity of PSII (Fv/Fo), sensitive stress detecting parameters, were
measured. The JIP test translates the initial parameters to biophysical parameters, used to
calculate fluorescence required for calculation of the initial slope (Mo) and total fluorescence
performance index (Pliya1) [28,29].
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2.5. Gas Exchange Parameters of Lonicera caeruelea L.

Gas exchange parameters of Lonicera caerulea L. were measured using LCi T
(ADC BioScientific Ltd., Hoddesdon, UK). The study evaluated the following gas ex-
change parameters: CO, assimilation rate—A (umol-mol~!), stomatal conductance—Gs
(mol-m~—2s71), transpiration rate—E (mol-m~2s71) and sub-stomatal CO, concentration—
Ci (umol-mol '), based on the methodologies in study of Joshi et al., 2020 [30]. The analysis
was repeated in each year of the study, at the same time interval. Gas exchange parameters
were measured on the 1st, 3rd and 5th day after ozonation. For each measurement, one leaf
per plant was selected. Data were analyzed from 10 measurements each (one per plant), for
both treatment and control groups.

2.6. Statistical Analysis

The Statistica 13.3. program (TIBCO Software Inc., Tulsa, OK, USA) was used to
calculate results of a statistical evaluation, which included analysis of variance (ANOVA)
and the significance LSD test at a significance level of & = 0.05. The Kolmogorov-Smirnov
test was used to check whether the data followed a normal distribution, while the Brown—
Forsythe test was employed to evaluate the homogeneity of variances.

3. Results and Discussion
3.1. The Value of Individual Pigments and the Nitrogen—Flavonol Index of Leaves

Pigments contained in leaves have a significant impact on plant biological processes.
Plant stress caused through external factors can disrupt the biosynthesis of pigments in
leaves and also accelerate their degradation. The extent of variation in chlorophyll levels
is often regarded as an indicator of a plant’s sensitivity [31]. The content of individual
pigments and the nitrogen—flavonol index (NFI) depending on the year of the experiment
and the tested botanical variety is presented in Table 2.

Table 2. The content of individual pigments and the nitrogen—flavonol index depending on the
botanical variety and year of cultivation.

Variable ChiIM FlvM AnthM NFI
Lonicera caerulea var. kamstchatica
Vostorg 0.47 + 0.09 b¢ 1.36 +0.12 0.12 + 0.06 2 0.33 +0.09 2
Jugana 0.50 + 0.09 © 1.42 +£0.09P 0.11 +0.042 0.33 + 0.07 @b
Aurora 0.50 +0.10 ¢ 1.41+0.11° 0.12 + 0.06 2P 0.34 +0.07b
Variety Lonicera caerulea var. emphyllocalyx
Lori 0.44 +0.07 2 1.40 +£0.11 3 0.11 +0.052 0.31 + 0.06 2
21-17 0.41+0.102 1.41 +£0.10" 0.13 +0.04" 0.31 +0.072
139-24 0.46 +£0.11P 130 +0.122 0.10 + 0.06 2 0.36 + 0.08 P
Average 0.45 + 0.09 1.41 +0.11 0.11 £+ 0.06 0.33 + 0.08
p value 0.0054 0.0036 0.0058 0.0003
2022 0.45 + 0.08 2 1.40+0.102 0.12 +£0.052 0.34 +0.072
Year of study 2023 0.43 +0.102 139 +0.122 0.11 +0.082 0.32 +0.082
Average 0.44 £+ 0.10 1.40 = 0.11 0.12 £+ 0.06 0.33 £ 0.07
p value 0.1636 0.2441 0.1845 0.2054
Interaction Vv Vv AV Vv

Explanation: ChIM—chlorophyll content; FlvM—flavonol content; AnthM—anthocyanin content; NFI—nitrogen-—
flavonol index; V—variable. The values represent the mean + SD; SD—standard deviation. The alphabetical
letters represent significant differences at the level of p < 0.05.
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In the analyzed plants, the average values of individual pigments and the average
nitrogen—flavonol index (NFI) were determined to be as follows: ChIM—0.45, FlvM—1.41,
AnthM—0.11 and NFI—0.33. The LK plants exhibited a higher average content of the
tested pigments, with LK leaves having an 11.2% higher ChlvM compared to the LE plants.
The nitrogen—flavonol index coefficient varied significantly between varieties within the
LE group. The average NFI value in the tested botanical varieties was the same—0.33.
The pigment values in the LK and LE leaves did not differ significantly depending on the
year of cultivation. Chlorophyll levels serve as reliable indicators of a plant’s nitrogen
status. In nitrogen deficit, plants generate increased amounts of flavonoids or carbon-
based compounds. Since nitrogen is essential in the composition of chlorophyll in leaves,
assessing chlorophyll levels can help determine the plant’s nutritional status in relation to
this element and the potential negative impact of external factors on the plant [32,33].

Quantitative indicators of plant health can be assessed either during or immediately
after abiotic and biotic stresses. Increased ozone content in the atmosphere can be a
stress factor, causing a loss of chlorophyll in plant leaves, thereby reducing photosynthetic
power [14]. The effect of gaseous ozone on LK and LE leaves was different depending on
the applied dose and the day of measurement (Table 3).

Table 3. The content of individual pigments and the nitrogen—flavonol index in LK and LE leaves
depending on ozone exposure time.

Lenght of Time After
Ozonation Ozonation [Days] ChiM FlvM AnthM NFI
1 0.45 + 0.10 <d 1.36 +0.102 0.13 + 0.06 " 0.33 4 0.08 bc
c . 3 0.44 +0.09b 1.39 + 0.11 b¢ 0.12 4+ 0.04 2P 0.34 +0.08 ¢
ontro 5 0.46 +0.10 ¢ 1.43 +0.09¢ 0.12 & 0.03 @ 0.34 + 0.06
Average 0.44 + 0.09 1.39 4+ 0.10 0.13 + 0.08 0.34 + 0.08
1 0.44 +0.09 ¢ 1.38 4 0.11 abe 0.15 + 0.08 ¢ 0.30 + 0.07 2
5 Lo 3 0.44 +0.09 1.41 4+ 0.11 be 0.11 +£0.032 031+ 0.06P
ppm-1 min 5 0.45 + 0.09 143 +0.12° 0.13 & 0.03 2 0.32 + 0.06 P
Average 0.44 +0.10 1.41 +0.11 0.13 + 0.05 0.31 + 0.07
1 0.43 + 0.10 bc 1.38 +0.103P¢ (.14 + 0.08 bc 0.33 4 0.09 be
, 3 0.45 +0.11°¢ 136 +0.122 0.09 +0.032 0.34 4+ 0.09 €
5p pm-3 min 5 0.45 + 0.07 € 1.43+0.14°¢ 0.12 +0.042 0.32 4+ 0.06b
Average 0.44 + 0.09 1.3940.12 0.12 + 0.06 0.33 4+ 0.08
1 0.43 4+ 0.11 be 1.37 +£0.10 @ 0.15 4+ 0.05¢ 0.30 4+ 0.08 2
5 5 mi 3 0.39 4+ 0.08 2 1.30 + 0.09 abc 0.09 + 0.06 2 0.32 4+ 0.06b
ppm-> min 5 0.40 4+ 0.09 2 139 +£0.10°¢ 0.1140.032 0.3140.09°
Average 0.41 +0.13 1.43 +0.10 0.12 +0.03 0.31 + 0.08
p value 0.0008 0.0035 0.0024 0.0042
Interaction LxT LxT LxT LxT

Explanation: ChIM—chlorophyll content; FlvM—flavonoid content; AnthM—anthocyanin content; NFI—
nitrogen—flavonol index; L—length of ozonation; T—time after ozonation. The values represent the mean + SD;
SD—standard deviation. The alphabetical letters represent significant differences at the level of p < 0.05.

The effect of gaseous ozone doses applied to the botanical varieties was similar. Sig-
nificant differences between the tested plants occurred only after the dose of 5 ppm-5 min
was applied. In our experience, a decrease in the tested parameters was observed in most
variants on the 3rd day after ozonation. Despite the lack of visible plant damage by gaseous
ozone, the use of ozone for 5 min significantly reduced the average value of the ChIM
parameter, and consequently, the nitrogen—flavonol index. The use of an ozone dose of
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5 ppm-5 min, compared to the control sample, resulted in a decrease in the average ChIM
and NFI parameters by 6.8% and 8.8%, respectively. A similar relationship can be observed
in the study of Boublin et al., 2022 [34], where ozonation caused a decrease in the chloro-
phyll content in Arabidopsis thaliana; however, the response varied depending on the variety.
Plant response to ozone may vary depending on plant species, variety, weather and ozone
concentration. In study of Brazaityté et al., 2009 [35], the use of gas had an effect depending
on the plant species tested; however, it led to a reduction in the levels of chlorophyll
and carotenoids.

The application of ozone gas at a dose of 5 ppm for 3 min did not significantly affect
the tested parameters, compared to the control sample. This may indicate that ozone at
this dose does not induce plant stress in Lonicera caerulea L. Similarly, in a study conducted
by Fujiwara et al., 2009 [36], the application of lower doses of ozone did not cause stress
reactions in cucumber leaves; while having the ability to disinfect powdery mildew, higher
doses of ozone spray showed visible physiological disorder. The use of an appropriate dose
of ozone to eliminate pests and reduce residues of plant protection products is consistent
with the assumptions of sustainable agriculture, which encourages a decrease in pesticide
use [10,37,38].

Based on the analysis of individual pigments of the LK and LE plants, it is concluded
that the appropriate dose of gaseous ozone, 5 ppm for 3 min in our experiment, does
not cause significant changes in the pigment content in leaves, thus not causing any
disturbances in plant photosynthesis. The use of a longer time or a higher concentration of
gaseous ozone may cause changes in the ChlIM content and the nitrogen—flavonol index
parameter. Applying an ozone dose of 5 ppm for 5 min significantly reduced the ChIM and
NFI values in the tested plants, suggesting a potential negative impact of ozone.

3.2. Physiological Parameters of Leaves

Stress occurring in the growing environment of the selected plants leads to a reduction
in the maximum quantum efficiency of the photosystem. The maximum quantum efficiency
of the photosystem II (Fv/Fm) serves as a commonly used measure to evaluate the condition
of photosynthesis in plants [39]. The influence of ozone gas on Fv/Fm of LK and LE is
presented in Figure 2. The Fm/Fv value in LK and LE leaves ranges from 0.79-0.81,
regardless of the year of cultivation and the dose of gaseous ozone. The most favorable
Fv/Fm range is from 0.79 to 0.84 for many species of plants. Reduced values may indicate
the occurrence of plant stress [40].

Year of propagation

2022 2023
0.83
£ 0.81 F F—Fr—k
=
K U I ﬁlﬁ%{]ﬁﬁ%lﬁl
0.77 by |
<

0.75

0 1 3 5 0 1 3 5  Mean

Ozone exposure time [min]
Vostorg M Jugana @1 Aurora M Lori 21-17 m139-24

Figure 2. The effect of gaseous ozone on the maximum quantum efficiency of photosystem II (Fv/Fm)
of the leaves of LK and LE varieties in 2022-2023. The values represent the mean (n = 10) & SD,
where SD represents the standard deviation. The alphabetical letters represent significant differences
at the level of p < 0.05.
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The use of gaseous ozone does not have a significant effect on the tested parameter
in any of the tested varieties. The average Fv/Fm value of the leaves not subjected to
ozonation was 0.80, and that of the leaves ozonated at any dose was 0.81. Conducting
the Fv/Fm test on plants allows for an easy assessment of whether the applied biotic and
abiotic factors have a stressful impact on the tested plants [39]. A similar relationship can
be observed in the study of Zardzewialy et al., 2024 [41], where the gaseous ozone did not
significantly impact the Fv/Fm parameter of tomato leaves.

The net rate of PS II closure (Mo) is one of the important physiological parameters
defining the rate of primary photochemistry [41]. The impact of ozone gas on the Mo of the
LK and LE varieties is presented in Figure 3.

Year of propagation

060 2022 2023
I

0.50 i L 1 I L I
o O ks I I
= I
040 g t -
0.30

0 1 3 5 0 1 3 5  Mean

Ozone exposure time [min]

Vostorg M Jugana ™ Aurora M Lori = 21-17 m139-24

Figure 3. The effect of gaseous ozone on the net rate of PS II closure (Mo) of the leaves of LK and
LE varieties in 2022-2023. The values represent the mean (n = 10) &+ SD, where SD represents the
standard deviation. The alphabetical letters represent significant differences at the level of p < 0.05.

The value of the Mo parameter depends on the year of the experiment, the plant
variety and the dose of ozone used. The Mo value in LK and LE leaves ranges from
0.43-0.56, regardless of the year of cultivation and the dose of gaseous ozone. The use of
gaseous ozone had no significant effect on the average value of the Mo parameter in most
of the LK and LE leaves. However, in 2022, the LK variety ‘Jugana’ responded differently,
showing a 12.5% decrease in the Mo value of ozonated leaves compared to the control
sample. In the study of Thwe et al., 2014 [42], the authors observed an increase in the
Mo parameter in ozonated plants by 26%. In our experience, a similar relationship can
be observed in the LK ‘Aurora’ variety, which was characterized by an increase in Mo
in 2022 and 2023 in ozonated leaves by 14.3% and 7.5%, respectively. Fluctuations in the
Mo parameter of ozonated leaves may cause alteration of the photosynthesis processes
during growth [43]. Deviations in the Mo value of ozonated LK and LE leaves may cause
disturbances in plant photosynthesis.

The performance index of absorption basis (Pi,)) is @ multi-parametric expression
of these three independent steps contributing to photosynthesis [44]. The performance
index is utilized in multiple studies to measure the impact of environmental factors like
cold stress, heat, drought and ozone on photosynthesis [45,46]. The influence of ozone gas
on the Piyy1 of the LK and LE varieties is presented in Figure 4.

The Pita parameter value is influenced by the year of the experiment, the plant
variety and the dose of ozone used. The use of an ozone dose of 5 ppm-5 min in 2022,
compared to the control sample, resulted in a decrease in the average Pi;y,) value of the
LE varieties ‘Lori” and “139-24". The mean Pi;, value of the leaves of ‘Lori” and “139-24/,
ozonated for 5 min, was lower by 23.1% and 23.8%, respectively. For the remaining tested
varieties, the Piio, value in the ozonated leaves did not differ significantly from the control
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sample, regardless of the propagation year. According to study of Bussotti et al., 2007 [16],
the use of leaf ozonation resulted in a decrease in the performance index (Pitta). In the
study of Ballarin-Denti et al., 2005 [47], ozonation increased the Pit,) value, thus increasing
the photosynthetic efficiency of Quercus robur and Pulus nigra. The susceptibility of plants
to gaseous ozone is a species characteristic; some species may not react in the same way
as others. The results obtained in the experiment indicate a different effect of ozone on
varieties within one species. The lack of significant differences between the non-ozonated
and ozonated plants indicates the good physiological condition of the plants.

Year of propagation

2022 2023
6.00
I I‘

724.00 | I‘Iﬁ%]:l I Iﬁ%QIAI | I Ii]:l‘l
E‘“ 9]

2.00 ¥

0.00 1

0 1 3 5 0 Mean

Ozone exposure time [mm]
Vostorg M Jugana © Aurora M Lori 21-17 m139-24

Figure 4. The effect of gaseous ozone on the performance index (Piyy,)) of the leaves of LK and
LE varieties in 2022-2023. The values represent the mean (n = 10) £ SD, where SD represents the
standard deviation. The alphabetical letters represent significant differences at the level of p < 0.05.

3.3. Gas Exchange Parameters of Leaves

During cultivation, various factors impact plant development, inducing stress and
disrupting physiological functions, which can ultimately restrict development and harvest.
An early response to environmental stress is the alteration in gas exchange, occurring
before the redistribution of biomass [48]. The gas exchange parameters E—transpiration
rate, Gs—stomatal conductance and Ci—intercellular CO; concentration may reflect the
actual physiological state of the plant and the influence of ozone. Higher ozone contents
in the atmosphere cause a reduction in stomatal conductance and thus transpiration in

plants [49,50]. The effect of ozone gas on the transpiration parameters of Lonicera caerluea L.
varieties is shown in Figures 5-7.

Year of propagation

20 2022 2023
=25
('“.E 2.0 % T . _;[6
o) 1.5 g © g NI
£ 1.0 ¥ 1
0.0
0 1 0 5 Mean

Dose of ozone [min]
Vostorg M Jugana © Aurora MLori m21-17 m139-24

Figure 5. The effect of ozone gas on the transpiration rate (E) of LK and LE varieties in 2022-2023.
The values represent the mean (n = 10) & SD, where SD represents the standard deviation. The
alphabetical letters represent significant differences at the level of p < 0.05.
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Year of propagation
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Figure 6. The effect of ozone gas on the intercellular CO, concentration (Ci) of LK and LE varieties in
2022-2023. The values represent the mean (n = 10) &= SD, where SD represents the standard deviation.
The alphabetical letters represent significant differences at the level of p < 0.05.

Year of propagation
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Figure 7. The effect of ozone gas on the stomatal conductance (Gs) of LK and LE varieties in 2022-2023.
The values represent the mean (n = 10) & SD, where SD represents the standard deviation. The
alphabetical letters represent significant differences at the level of p < 0.05.

The value of the gas exchange parameters depends on the year of the experiment, the
plant variety and the dose of ozone used. Regardless of the year of production, the average
value of the gas exchange parameters did not change significantly in most varieties after
ozonation. A significant decrease of 34.3% in the transpiration rate, E, was observed in
both years of cultivation in ozonated plants of the LE variety ‘21-17’. In 2022, a significant
decrease of 29.1% in stomatal conductance (Gs) was observed in the LE variety ‘21-17
after applying an ozone dose of 5 ppm for 5 min. In the study of Hoshika et al., 2022 [51],
researchers point to the negative impact of ozone on stomatal conductance and transpiration
rate. In study of Matlok et al., 2024 [52], the use of an appropriate dose of ozone gas did not
cause any significant decline in the health of raspberry leaves. Chlorophyll fluorescence
and gas exchange measurements that deviate from the norm in the case of ozonated plants
indicate a decrease in the plant’s health. For the remaining varieties of LK and LE, the
registered gas exchange measurement corresponded with the established values of the
nitrogen—flavonol index and chlorophyll fluorescence parameter. The lack of significant
deviations between the ozonated plants and non-ozonated plants indicates that the plants
were in good physiological condition. The different reaction of the ‘21-17" LE variety
indicates the possibility of differences between varieties within a single species.

In our experience, it has been determined that gaseous ozone can be used in agrotech-
nical treatments of Lonicera caerulea L. plants because it does not cause disturbances in the
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physiological parameters tested in most varieties. Apart from changes in the physiological
parameters of the plants, no visible symptoms of growth disorders such as a significant
reduction in the size of the bushes were observed. However, when using ozone, it is
necessary to take into account possible differences between varieties, which will force the
use of a different concentration, the determination of which is difficult due to the unstable
nature of ozone.

4. Conclusions

According to this study, changes in the chlorophyll fluorescence, contents of individual
pigments and gas exchange parameters in leaves were found in different LK and LE
varieties. The use of an appropriate dose of gaseous ozone does not cause significant
deviations in the tested parameters, indicating a lack of phytotoxic effects in most varieties.
The nitrogen—flavonol index (NFI) in the non-ozonated leaves and those ozonated for
3 min was the same—~0.33. The mean Piy, value of the leaves of the ‘Lori” and ‘139-24’
varieties decreased by 23.1% and 23.8%, respectively, after 5 min of ozonation. In the
other tested varieties, the Pij, value in ozonated leaves showed no significant difference
in comparison to the control group, irrespective of the propagation year. The average
gas exchange parameters did not change significantly in most varieties after ozonation,
although a significant decrease of 34.3% in the transpiration rate, E, was observed in both
years of cultivation in ozonated plants of the LE variety "21-17’. This may indicate different
reactions within the same species. On the basis of this study, ozone does not have a
phytotoxic effect on most varieties. It was determined that ozone at a dose of no more than
5 ppm-5 min can be used for agrotechnical treatments without a significant effect on some
physiological parameters. The use of ozonation for plant protection may contribute to
the development of cultivation technology for Lonicera caerulea L. Further development of
ozonation technology for Lonicera plants may contribute to the development of cultivation
technology for this species. Further research on this species should focus on the long-term
effects of ozone on plants and its impact on biochemical and molecular properties.
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Abstract: Lonicera caerulea L. fruits are a rich source of vitamins, organic acids, and phenolic com-
pounds, which are characterised by their health-promoting properties. The content of bioactive
compounds in this fruit may vary depending on the cultivar and the harvest date. This study anal-
ysed the effect of applying 5 ppm gaseous ozone for 1, 3, and 5 min on the chemical properties
of L. kamtschatica varieties and newly created clones of L. emphyllocalyx for three years of cultiva-
tion. The fruits harvested from L. emphyllocalyx, depending on the year of harvest, had significantly
larger size and weight compared to L. kamtschatica. On average, the acidity of the L. emphyllocalyx
clones was 6% higher than other tested varieties. The average content of ascorbic acid was highest
in L. emphyllocalyx clone 21-17'—57.80 mg-100 g~!; the year of harvest will significantly affect the
content of vitamin C, reaching the highest level in 2022—53.92 mg-100 g~!. The total content of
polyphenols was significantly dependent on the year of cultivation; reaching, on average, 54.8%
more in 2022 compared to the rest of the years. The total antioxidant value using the FRAP, DPPH,
and ABTS methods varied depending on the variety; exposure to ozone significantly increased the
antioxidant value in each case. On the basis of the study, both botanical varieties can be used in food
processing. Gaseous ozone exposure can significantly influence chemical composition, increasing the
health-promoting value of fruit.

Keywords: Lonicera caerulea L.; ozonation; ascorbic acid; polyphenol content; antioxidant value;
morphological properties

1. Introduction

Lonicera caerulea L. is a known species found in forests and mountainous and low-lying
wet regions of Europe, North Asia, and North America. The genus Lonicera consists of
over 200 cultivars; the most commonly planted are blue honeysuckle, originating in Russia,
Japan, and Canada [1]. Lonicera caerulea L. has several botanical varieties that come from
Russia: L. caerulea var. edulis, L. caerulea var. altaica, L. caerulea var. boczkarnikovae, and
L. caerulea var. kamtschatica; and from the Japanese island of Hokkaido: L. caerulea var.
emphyllocalyx [2]. L. kamtschatica, commonly called the ‘kamczatka berry’ in Poland, is a
well-known botanical variety of Lonicera caerulea L., recognised for its cylindrical shape
berries, which are among the earliest ripening fruit plants in Poland [3]. L. emphyllocalyx,
also known as the ‘haskap berry’, is a lesser-known variety characterised by fruit shape
more reminiscent of highbush blueberries, lesser fruit falling, and later ripening time
compared to L. kamtschatica [4].

L. caerulea L. fruits are primarily composed of fibre, protein, calcium, and magnesium,
and they also have high concentrations of glucose and fructose, with traces of sucrose and
sorbitol. They are a rich source of polyunsaturated fatty acids, especially linoleic acid and
are notable for their high ascorbic acid content [5]. Studies have showed the richness of
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L. caerulea L. in anthocyanin compounds, with cyanidin 3-glucoside being the predominant
anthocyanin, comprising 79-92% of the total content. Other anthocyanins present in smaller
amounts include cyanidin 3,5-diglucoside (4.27%), cyanidin 3-rutinoside (2.07%), peonidin
3-glucoside (3.44%), and pelargonidin 3-glucoside (0.83%) [6]. L. caerulea berries are charac-
terised by high content of polyphenols ranging from 426.1 to 622.52 mg GAE-100 g ! f.w.,
which have strong antioxidant properties: 68.68-89.62% (DPPH inhibiton), 1.91-2.26 mM
TE-100 g ! f.w. (ABTS), and 27.96-49.90 uM Fe?*.g~! f.w. (FRAP) [7,8]. Berries are a
known source of vitamin C (ascorbic acid), ranging from 30.8 to 62.6 mg-100 g ! f.w. [8].
The berries are used to produce spreads, juices, and wines, and the fruits are also dried to
extend their shelf life and change the content of health-promoting compounds [9]. Due to
their exceptional richness in anthocyanin compounds, these fruits can be regarded as excel-
lent sources of natural colourants, offering a range of colours from red to purple, pink, or
blue. They have potential applications in various sectors, including food, pharmaceuticals,
and cosmetics.

Ozone (O3) is a powerful oxidising agent commonly used in its gaseous form, without
leaving any trace of toxic residues. Ozonation is an environmentally friendly, non-thermal
food preservation method that does not decrease the quality of the fruit [10]. If used in
the right dose, it can change metabolic processes, increasing a total amount of bioactive
compounds and enhancing antioxidant value. The profile of phenolic compounds and the
quantity of compounds may change when ozone gas is used [11]. The gaseous ozonation
positively impacts fruit storage by reducing water loss, microbial load, and decreasing
ethylene released from the treated fruit, thus extending the shelf-life of produce [12,13].
Food processing faces the challenge of preserving bioactive compounds in food while
ensuring a long shelf life and maintaining fresh-like sensory quality. The processing of fruits
can alter the sensory quality and levels of polyphenols; water loss caused by processing
methods, such as heating, might change the concentration of some compounds. Ozone
interacts with certain organic compounds in food, leading to the formation of by-products
such as ketones, carboxylic acids, and aldehydes, which do not pose any risk to human
health [13,14]. Ozonation may be superior to thermal processing for food preservation,
as it minimises the loss of nutrients during storage and can increase amounts of phenolic
compounds and ascorbic acid [15].

The purpose of our study was to compare the chemical compositions of the berries
of L. caerulea var. kamtschatica (‘Vostorg’, ‘Jugana’, and ‘Aurora’ cultivars) and L. caerulea
var. emphyllocalyx (‘Lori’ cultivar and ‘21-17’, “139-24’ clones) and the potential use of the
L. emphyllocalyx fruit and ozone fumigation in food processing. Various studies must be
conducted before new breeding clones of L. caerulea are registered and introduced into
cultivation. The results of studies on the chemical properties of L. emphylocallyx clones
‘Lori’, '21-17" and “139-24" have not yet been published. The effect of ozone fumigation
on the antioxidant activity, and total amount of polyphenolics and ascorbic acid was
also examined.

2. Results and Discussion
2.1. Changes in pH and Acidity in L. kamtschatica and L. emphyllocalyx Fruits in Relation to
Ozonation Time

Lonicera caerulea L. berries are rich source of organic acids (e.g., citric, shikimic, quinic,
tartaric acid), the contents of individual organic acids significantly influence the taste quali-
ties of ripe fruit and their acceptability to consumers. A characteristic of Lonicera caerulea
L. berries is their high level of acidity, which has a very negative impact on the sensory
experience [15]. The organic acid content of the fruit decreases with successive stages
of ripening. These organic acids are degradable and can change in concentration due to
various factors, such as temperature [9,16,17]. The average pH values of the L. kamtschatica
and L. emphyllocalyx berries were 3.18-3.29 and 2.94-3.14, respectively [Figure 1].
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Figure 1. Average pH and total acidity (g-100 g~ ') of L. kamtschatica and L. emphyllocalyx fruits
obtained. Data are expressed as mean values (1 = 3) = SD; SD: standard deviation. Mean values with
different letters are significantly different (p < 0.05).

These results are comparable to those obtained by other authors. According to Ger-
brandt et al., 2018 [18], the fruit pH of L. caerulea ranged from 2.42 to 3.57, depending on
the cultivar and location. According to MacKenzie et al., 2018 [19], the pH of L. caerulea
berries ranged from 3.0 to 3.4, depending on cultivar and harvesting year. In this study,
L. emphyllocalyx was characterised by a significant lower-than-6% average pH compared to
analysed varieties of L. kamtschatica. The use of ozone gas did not significantly affect the
pH. of the fruit [Figure 2].
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Figure 2. Average pH and total acidity (g-100 g~1) of L. kamtschatica and L. emphyllocalyx fruits
subjected to gaseous ozone exposure. Data are expressed as mean values (1 = 3) & SD; SD: standard
deviation. Mean values with different letters are significantly different (p < 0.05).
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There were significant differences in the fruit harvest date; berries of both botanical
varieties harvested in 2023 were characterised by an average pH that was 5% higher
compared to other years [Figure 3].

2.35b
2024
3.12a
2.35b
2023

3.2b

Year of harvest

2022
3.05a

0 0.5 1 1.5 2 2.5 3 3.5

M Titrable acidity ®pH

Figure 3. Average pH and total acidity (g-100 g~1) of L. kamtschatica and L. emphyllocalyx fruits
depending on year of harvest. Data are expressed as mean values (n = 3) & SD; SD: standard
deviation. Mean values with different letters are significantly different (p < 0.05).

The pH value is varied compared to other fruit species popular in Poland, e.g., high-
bush blueberry fruit: 2.76-3.33 [20], raspberry: 3.72 [21], strawberry: 3.20-4.00 [22].

The average titrable acidity values of the L. kamtschatica and L. emphyllocalyx berries
were 1.89-2.30 g-100 g~! and 2.15-2.34 g-100 g~!, respectively [Table 1]. The results
obtained in this study are comparable to those obtained by Gerbrandt et al., 2018 [18];
the titrable acidity of Lonicera caerulea L. berries were from 1.64 to 3.52% CAE. In this
study, L. kamtschatica was characterised by a significant lower-than-6% average titratable
acidity in comparison to L. emphyllocalyx. There were no significant changes in total acidity
after the use of ozonation. Berries of all tested varieties harvested in year 2022 were
characterised by a significant lower-than-25% titrable acidity in comparison to other years.
A decrease in the pH and an increase in the acidity of the fruit can significantly affect the
organoleptic properties of the fruit, making it more or less desirable to consumers [23].
The significantly higher pH and lower acidity of berries may be related to the content of
bioactive compounds such as polyphenols or ascorbic acid [24]. Berries of L. kamtschatica
are characterised by a higher pH and lower acidity average, making them potentially better
in taste. In our study, the year of harvest had a significant impact on the pH and acidity of
L. kamtschatica and L. emphyllocalyx, which coincides with the results obtained in the study
of MacKenzie et al., 2018 [19], where there were significant differences between the year
of harvest. Obtained results are comparable with other popular berries grown in Poland,
e.g., cranberry (1.56-1.60 g-100 g~ 1) [25], raspberry (1.67-1.76 g-100 g~ 1) [21], red currant
(0.7-1.6 g-100 g~ 1) [26].

2.2. Contents of Bioactive Compounds in L. kamtschatica and L. emphyllocalyx Berries

Ascorbic acid, known as vitamin C, is a water-soluble vitamin and antioxidant essential
for human health. It plays a vital role in the synthesis of collagen, the absorption of iron,
the maintenance of the immune system, and the repair of tissues. Ascorbic acid also helps
protect cells from damage by free radicals [27,28]. The average content of ascorbic acid in
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L. kamtschatica and L. emphyllocalyx was 49.74-54.32 mg-100 g ! and 53.13-57.80 mg-100 g~ !
[Table 1].

Table 1. Average contents of ascorbic acid, total polyphenols content, and antioxidant value of
ozonated L. kamtschatica and L. emphyllocalyx fruits obtained in three harvesting years.

Variable Ascorbic Acid Total Polyphenols FRAP DPPH ABTS
[mg-100g-1]  Content[mg-100g~1]1 [uM Fe?*-g=1]  [% Inhibition] [uM TE-g1]
L. caerulea var. kamtschatica
Vostorg 51.05 ab 310.12d 28.97 c 82.16 ab 0.33 ¢
Jugana 49.74 a 261.38 ab 29.81b 79.89 a 0.31a
Aurora 54.32 d 278.08 ¢ 2542 a 79.50 a 0.36 d
Variety L. caerulea var. emphyllocalyx

21-17 57.80 be 276.05 be 29.53 be 83.10 ab 0.35 ¢
139-24 53.13 cd 231.59 a 28.00b 82.87 ab 0.34b
Lori 54.08 d 286.92 b 29.48 ¢ 85.41b 0.36 ¢

SL B EE R B R
Ozon Control 51.74 a 251.57 a 27.78 a 82.37 cd 033 a
zone 1 min 53.98 a 266.78 b 28.22 ab 81.62 ab 0.35b
exposure 3 min 51.69 a 299.71 ¢ 2851 ab 85.14d 0.34 ab

time [min] .

5 min 52.81 a 278.27b 29.64b 79.15a 0.35b

SL ns *HH EE EEE) *%%
Year of 2022 53.92 b 390.88 b 32.69b 83.44b 033 a
hear ° 2023 50.43 a 212.31a 22.14a 85.50 b 0.35b
arvest 2024 53.18 b 219.05 a 30.78 b 79.48 a 0.35b

SL R EE R B R

Data are expressed as mean values (1 = 3) £ SD; SD: standard deviation. Mean values with different letters are
significantly different (p < 0.05). SL: level of significance; ns: not significant; ***: p < 0.001.

The results obtained in this study are comparable with those obtained by Ochmian
et al., 2008 [29]. Researchers have shown that the content of ascorbic acid varies de-
pending on the variety and ranges from 40.5 to 98.0 mg-100 g~!. According to Cesonie
et al., 2021 [30], the content of ascorbic acid in L. caerulea varies and ranges from 14.55
to 53.58 mg-100 g~ ! depending on the cultivar. The average content of ascorbic acid was
higher in L. emphyllocalyx fruits, only the ‘Aurora’ variety L. kamtschatica had a comparable
amount of vitamin C—54.32 mg-100 g~'. On average, L. kamtschatica varieties had 6.1%
less ascorbic acid in comparison to tested L. emphyllocalyx varieties. The use of ozone
did not significantly affect the ascorbic acid content. In the year 2023, significantly less
vitamin C was recorded in fruit of L. kamtschatica and L. emphyllocalyx compared to other
years. In 2023, there was, on average, 5.9% less ascorbic acid compared to other years of
cultivation. According to Ochmian et al., 2008 [29], the content of ascorbic acid varied
depending on the variety and year of harvest, which coincides with the results obtained in
this experiment. Most varieties of L. emphyllocalyx are characterised by the higher average
content of vitamin C compared to L. kamtschatica, thus increasing their health-promoting
properties. The vitamin C content in the fruit is much higher compared to other species
grown in Poland, e.g., blackthorn, 21.94 mg-100 g~!; blackberry, 33.85 mg-100 g ! [31];
strawberry, 23.8-45.17 mg-100 g~ ! [32]; raspberry, 12.10-45.52 mg-100 g~ [33].

The phenolic compounds, primarily anthocyanins, in L. caerulea fruit extract demon-
strate anti-inflammatory effects. They reduce cellular damage under oxidative stress in
in vitro cultures of rat microsomes and decrease ROS production in cultures of proin-
flammatory gingival fibroblasts [34,35]. The average total polyphenol content value in
L. kamtschatica and L. emphyllocalyx ranged from 261.38 to 310.12 mg-100 g~ and 231.59
to 286.92 mg-100 g~ !. Results obtained in this study are comparable with those obtained
by PaZzereckaité et al., 2020 [36], where the total polyphenol content ranged from 282 to
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781 mg-100 g~ !, depending on the tested cultivar. The choice of variety had a significant
impact on the total content of phenolic compounds; the average content of compounds
was higher in L. kamtschatica. The average content of polyphenols in the tested L. kamtschat-
ica varieties was lower by 6.5% compared to the L. emphyllocalyx varieties. According
to Kucharska et al., 2017 [3], different varieties contained different profiles of phenolic
compounds; some varieties contained compounds that other varieties did not, e.g., variety
‘Vostorg’ did not contain di CQA 2 and di CQA 3, compared to other studied varieties.
A different profile of phenolic compounds may significantly affect the total polyphenol
content. Fruits with a larger diameter harvested at the optimal harvest time may contain
higher anthocyanin content due to the larger skin area [9]. There was a significant effect
of exposure to ozone gas (ozonation for 3 min); it significantly increased the content of
phenolic compounds in fruits. The average total amount of phenolic compounds was
higher by 11.5% in varieties subjected to ozone exposure of 5 ppm-3 min. The results
obtained in this experiment coincide with those obtained by Piechowiak et al., 2019 [14],
where ozonated fruits had a higher content of phenolic compounds. Significant differ-
ences in the total polyphenol content in individual years of cultivation prove the impor-
tance of cultivation conditions. The total amount of phenolic content in L. kamtschatica
and L. emphyllocalyx fruits was higher by 54.8% in 2022. The total polyphenol content
in fruits of L. kamtschatica and L. emphyllocalyx are comparable to other popular berries
grown in Poland, e.g., strawberries—238.0 mg GAE-100 g~ f.w. [22], highbush blueberry—
424.72 mg GAE-100 g~ ! f.w. [37], and blackberry—247.25 mg GAE-100 g ! f.w. [31].
Among bioactive compounds, polyphenols are the most abundant group of chemical
compounds found in L. caerulea fruits. Fruit extract containing phenolic compounds is a
highly effective antioxidant agent, significantly reducing reactive oxygen species (ROS)
produced by immune cells during inflammation [38]. Antioxidant activity of berries
primarily depends on their chemical composition, particularly the content and varied
structure of polyphenolic compounds, which influence their antioxidant potential [38].
The average FRAP antioxidant activity is similar in all tested varieties, ranging from 25.42
to 28.97 uM Fe*2.g~ ! in L. kamtschatica berries and 28.00 to 29.53 pM Fe*2.g~1 in fruits
of L. emphyllocalyx. The results obtained in this study are comparable to those obtained
by Rupasinghe et al., 2012 [7], where FRAP antioxidant activity was dependent on the
tested variety and was within the range from 27.96 to 46.90 uM Fe*?.g~!. The average
DPPH antioxidant activity in L. kamtschatica and L. emphyllocalyx was 79.50-82.16% and
82.87-85.41%, respectively. In the study by Lee et al., 2018 [39], the researchers obtained
results similar to this experiment. The DPPH value ranged from 33.9 to 95.96%, depending
on the concentration of the extract. The antioxidant value of ABTS varied; in the case of
L. kamtschatica, it was in the range of 0.31-0.36 mM TE-g~!, and in the case of L. emphyl-
localyx, it was in the range of 0.34-0.36 mM TE-g~!. The results obtained in this study
are comparable to those obtained by Oszmianski et al., 2016 [40], where the antioxidant
value of ABTS was 0.30 mM TE-g~!. The tested L. emphyllocalyx varieties showed, on
average, higher antioxidant values tested using the FRAP, DPPH, and ABTS methods.
Our previous study [8], as well as other studies [30,41], indicate the possibility of differ-
ences in the antioxidant value of different botanical varieties but also varieties of the same
species. The results obtained in this experiment indicate that L. emphyllocalyx has more
effective antioxidant activity, thus more significantly reducing ROS compared to the tested
variety of L. kamtschatica. The effect of exposure to ozone gas was varied; however, the
antioxidant value in ozonated fruits was higher compared to the control sample. In our
previous study [26], the effect of ozonation within one variety was different depending on
the chosen method of measuring the antioxidant value. Fruits exposed to ozone showed
higher antioxidant content due to a lower loss of polyphenols compared to control samples.
Climatic conditions and the date of harvest in particular years may significantly affect
the saturation of the fruit with bioactive compounds, including the antioxidant value of
berries [41]. In 2023, in the months during which the fruit ripened (May and April), the
lowest average monthly temperature was observed during the years studied, which could
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have a significant impact on the content of health-promoting compounds in the fruit. The
berries of L. kamtschatica and L. emphyllocalyx in 2023 were characterised by the lowest
average content of bioactive compounds. This indicates the influence of monthly average
temperature on vegetation, which may be directly related to the origin of plants from cold
regions of the world. Research on the antioxidant activity of L. caerulea extracts has shown
that the fruits of this plant possess strong antioxidant properties. Given the link between
modern diseases and long-term oxidative stress, these strong antioxidant properties suggest
that L. caerulea may be important not only for disease prevention but also for the treatment
of various conditions.

2.3. Determination of the Morphology and Colour of Berries

In each year of the experiment, fruits from all cultivars were harvested six or seven
times. The mass, size, and colour of the berries are crucial factors in assessing their quality
and appeal to customers. Significant differences between the fruits of L. kamtschatica and
L. emphyllocalyx were found [Figures 4 and 5].

Figure 4. L. caerulea var. kamtschatica berries at different stages of maturity.

The average length and width of berries were 21.49 and 8.83 cm for L. kamtschatica and
20.09 and 10.70 cm for L. emphyllocalyx [Table 2].

A significant difference in fruit size was observed. The shape of L. kamtschatica fruits
was more cylindrical, the average fruit length was longer, and the width was smaller,
compared to L. emphyllocalyx fruits. The fruits of L. emphyllocalyx were characterised by
a rounder shape, slightly resembling a highbush blueberry. On average, the weight of
L. kamtschatica was lower, 35.5%. Larger fruits may be more attractive to a potential
consumer. The L. emphyllocalyx varieties were characterised by fruits with a significantly
average darker colour, 28.30, with a lower average redness value, 3.01. The shape and
weight of the fruit have a significant impact on the transport and storage process.
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Figure 5. L. caerulea var. emphyllocalyx berries at different stages of maturity.
Table 2. Morphological features and colour of L. kamtschatica and L. emphyllocalyx berries.
Variety Length [mm] Width [mm] Weight [g] L* a* b*
L. caerulea var. kamtschatica
Vostorg 22.54b 9.11 ab 121b 27.74 a 3.82¢ —287c¢
Jugana 2349b 9.28 ab 1.38 ¢ 26.79 a 3.15b —243Db
Aurora 1846 a 8.10a 0.86 a 2792 a 292b —245b
L. caerulea var. emphyllocalyx
Lori 19.30 a 8.95a 149 ¢ 2794 a 245a —2.06a
21-17 22.08Db 11.09 ¢ 1.85d 29.21b 3.69 c —249b
139-24 18.90 a 12.07 ¢ 2.01e 27.76 a 2.88Db —2.30a
SL *%% L Ll * %% %%

Data are expressed as mean values (1 = 3) &= SD; SD: standard deviation. Mean values with different letters are
significantly different (p < 0.05). SL: level of significance; ns: not significant; ***: p < 0.001; * p < 0.05.

3. Materials and Methods
3.1. Material

The fruits of the L. kamtschatica cultivars ‘Vostorg’, ‘Jugana’, and ‘Aurora’ and
L. emphyllocalyx ‘Lori’, 21-17’, and “139-24" were obtained from a nursery crop located in Ty-
czyn (49°57'52" N, 22°2'47" E, Podkarpackie Voivodship, Poland) in the years
2022-2024. Both species were grown in pots filled with substrate-containing peat, sand,
and perlite in a ratio of 20:1:1. In 2022, 3-4 m of Osmocote Exact (ICL, Sydney, Aus-
tralia) and a 2.0 kg-m 3 concentration of substrate were added. In 2023-2024, the plants
were periodically supplied with Kristalon Blue (Yara, Oslo, Norway) in a concentration of
0.4 kg'm 3. The average monthly temperature and rainfall from 2022-2024 in the period of
March to June in Tyczyn are represented in Table 3.

The fruits of the analysed cultivars were harvested by hand at the stage of their
maturity, 1000 g each. The harvest time varied significantly, depending on the tested variety
[Table 4]. In 2024, due to weather conditions and rapid plant development, fruit ripening
and harvesting took place approximately 2 weeks earlier, compared to previous years.
Immediately after harvest, the fruits were subjected to chemical analysis.
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Table 3. The average monthly temperature and rainfall from 2022-2024 in the period of March to
June in Tyczyn.

Year of Harvest 2022 2023 2024
Month of Year m v Vv VI m v Vv VI m IV V VI
Average temperature [°C] 3 7 15 20 55 82 132 174 7 11 16 22
The lowest temperature in the month [°C] -25 24 77 13 09 34 71 12 -3 1 57 10
The highest temperature in the month [°C] 89 12 21 27 77 133 189 231 95 172 205 231
Rainfall [mm] 281 511 388 273 798 459 521 454 231 356 594 673

Table 4. Harvest time of all analysed varieties in 2022-2024.

Variety 2022 2023 2024
Vostorg 15 May 17 May 5 May
Jugana 15 May 17 May 5 May
Aurora 25 May 29 May 17 May
21-17 12 June 12 June 5 June
139-24 6 June 8 June 26 May
Lori 6 June 8 June 30 May

3.2. Ozone Treatment of Berries

Before harvest, the whole L. kamtschatica and L. emphyllocalyx plants with fruits were
subjected to ozonation treatment. The plants were randomised into four batches containing
10 plants, each bearing around 250 g of fruits. Gaseous ozone was used at a concentration
of 5 ppm for 1 min, 3 min, and 5 min (flow 40 g O3-h™!, temperature 20 °C). The ozone was
produced with a KORONA A 40 Standard (Korona, Piotrkéw Trybunalski, Poland) with a
106 M UV Ozone Solution detector (Ozone Solution, Hull, MA, USA).

3.3. Determination of pH and Acidity

The total acidity (as citric acid) and the pH of the L. kamtschatica and L. emphyllocalyx
fruits were analysed through the potentiometric titration of the sample for analysis with a
standard 0.1 M NaOH solution at pH = 8.1 using TitroLine 5000 (SI Analytics, Weiheim,
Germany) according to the method given in PN-EN 12147:2000 [42]. The results are
expressed as g of citric acid per 100 g of fruit. Each fruit was analysed 24 h after ozonation.
The analyses were performed in triplicate.

3.4. Determination of the Contents of Bioactive Compounds in Fruit and Determination of Their
Antioxidant Activity

The ascorbic acid (Vitamin C) content was determined according to PN-A-04019:1998 [43].
The total polyphenol content (mg GAE-100 g~! f.w.) was determined using the Folin—
Ciocalteu method, according to the methodology described by Bakowska-Barczak et al.,
2007 [44].

The antioxidant activity of the fruits was determined by using three different methods.
DPPH antioxidant activity was measured according to a methodology given by Jurcaga
et al., 2021 [45]; the results were expressed as the % of inhibition of DPPH radicals. The
ABTS antioxidant activity was measured according to Gawronski et al., 2014 [46]; results
were expressed in pM TE-g~! f.w. The FRAP antioxidant activity was determined according
to the methodology given by Rupasinghe et al., 2012 [7]; results are given in uM Fe?*.g~!
f.w. Each fruit was analysed 24 h after ozonation. All analyses were performed in triplicate.
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3.5. Determination of the Morphological Characteristics of Berries

The sample size was 10 fruits from each variant. For individual fruits, the length and
width [mm] were determined with an accuracy of 0.01 mm, and the weight was determined
with an accuracy of 0.001 g. Each fruit was measured 24 h after ozonation.

3.6. Colour of L. kamtschatica and L. emphyllocalyx Berries

The colour analysis of the fruits was conducted via a reflection method by using a
Chrome Meter colorimeter (Konica Minolta, Osaka, Japan) with a CR 400 head (& = 11 mm).
The colorimeter was calibrated against a standard (No. 21833042) [47]. The reflectance
method was applied at the standard lighting and 2° observer. The measurements results
were read in the colorimetric system CIE LAB (CIE 1978)—L* (lightness), a* (redness), and
b* (yellowness), taking three measurements for each sample. Each fruit was analysed 24 h
after ozonation.

3.7. Statistical Analysis

Statistical analysis of the results was performed using Statistica 13.3. software (TIBCO
Software Inc., Tulsa, OK, USA). The two-way analysis of variance (ANOVA) and LSD
significance test were used with a significance level of & = 0.05. The Tukey test was used
for statistical testing of the research results.

4. Conclusions

Based on this study, differences in fruit morphology and chemical composition were
found between L. kamtschatica and L. emphyllocalyx. Use of gaseous ozone significantly
increases the chemical composition of the tested varieties. The acidity of L. emphyllocalyx
clones was, on average, 6% higher than the tested L. kamtschatica varieties. The L. emphyl-
localyx clone ‘21-17" had the highest average ascorbic acid content at 57.80 mg-100 g; the
year of harvest significantly affected vitamin C levels, peaking at 53.92 mg-100 g in 2022.
The total polyphenol content was also significantly influenced by the year of cultivation,
with a 54.8% increase on average in 2022 compared to other years. The total antioxidant
value, which was measured using the FRAP, DPPH, and ABTS methods, varied depending
on the variety; ozone exposure significantly boosted antioxidant levels in all cases. On
the basis of the study, there is significant improvement in the chemical composition of
berries after exposure to gaseous ozone. The usage of ozone exposure was influential on
the content of health-promoting compounds. The L. emphyllocalyx fruit differs significantly
from its botanical variety, which may be useful in food processing. Further research on this
botanical variety is required.
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Article history: Lonicera caerulea L. - well - known in Poland as Kamchatka berry, has
Received: February 2025 been gaining increasing popularity in recent years. The tests carried out
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Accepted: April 2025 on newly established Japanese haskap clones aimed at demonstrating

the suitability of the fruits for mechanical harvesting and storage. This
Keywords: study focused on evaluation of mechanical properties and assessment
Lonicera caerulea L.; of three distinct machine learning techniques to create predictive mod-
morp hUl.ngalp "ope r{les" els that elucidate the connection between key mechanical attributes of
mechanical properties, R o

gas exchange; the fruit and storage conditions of L. caerulea. The average force
machine learning needed to puncture the fruits skin and flesh of L. caerulea var. emphyi-
localyx varieties is 16.91% higher than that required for the tested L.
caerulea var. kamtschatica varieties. L. caerulea var. emphyllocalyx
fruits exhibited a significantly higher respiration rate, with C-Hs and
CO: levels during storage being 25.5% and 10.5% higher, respectively,
compared to L. caerulea var. kamtschatica varieties. The machine
learning algorithms tested yielded accurate models for deformation and
energy prediction. The mean absolute percentage error (MAPE) of
these models was determined to be between 14.87 and 20.65%. Models
with significantly lower accuracy were obtained for force prediction,
with the MAPE reaching 28.95% for L. var. kamtschatica fruit and
42.33% for L. emphyllocalyx fruit. The cultivation and improvement of
Lonicera caerulea L. varieties is of great importance for the advance-
ment of mechanized harvesting methods and the development of im-
proved storage technologies for this species. The creation of machine
learning methods will facilitate the development of predictive models
that can serve as a predictive tool for the relationship between selected
mechanical properties
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Introduction

Originating from cold lands of central Asia and Far East, Lonicera caerulea L. belongs
to the 200 species of Caprifoliaceae family. Most species in this family are ornamental, with
only approximately 17 fruit-bearing plants classified as edible (Senica et al., 2018). Lonicera
caerulea L. includes several botanical varieties originating from different regions, which may
differ in terms of chemical composition or mechanical properties of the fruit. There are vari-
eties which come from Russia such as L. caerulea var. kamtschatica, commonly known in
Poland as ‘Kamchatka berry’, L. caerulea var. altaica, L. caerulea var. edulis, and L. caeru-
lea var. boczkarnikovae, and, L. caerulea var. emphyllocalyx originating in Japanese island
of Hokkaido which is known in Poland as Japanese haskap (Kula and Krauze-Baranowska,
2016). These varieties are adapted to their climates and represent some of the primary types
of Lonicera caerulea L. grown for their edible fruits. Additionally, it is cultivated in Poland,
Romania, and Estonia. Research is ongoing to explain its biological properties. Blue honey-
suckle berries, highly valued in the processing industry for their flavor and rich content of
bioactive compounds like anthocyanins, phenolic acids, and vitamin C, are a popular fruit for
desserts (Becker and Szakiel, 2019; Gawronski et al., 2014). The cultivation and storage pos-
sibilities of Lonicera caerulea L. face several challenges due to various influencing factors.
Depending on the variety, fruits have a short ripening period, are difficult to detach from the
plant during ripening, and their ripening is uneven, which may significantly affect the effi-
ciency and profitability of production (Leisso et al., 2021a; Ren et al., 2023). A key to main-
tain the quality of blue honeysuckle fruit for consumers is harvesting the berries at the optimal
stage of ripeness while avoiding any mechanical damage during the process. Lonicera caer-
ulea L. fruit is typically harvested by hand, though mechanical methods can also be used (Yu
et al., 2023). Farmers often modify equipment designed for harvesting other soft fruits to
handle blue honeysuckle berries. However, these adaptations can result in mechanical dam-
age due to low resistance of berries, which makes them more susceptible to bruising and other
forms of physical harm during the harvesting process. This challenge highlights the need to
apply specialized machinery, techniques or software to minimize damage and maintain fruit
quality. Damage to the fruit increases ethylene production, which subsequently speeds up the
aging process and reduces the firmness of the berries, thereby reducing the storage capacity
of the fruit (Martinez et al., 2007; Dziedzic et al., 2020; Gorzelany et al., 2022).

Ozone (03) is a powerful oxidizing agent used to disinfect plant materials, thereby ex-
tending their freshness. O3 can be used in either in gaseous or aqueous form, with research
showing that the gaseous ozone has better effect on fruit (Zapatowska et al., 2021). Ozonation
is a non-thermal food preservation method that improves food safety without compromising
quality or causing environmental pollution, and it is particularly favored by the fruit and
vegetable industry because it decomposes rapidly into oxygen, leaving no residue. Although
O3 can react with certain organic compounds in food, potentially producing byproducts such
as aldehydes, ketones, and carboxylic acids, it remains highly valued for its disinfectant and
biocidal properties (Contigiani et al., 2018; Lv et al., 2019). Using a correct dose of ozone
can greatly enhance the storage potential of fruit.

The optimisation of storage of agricultural products is significant, given the necessity to
minimise food waste. Modern data analysis methods, including machine learning, can be
instrumental in achieving effective optimisation. The development of accurate models of the
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dependence of selected mechanical features of biological materials on storage-related param-
eters is essential for optimal planning of postharvest operations. Modern artificial intelligence
methods are increasingly being used in this area, as evidenced by the growing number of
publications reporting on the use of machine learning for agriculture, including in the food
processing industry (Niedbala et al., 2022; Clay et al., 2024). One of the key challenges in
the application of machine learning techniques is the selection of an appropriate algorithm
for the data to be modelled, followed by optimization of the algorithm's hyperparameters.
Some publications deal with the prediction of the parameters of fruit and vegetables im-
portant in storage process. Sacidirad et al. (2013) employed an artificial neural network
(ANN) to predict the stress relaxation of three cultivars of pomegranate based on relaxation
time. They also compared the accuracy of the ANN model with that of the Maxwell model
and found that both models have the capacity to produce accurate and reliable predictions for
stress. The prediction of apple hardness was conducted by Pan et al. (2015), who developed
an ANN model with high accuracy using mechanical properties index test results as input
parameters. The machine learning models were developed by Ropelewska (2022) for the
purpose of analysis of mechanical properties of red currant fruit under a variety of storage
conditions. Support vector machines (SVM) have been demonstrated to be a valuable tool
for estimating the texture profile and puncture parameters of blueberries (Hu et al., 2016),
the mechanical characteristics of apples (Peipei et al., 2022) and the firmness of kiwifruit
(Mohsen et al., 2024).

The aim of this study is to compare the mechanical properties of 3 varieties of L. var.
kamtschatica and 3 varieties of L. var. emphyllocalyx and the potential application of L. em-
phyllocalyx fruit and ozone fumigation in food processing. The fruits of Lonicera caerulea
L., known for their rich chemical composition, are also known for their limited storage ca-
pacity. The O3 and its use can significantly extend storage time by affecting the mechanical
properties of fruit and the number of gases released. Furthermore, three machine learning
methods were evaluated in the context of developing predictive models of the relationship
between selected mechanical parameters of fruit and storage conditions.

Materials and Methods

Material

The study was conducted between 2022 and 2024 on fruits obtained from a nursery crop
located in Tyczyn (49° 57°52°° N 22°2°47°’ E, Subcarpathian Voivodship, Poland) The study
involved Lonicera caerulea var. kamtschatica, hereinafter referred to as LK, varieties ‘Vos-
torg’, ‘Jugana’, ‘Aurora’, as well as newly created clones ‘Lori’, *21-17" and ‘139-24" of
Lonicera caerulea var. emphyllocalyx, hereinafter referred to as LE (Fig. 1).

The berries were hand-harvested at full maturity, with 1000 g collected from each variety,
and the optimal harvest date was determined by the color and drop of the fruit. The harvest
date and meteorological conditions prevailing in each experimental year have been previ-
ously published (Basara et al., 2024). Both species were grown in pots containing a peat
substrate comprising perlite and sand (20:1:1). In 2022, Osmocote Exact 3-4 m (ICL, Sydney,
Australia) fertilizer was added at the concentration of 2.0 kg-m™ of substrate. In 2023-2024,
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Kristalon Blue (Yara, Oslo, Norway) in concentration of 0.4 kg-m™ was periodically used to
fertilize plants.

Figure 1. The botanical varieties of Lonicera caerulea L. used in this study: (4) L. var.
kamtschatica (LK) and (B) L. var. emphyllocalyx (LE).

Ozone Treatment of Berries

Before measuring mechanical properties, LK and LE fruits were subjected to the ozona-
tion process. The fruits were randomly divided into four batches, each containing 50 berries.
Measurements were taken on the 1st, 3rd, and 5th day of storage each year after the ozonation
treatment, where gaseous ozone was applied at the concentration of 5 ppm for durations of
1, 3, and 5 minutes, with a flow rate of 40 g Os-h!' at 20°C. Ozone was generated using
a KORONA A 40 Standard (Korona, Piotrkow Trybunalski, Poland) along with a 106 M UV
Ozone Solution detector (Ozone Solution, Hull, MA, USA). During each year of the study,
the ozonation treatment was consistently applied at the stage when the fruits reached harvest
ripeness.

Determination of Morphological Characteristic

The sample size consisted of 10 fruits for each variant. The length and width of individual
fruits were measured with an accuracy of 0.01 mm, while mass was measured with an accu-
racy of 0.001 g. The density (kg-m™) of each fruit was calculated as the ratio of its weight to
the volume of a sphere with diameter d (Gorzelany et al., 2022).

Water content measurement

Water content in fresh Lonicera caerulea berries and those kept in cold storage was de-
termined using the dryer method (105°C), following PN-90/A-75101-03:1990. Ten randomly
selected berries were placed in a laboratory moisture analyzer (Radwag, Polska), with meas-
urements performed in three replications.

Determination of the Mechanical Properties

The selected mechanical properties of the LK and LE fruits were measured in the com-
pression test using Brookfield CT3-1000 texture analyser (AMETEK Brookfield, Middle-
boro, MA, USA), with software assistance - TexturePro CT. Each sample was punctured
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using 2 mm diameter steel plunger. The compression velocity was 0.2 mm-s™! and initial ten-
sion force of the measurement was 0.05 N. The plunger penetration depth after puncture was
1 mm. To determine the mechanical resistance of skin and flesh, peak destructive force (N),
degree of deformation and destructive energy (mJ) were recorded after each measurement.
Each measurement was performed in ten replications.

Statistical Analysis

The Statistica 13.3 program (TIBCO Software Inc., Tulsa, OK, USA) was used to perform
a statistical evaluation of the results, including analysis of variance (ANOVA) and the sig-
nificance of the LSD test at a significance level of a = 0.05.

Machine learning methods

Three machine learning methods were employed to model the relationship between the
mechanical parameters of LK and LE berries and storage conditions. These were two types
of artificial neural networks, namely the Multilayer Perceptron (MLP) and Radial Basis
Function (RBF) and Support Vector Machines (SVM). Neural networks are a tool that has
been modelled on the operation of the biological nervous system. The fundamental unit of
ANN is the artificial neuron, which calculates the weighted sum of the input signals and then
transforms this value using an activation function. ANNs are composed of a layered structure
of artificial neurons. ANNs do not require programming; instead, they are trained using a
training set. After training, the model is tested on a separate dataset to assess its ability to
generalise the information contained in the training set. Prior to training the neural models,
it is essential to define their structure, specifically the number of neurons in the hidden layer.
The concept of SVM is founded upon the notion of support vectors, which are defined as
points within the data set that serve to determine the solution. In the context of a classification
problem, the solution is represented by a hyperplane that separates groups of data. In the case
of a regression problem, the solution is expressed as a function. Support vectors exert a pro-
found influence on the positioning of the hyperplane or regression function. In this study, an
epsilon-insensitive support vector machine (e-SVM) regression was employed. The objective
of the algorithm is to identify a function, that deviates from the targets by a value no greater
than ¢ for each point in the training data set. The Gaussian radial basis function (RBF) kernel
function was used due to its capacity to effectively model non-linear relationships in the data.

In this study, two distinct models were constructed from datasets pertaining to LK and
LE berries, comprising 1081 and 1079 data vectors, respectively (after removal of outliers).
The iindependent variables were: variety, year of harvest, storage time, and time of gaseous
ozonation. Separate models were generated for each mechanical parameter, namely force,
deformation, and energy. The machine learning environment was the Statistica v. 13 software
(TIBCO Software Inc., Tulsa, OK, USA). For ANNs the dataset was randomly divided into
three subsets: training, validation, and test. The ratio of the three subsets was 70:15:15,
respectively. For SVM the dataset was randomly divided into a training set and a test set in
aratio of 75:25. An MLP network with a single hidden layer was employed. The number of
neurons in the hidden layer of the MLP and RBF networks was varied from 10 to 50. The
MLP network employed linear, sigmoid, hyperbolic tangent, or exponential neuron activation
functions. A total of 20,000 distinct neural network configurations were evaluated for each
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model. These configurations exhibited variability in structure, activation functions, and initial
synaptic weight values, which were randomly generated. The testing was conducted using an
automated neural network generator within the Statistica environment. The SVM hyperpa-
rameters, namely C (inverse regularisation parameter), € and y (the width of the RBF kernel),
were adjusted by grid search. The ten-fold cross-validation method was used. The accuracy
of the models was evaluated using the following metrics:

The root-mean-square error (RMSE):

RMSE = |57, (Y, — 1)? M

The mean absolute percentage error (MAPE):

MAPE = Z3r_ [*=| )
t
In addition, the generalization ability (GA) was calculated using the following formula:
_ RMSEtest
GA = RMSEtrain (3)
where:
Y, — isthe absolute value predicted by the model,
Y, — isthe mean value predicted by the model,
Y, — isthe absolute target value,
Y, — isthe mean target value,
n  — is the number of vectors in a data set.

In the recent study, El Bilali et al. (2022) proposed a novel classification system for pre-
dictive models based on the GA metric. According to this system, models with a GA value
within the range of 0.75—1 or 1-1.35 are considered to exhibit excellent performance.

The ANN models enable the implementation of sensitivity analysis, which in turn allows
for determination of the extent to which individual model input parameters exert influence
on the output parameter. Many sensitivity analysis methods have been proposed in the liter-
ature, including the partial derivatives method and the weights method. In this research, the
sensitivity analysis algorithm implemented in Statistica v. 13.3 software was utilised. In this
method, a specific independent variable is replaced by its mean value calculated for the train-
ing data set. The impact of this variable is assessed by the model error in two cases: with the
original value of the variable and after it has been replaced by the mean value.

Results and Discussion

Changes in the morphological properties of Lonicera caerulea berries

Extended cooling and storage of vegetables and fruits at low temperatures can negatively
affect their water content. These conditions may lead to increased transpiration, resulting in
greater water loss and a faster decline in turgor during storage (Lufu et al., 2020; Geasa 2022).
Refrigeration of Lonicera caerulea L. may affect not only the morphological properties of
berries but also the moisture content of the fruits, thereby reducing their biological value and
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decreasing the value of the raw material., The examined fruits of Lonicera caerulea L. vari-
eties from different years of cultivation, subjected to ozonation, differed significantly de-
pending on the day of fruit storage (Tab. 1).

Table 1.
The morphological characteristics and water content of LK and LE are influenced by factors
such as variety, harvest year, storage duration, and ozone exposure time

. Length Width Mass Density Sp herl(;lty Moisture
Variable 3 coefficient o
(mm) (mm) (g) (g-em™) (%) content (%)

L. caerulea var. kamtschatica
Vostorg 19.49¢+2.80  9.57a+1.58 1.46a+0.49 0.66b+0.14  62.50a+7.02 87.49d+2.18
Jugana 16.82a+£1.99 10.32bc+1.60 1.52b+0.45  0.63a+0.11 72.41c+8.08  86.54c+3.02
Aurora  20.29¢+2.67 10.46¢+£1.68 1.68de+0.54 0.71d+0.15  64.53b+7.34  78.65b+4.96

Variety L. caerulea var. emphyllocalyx
Lori  17.24b+2.11 11.16d+1.59 1.71e+0.48 0.67bc£0.12  75.06d+7.66 77.91a+3.83
21-17  20.63d+2.73 10.25b+1.56  1.63c+0.48 0.72d+0.16  62.91a+6.15 87.95d+2.66
139-24  17.59b+2.15  10.98d+1.54 1.65c¢d+0.43  0.69c+0.13  73.21c+6.53  88.78e+3.15
SL sfesksk sfesksk sfesksk seskeok seskeok sfesksk
Year of 2022 18.44a+2.99 10.99b+1.56 1.69ab+0.48 0.71b+0.15  71.47c+8.79 84.77a+5.69
harvest 2023 18.84b+2.79  9.57a+1.50  1.45a+0.44 0.64a+0.14  64.09a+7.64  84.63a+5.65
2024  18.78b4+2.80 10.81b+1.60 1.69ab+0.51 0.70b+0.14  69.75b+8.36  84.92a+5.31
SL * * * * 3k ns
Storage 1 18.84b+3.00 10.46a+1.66  1.64b+0.49 1.12a+0.41  68.17at9.19  83.84a+5.61
time 3 18.63a+2.86 10.47a+1.55 1.60a+0.45 1.10a+0.39  68.70a+8.83  85.25b+5.37
(days) 5 18.57a+2.72 10.45a+1.81 1.59a+0,51 1.11a+0.46  68.46a+8.53  84.24b+5.54
SL * ns * ns ns *
Time of 0 18.58b+2.86 10.52b+1.82  1.13b+0.48  0.69a+0.15  68.72b+8.16  83.40a+5.87
gaseous 1 19.10c+3.14 10.44ab+1.63  1.13b+0.42  0.69a+0.14  67.55a+9.34  86.59d+5.11
ozonation 3 18.76b+2.77 10.55b+1.56 1.13b+0.39  0.68a+015  68.67b+8.78  84.15b+1.33
(min) 5 18.28a+2.62  10.33a+1.67  1.06a+0.40  0.68a+014  68.82b+9.05  84.97c+9.55

SL o * * s * e

All analyzed data are expressed as mean values (n = 3) with different letters as significantly different
(p <0.05) = SD; SD: standard deviation. SL- level of significance: ns - not significant, ***: p < 0.001,
**:p<0.01, *: p<0.05

The fruit dimensions - length of 18.7-23.7 mm and width of 8.7-12.3 mm are comparable
to those obtained in the study of Ochmian et al. (2012), in which the fruit
L. kamtschatica, depended on cultivar and harvest time, . In the study of Cesoniené et al.
(2021), fruits of different Lonicera caerulea L. varieties had dimensions ranging from 8.3 to
10.8 mm in width and 13.1-26.3 mm. The fruit weight was found to be comparable to the
results obtained in the study conducted by Bozek (2012), where the fruit weight was within
the range of 0.31-1.42 g, depending on the variety, year of harvest and pollination type. The
water content was comparable to the findings of the study conducted by Auzanneau (2018),
where it was in the range of 76%—85%, depending on the variety and year of cultivation. In
our study, in the LK and LE cultivars, the differences between the berries were characterized
at the significance level of - *** (p < 0.001), for all tested variables. The fruits of LE were
found to be significantly shorter and of greater width and mass than those of the tested LK
varieties. In comparison to the other tested varieties, the fruits of clone '21-17' were observed
to be significantly longer, measuring 20.63 mm on average. Additionally, among the tested
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varieties, clone 21 was found to have a significantly higher density, at 0.72 g:cm™. The 'Lori'
variety exhibited significantly wider and heavier fruits, with mean diameters of 11.16 mm
and 1.71 g, respectively. These berries were distinguished by a markedly higher sphericity
coefficient, reaching 75.06%. The highest average moisture content was found in the fruits
of clone ‘139-24’ — 88.78%. Depending on the harvest year, the differences between the ber-
ries were characterized at the significance level of - * (p < 0.05), except for sphericity - **
(p<0.01) and moisture content — ns (not significant). Compared to the other years of cultiva-
tion, in 2023, the fruits of the tested L caerulea varieties were characterized by a significantly
smaller width — 9.57 mm, weight — 1.45, density — 0.64, sphericity — 64.09% and moisture
content — 84.63%. The differences between the berries were characterized at the significance
level of -* (p < 0.05) depending on the duration of storage. In the case of length, mass and
moisture content, the rest of the variables were characterized at the significance level of — ns
(not significant). The fruits stored for five days exhibited a significantly reduced length
(18.57 mm) and weight (1.59 g) in comparison to the fruits stored for one day. Additionally,
the moisture content of the five-day stored fruits was significantly higher (84.24%) than that
of the one-day stored fruits. The extent of the differences between the berries varies depend-
ing on the length of ozonation time, except for density, where no significant differences were
observed. Among the factors studied and the influence of ozonation, the most important is
the influence on the moisture content of the fruit. The higher average moisture content in
fruits of LE varieties contributes to their increased firmness which reduces the mechanical
damage during handling and transportation. Greater firmness enhances the fruit's structural
integrity, making it more resistant to deformation and bruising under pressure (Satitmun-
naithum et al., 2022). The lower sphericity coefficient observed in LK fruit varieties could
have a notable influence on their storage properties. Increased adhesion elevates the risk of
mechanical damage, due to the compression forces during the storage or transit (Aliasgarian
et al., 2015; Elibox et al., 2017). An important factor that may determine the storage process
may be the geometrical features of the fruit. Fruits with a higher sphericity coefficient often
have a smaller surface-area-to-volume ratio in certain orientations, which can create uneven
airflow during cooling or storage, leading to hotspots where decay is more likely (Ngcobo et
al., 2012). This highlights the importance of considering both firmness and shape when eval-
uating fruit varieties for their mechanical properties, post-harvest handling and storage char-
acteristics.

Changes in the mechanical properties of Lonicera caerulea berries

Extended periods of low temperature storage lead to water loss of fruits, which may
change mechanical properties, thereby increasing risk of mechanical damage. Due to long
refrigeration, biological value of Lonicera caerulea L. berries may change (Duarte-Molina
et al., 2016, Moggia et al., 2017). The fruits of the two tested botanical varieties of Lonicera
caerulea L. differ depending on the variety, year of production, storage time and ozonation
treatment (Tab. 2).
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Table 2.
Mechanical features and apparent modulus of elasticity of L. kamtschatica and L. emphyllo-
calyx depending on the variety, year of harvest, duration of storage and ozone exposure time

Variable Force (N) Deformation (mm) Energy (mJ)
L. caerulea var. kamtschatica
Vostorg 0.70b+0.23 3.86¢+0.92 1.88ab+0.24
Jugana 0.54a+0.15 3.71b+0.84 1.84a+0.24
. Aurora 1.02d+1.45 3.68b+0.77 2.39d+0.89
Variety
L. caerulea var. emphyllocalyx
Lori 0.93d+0.45 3.52a+0.65 2.22¢+0.68
21-17 1.02d+1.47 3.66b+0.79 2.43d+0.89
139-24 0.77¢£0.38 3.84¢+0.80 1.95b+0.52
SL sksksk sksksk sksksk
2022 0.84b+0.43 3.46a+0.66 2.21b+0.77
Year of harvest 2023 0.83ab+0.38 4.17b+0.86 2.10a+0.64
2024 0.81a+0.41 3.51a+0.68 2.06a+0.62
SL * % *
1 0.78a+0.38 3.74ab+0.79 2.08a+0.65
Storage time (days) 3 0.87b+0.42 3.65a+0.77 2.14ab+0.68
5 0.84b+0.44 3.77b+0.86 2.16b+0.73
SL * sk *
0 0.82ab+0.36 3.68ab+0.80 2.07a+0.54
Ozone exposure time 1 0.84b+0.45 3.67a+0.74 2.17b+0.73
(min) 3 0.85b+0.44 3.76b+0.83 2.20b+0.86
5 0.79ab+0.38 3.73ab+0.85 2.07a+0.55
SL * sk sk

All analyzed data are expressed as mean values (n = 3) with different letters as significantly different (p < 0.05) +
SD; SD: standard deviation. SL- level of significance: ns - not significant, ***: p <0.001, **: p <0.01, *: p <0.05

In the study conducted by Leisso et al. (2021b), the flesh firmness of Lonicera caerulea
L. varieties, was tested using a 2 mm tip, with results ranging from 0.11 to 0.35 N. In the
study by Zhu et al. (2022), the flesh firmness of two varieties of Lonicera caerulea L., ranged
from 1.38 to 2.78 N. In our study, in the LK and LE cultivars, the differences between the
berries of the LK and LE cultivars were characterized at the significance level of -***
(p<0.001) for all tested variables. The force required to puncture was ranging from 0.54 to
1.02 N depending on the botanical variety and cultivar. The mean force necessary to puncture
the fruits of LE varieties is 16.91% greater than that required for the tested LK varieties. A
similar relationship can be observed for Energy, LE varieties were characterized by an aver-
age higher energy requirement by 7.42%. LK fruits exhibited a markedly elevated incidence
of fruit deformation, with an average degree of deformation that was 2.04% lower in LE
fruits. The observed differences between the harvest year reached a level of statistical signif-
icance - * (p<0.05), for all tested variables. In 2023, the fruit was characterized by signifi-
cantly greater force — 0.84 N, and energy —2.21 mJ, required for fruit deformation, compared
to the rest of the years of the study. The highest degree of deformation was recorded in 2023,
with an average increase of 16.5% in comparison to other years. In case of the storage time,
differences were characterized at the significance level of - * (p<0.05). The storage of the
fruit for a period of five days resulted in a significantly greater force (0.84 N) and energy
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(3.77 mJ) being required for puncture, as well as a greater degree of deformation (3.51 mm)
in comparison to the storage of berries for the period of one day only. The differences be-
tween the ozone exposure time were characterized at the significance level of - * (p < 0.05),
for Force (N), and level of - ** (p < 0.005), for Deformation (mm) and Energy (mJ). Fruits
subjected to the ozonation process were characterized by significantly higher values of the
tested parameters. The application of ozonation for a period of three minutes was found to
result in the greatest force (0.85 N) and energy (2.20 mlJ) required for deformation. The shelf
life and quality of fresh-cut products are significantly shortened by various decay processes
initiated by physical damage, such as moisture loss (Tappi et al., 2017). The soft fruits of
Lonicera caerulea L. poses a major limitation for adopting mechanical harvesting methods,
as these fruits are highly susceptible to damage during handling. LE fruits demonstrate sig-
nificantly greater resistance compared to LK varieties, making them more suitable for me-
chanical harvesting and storage. The development and use of LE varieties, with their en-
hanced firmness, could play a critical role in advancing mechanized harvesting technologies
for this species. Increased water content contributes to the structural integrity of the fruit,
making it less prone to damage due to compression or impact forces (Zhu et al., 2023). This
mechanical resistance of LE varieties aligns well with the mechanical requirements of auto-
mated harvesting systems, where fruit durability is essential for minimizing losses and main-
taining quality. As such, selecting and cultivating appropriate LE varieties could significantly
enhance both the efficiency and economic viability of mechanized harvesting in Lonicera
caerulea L. production. The observed difference in mechanical properties of berries is also
influenced by exposure to ozone (Kuzniar et al., 2022). These findings indicate that the ozone
treatment enhances the fruits resistance to deformation, making skin and flesh more durable
during handling and storage. This could be connected to changes in cell wall composition or
other physicochemical alterations induced by ozonation. Oxidative stress caused by ozone
exposure could activate enzymatic processes that modify the mechanical properties of the
cell walls (Miller et al., 2013). Enzymes like peroxidases or polyphenol oxidases might cat-
alyze the formation of lignin-like compounds, further enhancing the cell wall (Ranieri et al.,
2000). However, the use of gaseous ozone can pose some challenges due to its high cost of
implementation and short-term effect. The use of gaseous ozone on such fruits can pose prob-
lems due to the aggressive reaction of ozone with cell walls, it requires the use of appropriate
concentration for the conditions of cultivation and storage.

Machine learning models

In the case of models based on neural networks, 2,000 independent models were gener-
ated for each output parameter. This was achieved by varying the number of neurons in the
hidden layer, the neuron activation functions (in the case of MLP) and the values of the initial
weights. In the case of SVM models, a ten-fold cross-validation method was used to adjust
the values of hyperparameters. The details and error metrics for the best models are presented
in Tables 3 and 4.

In the case of the dataset pertaining to the LK berries , the most optimal force prediction
was achieved through utilisation of a MLP network comprising 48 neurons in the hidden
layer. The model yielded a mean absolute percentage error (MAPE) of 28.95% for the test
data set. The application of an RBF network and SVM algorithm yielded models with slightly
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reduced accuracy. Regarding the deformation, the SVM algorithm generated the optimal
model, with a MAPE error for the test data set of less than 15%. The most accurate energy
prediction was achieved using an MLP network with 17 neurons in the hidden layer, with a
MAPE error for the test data set of less than 15%. All models can be classified as excellent
in terms of their generalisation ability.

Table 3.
Structures and error metrics of best MLP, RBF and SVM models for LK fruits

Model Model structure or Train Validation Test GA
hyperparameters RMSE  MAPE RMSE  MAPE RMSE MAPE
Force
MLP 4-48-1 0.28 29.90 0.32 35.72 0.25 28.95 0.88
RBF 4-50-1 0.29 32.06 0.32 37.06 0.27 3340 0.93
SVM =4, =01, 029 3073 - - 031 3161 1.05
7=0.25
Deformation
MLP 4-39-1 0.66 14.35 0.69 14.86 0.70 15.71 1.07
RBF 4-29-1 0.69 15.21 0.67 14.45 0.77 17.16 1.11
SVM =8, 503, 0.69  15.70 - - 070 1487 101
7=0.25
Energy
MLP 4-17-1 0.50 15.24 0.57 15.77 0.54 14.88 1.07
RBF 4-40-1 0.60 17.47 0.64 17.39 0.65 18.18 1.08
SVM 9,502, 0.54 1687 - - 055  17.12 102
y=0.25

The structure of MLP and RBF models means: the number of input nodes-the number of neurons in hidden layer-
the number of neurons in output layer

The models generated from the dataset for the LE exhibited a lower error rate for defor-
mation compared to the dataset for the berries LK. The optimal model was identified as an
MLP network comprising 18 neurons in the hidden layer. The mean absolute percentage error
(MAPE) for this model was 16.49% for the test data set. In terms of force prediction, the
optimal model was identified as the SVM algorithm. However, the accuracy of this model is
limited, as evidenced by a MAPE error exceeding 40% for the test data set. The most precise
model for energy prediction was developed using an MLP network with 29 neurons in the
hidden layer, exhibiting a MAPE error of 20.65%. Additionally, all generated models demon-
strated excellent generalisation ability for this dataset.

A sensitivity analysis enables evaluation of the degree of influence exerted by explanatory
variables on the dependent variables. In this study, a sensitivity analysis was conducted on
MLP models. For LK fruits, the analysis was performed on all mechanical parameters. For
LE fruits, however, the analysis was limited to deformation and energy, as the MLP model
for force exhibited low accuracy (MAPE = 47.52), rendering the analysis results for this
model unreliable. The results of the sensitivity analysis are presented in Figures 2 and 3.
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Table 4.
Structures and error metrics of best MLP, RBF and SVM models for LE fruits
Model Model structure or Train Validation Test GA
hyperparameters RMSE  MAPE RMSE MAPE RMSE MAPE
Force
MLP 4-48-1 0.28 29.90 0.32 35.72 0.25 28.95 0.88
RBF 4-50-1 0.29 32.06 0.32 37.06 0.27 33.40 0.93
SVM (=4, 6=0.1, =0.25 0.29 30.73 - - 0.31 31.61 1.05
Deformation
MLP 4-39-1 0.66 14.35 0.69 14.86 0.70 15.71 1.07
RBF 4-29-1 0.69 15.21 0.67 14.45 0.77 17.16 1.11
SVM (=8, ¢=0.3, )=0.25 0.69 15.70 - - 0.70 14.87 1.01
Energy
MLP 4-17-1 0.50 15.24 0.57 15.77 0.54 14.88 1.07
RBF 4-40-1 0.60 17.47 0.64 17.39 0.65 18.18 1.08
SVM (=9, &=0.2, =0.25 0.54 16.87 - - 0.55 17.12 1.02

The structure of MLP and RBF models means: the number of input nodes-the number of neurons in the hidden layer-
the number of neurons in the output layer
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Figure 2. Relative importance of input variables of MLP model on mechanical parameters
of LK fruits
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Figure 3. Relative importance of input variables of MLP model on mechanical parameters
of LE fruits

In the case of LK fruit, the greatest influence on force and energy is attributed to the
variety (35.8% and 30.1%, respectively). The other parameters comparably influence the me-
chanical parameters, with the maximum impact of 25%. Conversely, the year of harvest ex-
erts the greatest influence on deformation (42.8%). The other parameters in the model affect
deformation to a similar degree, with an impact of approximately 20%. For LE fruits, all the
independent variables exert a comparable influence on deformation and energy (22-30%).

The application of machine learning is becoming increasingly important in the construc-
tion of predictive models that are useful in agriculture. A plethora of algorithms are available
for the generation of these models. The optimal modelling method for a given data set is
contingent upon the specific relationship between the input and output parameters of the
model. Consequently, it is often necessary to employ a combination of methods and conduct
a comparative analysis of the resulting data. The methods employed in this research, namely
MLP and RBF neural networks and support vector machines, are among the most prevalent
algorithms utilized for agricultural data. Hosseini Monjezi et al. (2023), developed RBF and
SVM models for the purpose of predicting greenhouse indoor air temperature. The RBF
method demonstrated superior accuracy compared to the SVM model, with a lower MAPE
error of 1.3% for the test data set compared to 3.7% for the SVM. Bolandnazar et al. (2019)
compared the performance of MLP, RBF and SVM models for the prediction of energy con-
sumption in potato production. The RBF model demonstrated superior performance com-
pared to the MLP and SVM models, with a MAPE error of less than 1% on the test data set.
Nawaz and Babar (2024) employed the MPL, RBF and SVM methodologies to develop pre-
dictive models for the purpose of forecasting reference evapotranspiration to meet crop water
requirements in the context of smart agriculture. The study demonstrated that MLP and SVM
models exhibited superior predictive capabilities, whereas the RBF model demonstrated sig-
nificantly lower accuracy. Son et al. (2022) conducted a comparative analysis of ANN and
SVM models for rice crop yield prediction based on image composites from Sentinel-2. The
findings revealed that the accuracy of SVM models was marginally higher than that of ANN
models.
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The application of machine learning methodologies is facilitating the development of
models with the potential for real-world applications in the optimisation of fruit and vegetable
storage procedures. Huang et al. (2023) conducted a comparative analysis of MLP, RBF and
SVM models for the prediction of blueberry fruit freshness based on multi-sensing data. The
SVM model demonstrated the highest level of efficiency, with the accuracy rate of 94.01%.
Hu et al. (2016) employed least squares support vector machines (LS-SVM) to forecast tex-
ture profile analysis and puncture analysis parameters of blueberry fruit based on hyperspec-
tral interactance spectra coupled with the Monte Carlo uninformative variable elimination.
The SVM algorithm yielded models of high accuracy for most parameters under study, with
correlation coefficients R between target and predicted values of 0.91 for cohesiveness, 0.84
for springiness, 0.86 for resilience, 0.65 for maximal force strain, 0.62 for final force, 0.77
for hardness, and 0.71 for maximal force. A variety of neural network configurations were
tested to identify optimal models of the pear fruit rupture energy (Cevher et al., 2022), as
well as the surface area and volume of the Golden Delicious apples (Ziaratban et al., 2016).
The optimal model of pear fruit rupture energy was developed based on mass, water-soluble
dry matter, and Magness-Taylor force. An ANN with one hidden layer with five neurons was
employed, resulting in the coefficient of determination of R? = 0.94. The most precise model
of the surface area and volume of the Golden Delicious apples, based on the major and minor
diameters determined using a computer vision system, was generated using an ANN with one
hidden layer containing 15 neurons. The high quality of the model is evidenced by the value
of the coefficient of determination R? = 0.99. The value of the force of the skin puncture and
flesh of the analyzed fruits was most influenced by the variety in the case of LK, and the year
of harvest in the case of LE. Depending on the selected variable factors, significantly smaller
fluctuations of the tested values (deformation, energy) were noted for LE fruits. The analyzed
varieties had the greatest influence on the value of the energy needed to pierce the skin and
flesh of the fruits.

Conclusions

This study identified differences in fruit morphology, mechanical properties, and gas ex-
change between L. caerulea var. kamtschatica and L. caerulea var. emphyllocalyx. The mean
force required to puncture the fruits of LE varieties is 16.91% higher than that of the tested
LK varieties. A comparable pattern is evident in the energy data, with LE varieties necessi-
tating, on average, 7.42% more energy. The gaseous zone exerted a notable influence on the
evaluated characteristics of stored fruit. Ozonation of LK and LE fruits for 3 minutes reduced
the ethylene content by 10.8%, while ozonation for 1 minute decreased the carbon dioxide
content by 10.9%. During storage, different reactions were observed depending on the length
of storage. The ethylene content increased over the course of storage, while the CO» content
decreased on the fifth day compared to the first day of storage. Due to the large area of cul-
tivation and the significant extension of the process, the use of ozonation may be difficult.
The use of ozonation in field production and in the conditions of storage of large quantities
of raw material requires the use of appropriate equipment.

The results of the machine learning modelling demonstrate that all three modelling meth-
ods, namely MLP, RBF and SVM, yielded models with comparable accuracy. The accuracy
of the models derived from the LK fruits dataset is deemed satisfactory for agricultural data,
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particularly in the case of deformation and energy, where a mean absolute percentage error
(MAPE) of several percent was obtained. The LM fruits set yielded models with lower accu-
racy overall, with the model for force prediction exhibiting insufficient accuracy for practical
application. MLP models facilitated the determination of the degree of influence exerted by
individual model input parameters on mechanical parameters. The models obtained can be
utilized in real-life applications to design the storage processes for L. caerulea var.
kamtschatica and L. caerulea var. emphyllocalyx fruit using ozonation treatment.
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BADANIE WPLYWU OZONOWANIA NA PARAMETRY MECHA-
NICZNE OWOCOW LONICERA CAERULEA L. ZA POMOCA
UCZENIA MASZYNOWEGO

Streszczenie. Lonicera caerulea L. — dobrze znana w Polsce pod nazwa jagody kamczackiej w ostat-
nich latach stata si¢ popularna. Badania przeprowadzone na niedawno wyhodowanych japonskich klo-
nach haskap mialy wykazaé, ze owoce nadaja si¢ do mechanicznego zbioru i przechowywania. Niniej-
sza praca ma na celu oceng wlasciwosci mechanicznych i trzech odrgbnych metod uczenia
maszynowego, aby stworzy¢ modele predykcyjne, ktore wyjasniaja zwigzek miedzy kluczowymi atry-
butami mechanicznymi owocéw i warunkami przechowywania L. caerulea. Srednia sila potrzebna do
przektucia skory i migzszu owoca L. caerulea var. emphyllocalyx wynosi o 16,91% wigcej niz ta wy-
magana dla badanych odmian L. caerulea var. kamtschatica. Owoce L. caerulea odmiany emphylloca-
lyx wykazaly istotnie wyzszy poziom tempa oddychania, przy poziomach C2H4 i CO2 podczas przecho-
wywania na poziomie 25,5% i 10,5% odpowiednio wyzszym, w porownaniu do odmian L. caerulea
var. kamtschatica. Algorytm uczenia maszynowego zbadal wygenerowane doktadne modele do prze-
widywania deformacji i energii. Sredni bezwzgledny btad procentowy (MAPE) badanych modeli wy-
nosit pomiedzy 14,87 a 20,65%. Modele o duzo nizszej doktadnosci uzyskano do przewidywania sity
przy Srednim bezwzglednym bledzie procentowym wynoszacym 28,95% dla owocéw L. odmiany
kamtschatica oraz 42,33% dla owocow L. emphyllocalyx. Uprawa i ulepszenie odmian Lonicera cae-
rulea L. ma wielkie znaczenie dla rozwoju zmechanizowanych metod uprawy i rozwoju ulepszonych
technologii przechowywania tego gatunku. Stworzenie metod uczenia maszynowego poprawi 1ozwoj
modeli predykcyjnych, ktore moga stuzy¢ jako narzedzie predykcyjne dla zaleznosci wybranych cech
mechanicznych.

Stowa kluczowe: Lonicera caerulea L., cechy morfologiczne, wymiana gazowa, uczenie maszynowe
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Abstract: In recent years, interest in Lonicera caerulea production has grown significantly because of
its nutritional and pharmaceutical benefits, leading to rapid expansion in its cultivation. L caerulea
var. emphyllocalyx is a lesser-known botanical variety. Due to differences between plants of the
Lonicera genus and the lack of scientific reports on micropropagation, it is necessary to determine
the possibilities of in vitro propagation. The aim of this study was to elaborate a micropropagation
protocol of two new breeding clones of Lonicera caerulea var. emphyllocalyx: '21-17" and “139-24".
The experiments were carried out on in vitro cultures grown on MS medium supplemented with
1 mg-dm~3 BA or 1 mg-dm~3 mT. Two types of explants were used during the experiment: nodal
fragments (NFs) and shoot-tips (STs). Before acclimatisation, some rooted microshoots were subjected
to cooling at 4 °C for 4 weeks. Significantly more ST explants than NF explants started to grow at
the proliferation stage. The application of BA resulted in much better proliferation and health of
cultures. Cold storage of micropropagated ‘139-24’ plantlets significantly increased their survival in
acclimatisation in contrast to “21-17” plantlets but weakened further growth of the plants. In future
in vitro studies on L. caerulea var. emphyllocalyx, BA can be used as the primary growth regulator due
to its effectiveness and low cost. Nodal fragments should be considered as the main propagation
material since they promote better growth rates. Additionally, further research is required to explore
the effects of low-temperature storage on the growth and physiology of these plants. The results
obtained in this research may contribute to the development of micropropagation technology in the
future for L. caerulea var. emphyllocalyx.

Keywords: in vitro; Lonicera; meta-topolin; explant type; cold storage

1. Introduction

The Lonicera genus is part of the Caprifoliaceae family, which comprises over 200 species.
Among these, Lonicera caerulea (blue honeysuckle) stands out as an important species
originating from East and Central Asia. It has various botanical varieties, including L.
caerulea var. edulis, kamtschatica, altaica, boczkarnikovae and emphyllocalyx, coming from
countries like Russia and Japan. These shrubs can grow between 0.8 and 3.0 m tall and
have a lifespan of around 25 to 30 years. They require external pollination to bear fruit and
typically yield about 500 g of berries per shrub after three years. The cylindrical dark blue
or purple berries vary in size between 1.5 and 3.0 cm [1,2]. L. caerulea var. emphyllocalyx
Nakai, commonly known as the hascap berry, is a botanical variety of L. caerulea, native to
Japan. It is primarily found in the cold intermountain areas from the central to northern
regions, especially in Hokkaido. Its fruit flavour profile ranges from sour to sweet and
the fruit contains a wide range of bioactive compounds such as anthocyanins, minerals
and vitamins. Berries are known as functional food, and are used for products like jams,
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juices, wines and tinctures. L. caerulea var. emphyllocalyx is closely related to Lonicera caerulea
var. edulis and it is difficult to distinguish the cultivars of the two varieties [3]. Important
features of L. caerulea var. emphyllocalyx are the later ripening of its fruits, which reduces
the risk of frost damage to flowers, and its reduced fruit fall compared to other botanical
varieties of Lonicera [4]. Due to its nutritional and pharmaceutical value, interest in its
production has increased, and the production of blue honeysuckle is expanding rapidly.
Plants from the Lonicera genus grow very well in Polish weather conditions; hence, among
other things, great interest among customers in new cultivars has appeared.

The traditional methods of propagation of honeysuckle cultivars include dividing
mother plants or usage of semi-hardwood or hardwood cuttings [5,6]. However, hardwood
cuttings occasionally root at a lower rate, around 40%. Using softwood cuttings can yield
more satisfactory results in propagation. Generative reproduction does not ensure consis-
tency in the offspring’s cultivar traits [7]. Traditional methods for propagating berries are
ineffective because they rely on cuttings, making the process slow and labour-intensive.
The use of semi-hardwood or hardwood cuttings increases the risk of microbiological
infections [8]. Therefore, in vitro tissue cultures can be used for rapid clonal propagation.
In vitro shoot cultures provide an alternative means of plant propagation that is not reliant
on the growing season. This method features a high multiplication rate and yields micro-
propagated plants with enhanced health status. It provides additional advantages over
sexual propagation [9,10].

Microclonal propagation represents a promising technique which allows propagation
of large quantities of high-quality planting material of many fruits and ornamental plants
within short time frames in a limited space, without the strong influence of external
conditions. The process of in vitro propagation for any plant culture generally consists of
four main stages: introducing the initial form into a sterile culture, the propagation phase,
rooting the microshoots and finally adapting them to soil-based growth. Genotype-specific
characteristics of the explant, its structure, its origin, the composition of the culture medium
and the physical conditions play crucial roles at all stages of micropropagation [9]. The
composition of the growth medium, growing parameters, various manipulations with
explants, and the duration of the subculture all contribute to ensuring optimal propagation.
One of the key aspects of micropropagation is selecting the appropriate amount of the
growth substance. The use of cytokinins is particularly common, the selection of which
is one of the most critical factors in the development of protocols for the in vitro culture
of plants. 6-benzyl adenine (BA) is one of the most frequently used cytokinins due to its
efficiency and cheap cost [11-14]. Meta-topolin (mT) is a potent aromatic cytokinin that can
be utilised in micropropagation; it has immense potential in shoot proliferation, preventing
shoot-tip necrosis in Ginkgo biloba L., evading the effects of hyperhydricity in Corylus colurna
L., increasing the shoot length of Ribes grossularia and achieving efficient acclimatisation
and rooting of apple varieties [15-18]. In order to minimise the time and costs of plant
production, it is necessary to develop a technology for clonal reproduction of plants at all
four stages of the process.

The use of in vitro cultures may be applicable to the propagation of L. caerulea var.
emphyllocalyx. As this variety is only gaining popularity, there are no clear scientific
reports regarding its micropropagation. The reaction of L. caerulea var. emphyllocalyx
may be different compared to that of other plants of the genus. Several Lonicera spp. are
propagated in vitro, in most cases using calluses (Lonicera nitida [19,20]), axillary and apex
shoots (Lonicera caerulea [21] and Lonicera edulis [8,17]), and leaves (Lonicera japonica [22]).
These methods are not widely adopted because the effectiveness of micropropagation varies
significantly depending on the genotype, and it sometimes yields unsatisfactory results.
Micropropagation methods for other botanical species of Lonicera may not work for L. var.
emphyllocalyx. The use of different plant parts as explants and growth substances may have
different effects in the case of micropropagation [23]. The micropropagation protocol of
Lonicera caerulea, mainly L. caerulea var. kamtschatica, involves the use of BA as the main
growth substance [24,25]. Typically, cultures are carried out at temperature; however, in
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the case of some species, cooling of the cultures is practiced. The use of low-temperature
(0-10 °C) storage of in vitro cultures is a complementary conservation method of such
genetic resources. Additionally, this increases the proliferation of rootstocks in vitro [26,27].
The significant differences between micropropagation of the botanical varieties of Lonicera
make it necessary to determine the appropriate growing conditions for L. var. emphyllocalyx
before any attempt at commercial in vitro cultivation is made.

The aim of this experiment was to improve the protocol of micropropagation of
Japanese hascap (Lonicera caerulea var. emphyllocalyx) and to draw attention to the in vitro
propagation of newly created breeding clones and the use of plantlets in commercial plan-
tations. Different reactions of many species and even cultivars require the optimisation of a
micropropagation method for each clone. It should have a beneficial effect on the growth
and physiological conditions of microplants. To our best knowledge, such experiments
have not yet been conducted in the case of hascap; despite the increasing popularity of L.
caerulea var. emphyllocalyx, there are very few scientific reports on this botanical variety and
its in vitro propagation. For this reason, the development of a Japanese hascap micropropa-
gation method was the focus of this study. Selected clones from in vitro micropropagation
may be useful for mechanical harvesting due to their bush structure and low fruit drop
rate. Future research should focus on mechanical harvesting. Advancing micropropagation
technology will enhance breeding and cultivation by enabling rapid plant multiplication.

2. Materials and Methods
2.1. Plant Material

Explants used for initiation of cultures were prepared from softwood cuttings. Plant
material was collected in the year 2022 from 2-year-old plants propagated in contain-
ers, grown in a plant nursery located in Tyczyn (49°57'52" N 22°2'47" E, Subcarpathian
Voivodship, Poland). The two new studied breeding clones, '21-17’, referred to as ‘J21’,
and “139-24’, referred to as ‘J13’, were kindly provided by the ‘Korfanty’ plant nursery
(49°41'41” N 22°5'3" E, Grabownica Starzeriska, Subcarpathian Voivodeship, Poland).
Donor plants were not previously propagated in vitro. The micropropagation process of L.
caerulea var. emphyllocalyx included three stages: proliferation, rooting and acclimatisation
(Figure 1).

/ %
Rooted microplants

Elongated shoots from l
proliferation stage

K |

1 &

%

1. Proliferation 2. Rooting 3. Acclimatisation

Figure 1. Micropropagation stages of L. var. emphyllocalyx; BA—6-benzyl adenine, mT—meta-topolin,
IBA—(1H-indol-3-yl)butanoic acid.
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2.2. Initiation of In Vitro Cultures

Before the surface disinfection of the Japanese hascap was carried out, the plants
were housed in a greenhouse under high air relative humidity (95% RH) at 22-25 °C for
3 weeks. Parental plants were sprayed with a solution of Amistar 250 SC (1 g-dm~3) and
Previcur Energy 840SL (1 g-dm~2). Fragments of shoots 10 cm long were washed in a 70%
ethanol solution and soaked in a 1% solution of sodium hypochlorite (NaOCl) for 10 min,
then rinsed in sterile deionised water and then in a solution of ascorbic and citric acid
(200 mg-dm~2 for both). The medium composition was developed based on the results
of preliminary experiments, which are not presented in this study. For each stage of the
experiment, different variants of Murashige and Skoog media (MS) were used (Table 1).

Table 1. Composition of media used for micropropagation of Japanese hascap.

Stages Initiation Proliferation Rooting
Macronutrients 100% MS 1 100% MS 50% MS
Micronutrients 100% MS 100% MS 50% MS

- . . Fe(III)EDDHA Fe(II)EDDHA Fe(IIT)EDDHA
Additional micronutrients (10 mg-dm2) (10 mg-dm~3) (5 mg-dm~?)
. 100% MS, 100% MS, o
Vitamins 100% WPM 2 100% WPM 200% WPM

Additional vitamins

folic acid (0.5 mg-dm3),

. . . 73
folic acid (0.5 mg-dm ™) pantothenic acid (1 mg-dm~3)

folic acid (0.5 mg-dm*3)

Myo-inositol 100 mg~dm_3 100 mg~dm_3 100 mg-dm_3
Sucrose 20 g-dm~3 20 g-dm~3 15 g-dm 3
1 mg-dm~3 BA
dm—3 g dm-—3
Growth regulators 1mg-dm™ BA or 1 mg- dm=3 mT 2mg-dm™> IBA
pH 5.7 5.7 5.7
Agar 8 g-dm—3 8 g-dm—3 8 g:dm3

1 MS—Murashige and Skoog [28]. 2 WPM—McCown et al. [29].

The medium composition included 100% MS macronutrients—1.65 g-dm~3 NH;NO3,
440 mg-dm—3 CaCly, 180.7 mg-dm 2 MgSOy, 170 mg-dm 3 KH,PO, and 1.90 g-dm 3 KNO3—
and 100% MS micronutrients—6.2 mg-dm~3 H3BO;, 0.02 mg-dm 3 CoCl,, 27.8 mg-dm >
FeSOy, 22.3 mg-dm~2 MnSOy, 0.83 mg-dm~3 KI, 0.25 mg-dm~—3 ZnSO, and 0.02 CuSOj.
The medium contained 100% MS vitamins—2 mg-dm~ glicine, 0.1 mg-dm~3 pyridoxine,
0.1 mg-dm 3 niacin and 0.1 mg-dm > thiamine—and 100% WPM vitamins—2 mg-dm >
glicine, 0.1 mg-dm ™2 pyridoxine, 0.1 mg-dm > niacin and 1 mg-dm 3 thiamine.

2.3. Proliferation

For proliferation, explants were placed in a medium containing either N-(Phenylmethy]l)-
7H-purin-6-amine (6-benzyl adenine (BA, 1.0 mg-dm~3) or 6-(3-Hydroxybenzylamino)purine
(meta-topolin (mT, 1.0 mg-dm~3). The medium composition included 100% MS macronutrients—
1.65 g-dm ™2 NH4NO3, 440 mg-dm 3 CaClp, 180.7 mg-dm 3 MgSOy, 170 mg-dm 3 KH,PO,
and 1.90 g-dm—3 KNOs—and 100% MS micronutrients—6.2 mg-dm~—2 H3BO;3, 0.02 mg-dm 3
CoCly, 27.8 mg-dm 3 FeSOy, 22.3 mg-dm 3 MnSOy, 0.83 mg-dm 2 K1, 0.25 mg-dm 2 ZnSO, and
0.02 CuSOy. The medium contained 100% MS vitamins—2 mg-dm 3 glicine, 0.1 mg-dm 3 pyri-
doxine, 0.1 mg-dm~3 niacin and 0.1 mg-dm 3 thiamine—and 100% WPM vitamins—2 mg-dm~3
glicine, 0.1 mg-dm~3 pyridoxine, 0.1 mg-dm > niacin and 1 mg-dm 2 thiamine. The medium
contained 100% MS vitamins—2 mg-dm 3 glicine, 0.1 mg-dm 3 pyridoxine, 0.1 mg-dm > niacin
and 0.1 mg-dm 2 thiamine—and 100% WPM vitamins—2 mg-dm~3 glicine, 0.1 mg-dm 3 pyri-
doxine, 0.1 mg-dm 3 niacin and 1 mg-dm > thiamine. The growth hormone concentration
was determined based on scientific reports of micropropagation of L. caerulea var. kamtschatica
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and results of preliminary experiments [8,30]. Each treatment was represented by at least 6 jars
(x8 explants). During proliferation at the end of passage, the numbers of short (3-9 mm) and
long (>10 mm) shoots and the total number of and length of shoots were measured. In addition,
the number of cultures that were dead or had apical necrosis was counted as well as the number
of healthy shoots and the size of calluses in the cultures. Cultures were grown in 300-500 mL
glass jars, filled with 50 mL of medium, closed with autoclavable, transparent lids. They were
grown on shelves in a culture room with the temperature ranging from 26 °C during the day
to 24 °C at night. The photoperiod was 16 h/8 h (day/night), with light of 26 umol'm 2™
PPFD provided by Grolux fluorescent tubes. The experiment was carried out on 1-year-old
cultures which were previously propagated through six subsequent 6-7-week-long subcultures.
The cultures were established from 2 types of explants, i.e., nodal fragments (INFs) consisting of
2 nodes, and shoot-tips (STs) (Figure 2A,B).
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Figure 2. Types of explants used during proliferation of Japanese hascap clones. (A) Nodal fragment
explants (NFs), (B) shoot-tip explants (STs); (C) microshoots with callus at the base apical, (D) necrosis
at microshoots.

2.4. Rooting Stage

For rooting, explants were placed in a medium containing 4-(1H-indol-3-yl)butanoic acid
(IBA, 1.0 mg-dm ). The medium composition included 50% MS macronutrients—1.65 g-dm >
NH4NO;, 440 mgdm_3 CaCl,, 180.7 mg~dm_3 MgSOy, 170 mg.dm_3 KH,PO4 and
1.90 g-dm~3 KNO3—and 100% MS micronutrients—6.2 mg-dm~3 H3BO3, 0.02 mg-dm 3
CoCl,, 27.8 mg-dm 3 FeSOy, 22.3 mg-dm 3 MnSOy, 0.83 mg-dm 3 KI, 0.25 mg-dm 3
ZnSOy and 0.02 CuSOy. The medium contained 100% MS vitamins—2 mg-dm 2 glicine,
0.1 mg'dm_3 pyridoxine, 0.1 mg-dm_3 niacin and 0.1 mg'dm_:)’ thiamine—and 100%
WPM vitamins—2 mg-dm~2 glicine, 0.1 mg-dm~2 pyridoxine, 0.1 mg-dm~3 niacin and
1 mg-dm~3 thiamine. The medium contained 200% WPM vitamins: 2 mg-dm 2 glicine,
0.1 mg-dm~3 pyridoxine, 0.1 mg-dm 2 niacin and 1 mg-dm~3 thiamine. The IBA concen-
tration was determined based on preliminary experiments on L. caerulea var. emphyllocalyx
micropropagation. Each treatment was represented by at least 6 jars (x8 explants). During
rooting at the end of passage, the numbers of short (3-9 mm) and long (>10 mm) shoots
and the total number of and length of shoots were measured. In addition, the number of
cultures that rooted or had apical necrosis was counted as well as the length of roots in
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the cultures. Cultures were grown in 300-500 mL glass jars, filled with 50 mL of medium,
closed with autoclavable, transparent lids. They were grown on shelves in a culture room
with the temperature ranging from 26 °C during the day to 24 °C at night. The photope-
riod was 16 h/8 h (day/night), with light of 26 umol-m~2-s~! PPFD provided by Grolux
fluorescent tubes.

2.5. Acclimatisation of Regenerated Plants to Ex Vitro Conditions

Healthy-looking plantlets (rooted in vitro microshoots), about 2 cm long, were accli-
mated. Some of them had been stored in jars filled with medium at a temperature of 4 °C
for 4 weeks before acclimatisation. Microplants were planted at 3 cm X 3 cm spacing into
plastic containers filled with a substrate consisting of universal peat substrate (Hartmann,
Poland) and sand (3:1) with a pH value of 5.5. All containers were covered with milky lids
and provided with light of 60 umol-m~2-s~! PPFD on a 16 h/8 h cycle (day/night). Rooted
shoots were transplanted to 5 dm~3 trays and grown in a greenhouse under a controlled
atmosphere for 2 weeks. Then, the pre-acclimatised plantlets were placed separately into
1 dm~3 pots, numbered and grown outdoors in shady conditions in the nursery. Both
species were grown in pots containing peat substrate, sand and perlite in a ratio of 20:1:1,
with the addition of the fertiliser Osmocote Exact 3—4 m (ICL, Sydney, Australia) at a
concentration of 2.0 kg for 1 m? of substrate. After two and four weeks, each plant’s height
was measured.

2.6. Statistical Analysis

Collected data were subjected to an ANOVA and an LSDg g5 mean separation test.
Data presented as percentages (i.e., number of dead cultures, number of cultures with
shoot-tip necrosis, number of explants which started to grow) were subjected to testing on
the difference between two proportions. The differences were considered as significant
at o = 0.05. Statistica 13.3 computer software was used. F test values for the measured
parameters during micropropagation are located in Appendix A (Tables A1-A3).

3. Results
3.1. Proliferation of Japanese Hascap Clones
Not all explants placed onto the medium started to grow; in some cases, death of

entire cultures or apical necrosis or callusing at the explant base were observed (Table 2,
Figure 2C,D).

Table 2. Physiological condition of Japanese hascap in vitro cultures established from different
explants on media supplemented with mT or BA.

Number of Explants Which Started Number of Cultures with Apical

Clone Explant Type Cytokinin to Grow [%] Necrosis [%]
BA 79.1abc ! 8.8 ab
NF
mT 429 de 0.0 ab
J21
BA 82.6 ab 0.0a
ST
mT 60.6 bed 0.0 ab
BA 83.0a 5.1ab
NF
mT 289e 0.0 ab
J13
BA 92.6a 12.0a
ST
mT 41.2 efg 0 abc
J21 - - 68.6 a 29a
J13 - - 69.3b 75b
- NF - 615a 52a
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Table 2. Cont.

Number of Explants Which Started Number of Cultures with Apical

Clone Explant Type Cytokinin to Grow [%] Necrosis [%]
- ST - 76.7Db 52a
- - BA 84.7b 6.8b
- - mT 43.1a 0.0a
! Different letters indicate significant differences among means at « < 0.05. Data expressed in % were subjected to
testing on difference between two proportions.

Cultures of both clones showed similar development (Table 2), though significantly
more ST than NF explants resumed growth. The effect of cytokinins was prominent, with
almost twice as many cultures growing on BA-supplemented media compared to mT. No
clone-specific reaction to cytokinin type or explant was noted. More cultures grew on BA
than mT, with the explant type being less important. Apical necrosis occurred only in
cultures grown on BA, not mT (Table 2). No significant differences were found between
J21 and J13 clones in shoot proliferation (Table 3), although J21 showed stronger shoot
elongation than J13.

Table 3. Development of Japanese hascap clone in vitro cultures established from explants on media
supplemented with mT or BA.
Number of
Number of Long Total Length of Total Length .
Clone E’;Plae“t Cytokinin Sl(\;)_r; ?\f[\:;(;ts Shoots (>10 mm) Number of the Longest of Shoots Cal[lgfn?lze
P [Psc] [Pcs] Shoots [Pcs] ~ Shoot [Cm] [Cm]
NF BA 03a 1.7c! 1.9bc 52a 74d O0a
121 mT 0.0a 1.0 ab 10a 3.9ab 4.2 ab Oa
ST BA 04a 1.3b 1.7b 46a 5.8 bc l6a
mT 0.1a 1.1ab 12a 29b 29a Oa
NF BA 03a 1.8¢ 21c 45a 6.9 cd O0a
113 mT 0.0a 1.0ab 10a 43 ab 4.3 ab Oa
oT BA 02a lla 12a 31b 34a Oa
mT 0.1a 1.1ab 1.1ab 3.6ab 4.1 ab Oa
SL 2 ns Bkk #kk #4k Ak ns
SLipt ® ns ns ns * * ns
J21 - 02a l4a l6a 44b 56b 0.6a
J13 - 02a 13a l.6a 38a 48a Oa
SL ns ns ns * ns ns
- NF 02a 1.6b 1.8b 47b 6.5b O0a
- ST 02a 12a l4a 3.6a 41a 0.5b
SL ns 2t 3% e L2t *%
- - BA 0.3b 14b 1.7b 42b 57b 04b
- - mT 0.1a 0.0a 11la 35a 37a 0.0a
SL *3%3% *%% A% * *3%3% *%%

1 Different letters indicate significant differences among means at « < 0.05. 2 SL—level of significance of differences
among variables: ns—not significant, **—p < 0.001, **—p < 0.01, *—p < 0.05. 3 SL;,,—level of significance for
interaction: clone x treatments (type of expl x cytokinin).

The differences between clones in terms of explant calluses were not statistically
proven (Table 3). It was found that cultures established from NF explants grew much
stronger as compared to STs. The NF cultures produced more long shoots and did not
callus at the base, unlike the ST cultures. Cultures growing in the presence of BA were
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characterised by significantly more intense proliferation and elongation of shoots. The mT
cultures stimulated proliferation and callus growth much less compared to BA (Table 3).
There was no clone-specific reaction to the analysed factors (type of cytokinin and explant)
when proliferation of shoots and calluses were considered (SLiyns). However, a reaction
was found in the case of shoot elongation. ST explants of clone J13 produced new shoots of
similar length, while in the case of clone J21, cytokinin BA significantly stimulated shoot
elongation as compared to mT (Table 3). Cultures established from the NF cultures of both
clones responded in a similar way to cytokinins and produced significantly stronger new
shoots in the presence of BA.

3.2. Rooting of Japanese Hascap Explants

Not all explants of studied clones rooted or developed new shoots (Table 4). It was
found that significantly more cultures of clone J21 started to grow in comparison with clone
J13 (Figure 3, Table 4). The susceptibility of the tested clones to apical necrosis was similar.

Table 4. Rooting and growth of Japanese hascap clones in rooting stage of in vitro experiment.

Number of Rooted Average Length of Number of Explants with Number of Cultures with

Clone Explant Type Explants [%] Roots [cm] Elongated Shoots [%] Apical Necrosis [%]

NF 97.2b! 0.8b 729a 00a

21 ST 80.0 a 05a 43.8 abc 0.0a

NF 829a 1.3b 62.5 ab 0.0a

13 ST 93.3b 09a 313¢ 6.3 a
SL 2 nc4 * nc nc
SLip 3 ne ns nc ne

J21 - 924D 0.8a 65.6 b 31la

J13 - 90.4 a 1.0b 416a 0.0a
SL nc ns nc nc

- NF 93.4Db 12b 714b 42a

- ST 878 a 0.7a 375a 0.0a
SL nc * nc nc

! Different letters indicate significant differences among means at & < 0.05. 2 SL—level of significance of differences
among variables: ns—not significant, *—p < 0.05. 3 SL;,,—level of significance for interaction: clone x type of
explant. 4 nc (not calculated)—the test on the difference between two proportions (used in the case of data
presented as percentages) does not enable calculation of SL and F values.
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Figure 3. Rooted microshoots of Japanese hascap.
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However, significant differences between the tested clones were observed in terms
of the rooting efficiency. The effect of the explant used was more noticeable; almost
twice as many growing cultures were observed in the case of the usage of NF explants.
Compared to STs, the use of the NF explant allowed for significantly greater rooting and
significantly influenced the root length. No differences in apical necrosis frequency were
proved (Table 4).

NF explants rooted much better compared to the ST explants (Table 4). However, in
the case of the J21 clone, the number of rooted NF explants was higher than for STs, in
contrast to clone J13. NF explants of both clones developed longer shoots than the ST ones
(Table 4). Differences between clones in the proliferation and elongation of new shoots
were not found. Similarly, there was no significant relationship between the kind of explant
and the development of both clones during the rooting stage (Table 5).

Table 5. Development of Japanese hascap clones in rooting stage of in vitro cultures established from
different explants.

Clone Explant Type Number of Short Number of Long Total Number of Length of the Longest
P YP® " Shoots (3-9 mm) [psc]  Shoots (>10 mm) [pcs] Shoots [pcs] Shoot [em]
NF 0lal 12a 12a 6.3a
J21
ST 0.0a 1.0a 1.0a 6.9 a
NF 00a 1.0a 1.0a 70a
J13
ST 0.0a 1.0a 1.0a 6.5a
SL2 ns ns ns ns
SLipt 3 ns ns ns ns
J21 - 0.0a 11a 11la 6.5a
J13 - 0.0a 10a 10a 6.6 a
SL ns ns ns ns
- NF 0.la 11a 12a 64a
- ST 0.0a 1.0a 1.0a 6.7 a
SL ns ns ns ns

! Different letters indicate significant differences among means at & < 0.05. 2 SL—level of significance of differences
among variables: ns—not significant. 3 SL;,,—level of significance for interaction: clone x type of explant.

3.3. Acclimatisation of Japanese Hascap Clones to Ex Vitro Conditions

During the acclimatisation stage, not all microplants resumed growth, and complete
necrosis of plantlets was observed in many cases (Table 6, Figure 4A).

There were significantly more dying plantlets, mostly in the ]J21 clone. Both clones
formed calluses of similar size, but J21 developed roots twice as long as those of J13.
Microplants from NF explants had larger calluses and shorter roots compared to those
from ST explants. The explant type did not affect the number of dead plantlets (Table 6,
Figure 4B). Cold treatment led to more plantlet necrosis and death but did not influence
callus formation or root elongation. Chilled ST plantlets of both clones died more frequently.
More cooled NF plantlets started growing compared to STs (Table 6, Figure 4C). Chilled J21
plantlets formed smaller calluses, while J13 plantlets from STs did not produce calluses,
unlike NF plantlets. J21 roots were larger after cooling, but J13 NF plantlets developed
weaker roots, regardless of chilling.

Significant differences in growth, rooting and acclimatisation of plantlets of both
clones subjected to cooling were found (Table 7). The elongation of shoots of clone J21 was
more intense compared to that of clone J13. The development of new shoots was similar
regardless of the clone. Microplants derived from NFs and STs produced shoots in the
same number and of similar length. Only in the first measurement was a significantly
more intense elongation of shoots of plants originating from an ST explant observed.
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This phenomenon disappeared in later stages. A great influence of plant cooling was
observed; plantlets not subjected to cooling were characterised by significantly better
growth compared to cooled plantlets (Table 7).

Table 6. Acclimatisation of Japanese hascap microplants obtained from different explants and growth

conditions.
Clone Explant Type Treatment Number of Dead Plantlets [%] Callus Size [cm] Length of the Roots [cm]
NE Chilled 27.3bed ! 0.3 ab 1.0ab
121 Not chilled 60.8 a 0.6 cd 0.8b
ST Chilled 33.3 bc 0.3a 1.0a
Not chilled 18.9bd 0.4 ac 0.9 ab
Chilled 6.3b 0.8c 0.0 bc
NF Not chilled 35.7 acd 0.8 ¢ 0.0 be
13 Chilled 29.2 bc 0.0b 1.0a
ST Not chilled 27.3 bed 0.0b 1.0a
g2 ne ok ok
SL;, 3 nct - .
J21 - - 36.5b 04a 1.0b
113 - - 217 a 04a 05a
SL nc ns o
- NF - 355b 0.6 b 0.6a
- ST - 28.0a 02a 11b
SL ne . ok
- - Chilled 256 a 04a 0.8a
- - Not chilled 39.5b 04a 0.8a
SL nc ns ns

1 Different letters indicate significant differences among means at o < 0.05. 2 SL—level of significance of differences
among variables: ns—not significant, ***—p < 0.001. 3 SL;—level of significance for interaction: clone x type of
expl. * nc (not calculated)—the test on the difference between two proportions (used in the case of data presented
as percentages) does not enable calculation of SL and F values.

Figure 4. Acclimatiszation of Japanese hascap clones in controlled environment (A), initially acclima-
tised plantlets grown in shade in pots (B), fully acclimatiszed micropropagated plants in nursery (C).
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Table 7. Subsequent effect of the type of explant used during rooting and cooling on the growth of
acclimated plantlets of Japanese hascap.

23 May 2023 6 June 2023 22 June 2023
Clone Plantlet Treatment Length of Total Number of Length of Total Number of Length of Total Number of
Type the First Length of Developed the First Length of Developed the First Length of Developed
Shoot Shoots Shoots Shoot Shoots Shoots Shoot Shoots Shoots
NF Chilled 48a' 53a 11c 13.5bc 142b 1.1ab 21.2 ac 222 bc 1.1ab
Not chilled 8.9 cd 104 ¢ 13b 155 cd 179 ¢ 13c¢ 231cd 26.7d 13c¢
21
J - Chilled 5.6 ab 56a 1.0a 13.0b 13.0 ab 1.0a 194 ab 19.4 ab 1.0a
Not chilled 9.6d 99c¢ 1.0 ac 16.5d 169 ¢ 1.0 ab 25.6d 26.2d 1.0 ab
NF Chilled 45a 4.7a 1.1ac 11.9 ab 12.7 ab 1.1ab 19.6 abc 20.8 abc 1.1ab
Not chilled 72cd 79b 1.2 bc 13.4 bc 15.4 be 1.2 bc 21.3 ac 244 cd 1.2 bc
13
I ST Chilled 49a 5.0a 1.0 ac 11.1a 11.5a 1.0 ab 17.3b 18.0a 1.0 be
Not chilled 40a 50a 1.0 ac 11.1a 11.7 ab 1.0 ab 18.3 ab 18.4 ab 1.0 bc
SL 2 *kk A4k *kk *kk *kk *kk kAt *kk Hkok
SLine ° ** o ** ns ns ** ns ns *
J21 - - 69b 74b 11la 144b 15.1b 11la 22.0b 23.0b 11la
J13 - - 52a 55a 1.1la 119a 12.7 a 1.1la 189a 20.1a 1.1la
SL Lt 4K ns R 4K ns %% A% ns
- NF - 56a 6.2a 1la 13.0a 139a 11a 20.1a 214a 11a
- ST - 6.8b 7.0a 1.0a 139a 145a 1.0a 215a 224a 1.0a
SL ** ns ns ns ns ns ns ns ns
- - Chilled 51a 53a 1.0b 125a 129a 1.0a 194a 20.0a 1.0a
- - Not chilled 82b 89b 11a 15.0b 16.2b 1.1b 23.1b 25.0b 1.1b
SL LR Ll *3% LR Lt 3% HXH Lt 3%

1 Different letters indicate significant differences among means at & < 0.05. 2 SL—level of significance: ns—not
significant, ***—p < 0.001, **—p < 0.01, *—p < 0.05. 3 SL;,—level of significance for interaction: clone x (type of
expl x treatment).

A clone-specific reaction of previously used explants (NFs or STs) to cold storage was
found in the case of plantlet growth (Slint—**), especially in the first weeks of acclimatisation.
Microplants of clones J21 and J13 derived from NFs grew significantly better if they were
not subjected to cooling. Plants of both clones originating from NFs responded to cooling
by weakened shoot elongation in the first week of acclimation. The effect of cooling on
shoot proliferation was not significant after the first week, except for plants of the ]21 clone
obtained from NFs. In this case, cooling weakened the development of side shoots during
acclimation until the end of this study (Table 7).

4. Discussion

As there is no information about the micropropagation of L. caerulea var. emphyllocalyx,
one should rely on information on the reproduction of other species from the Lonicera
group. Some researchers have emphasised that the plant genotype, the type of explant,
the composition of the nutrient medium and the conditions of the culture play crucial
roles in the development of in vitro cultures and in optimisation of plant micropropa-
gation techniques [31-33]. According to scientific reports [20,24,30,34,35] about in vitro
propagation of species from the Lonicera genus, the main medium used for propagation is
MS medium, sometimes diluted to 75%. In our study, distinct differences in growth and
development of studied clones of L. caerulea var. emphyllocalyx during the proliferation
and rooting stages were found (Tables 2-5). The differences between clones were more
distinctive in the acclimatisation stage. Acclimatised plantlets of the J21 clone grew more
intensely than the J13 ones (with better elongation of shoots and roots) (Table 6). However,
significantly more ]J21 plants than J13 plants did not withstand the acclimatisation and died.
A similar reaction was observed in the study of Dziedzic 2008, in which the L. caerulea var.
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kamtschatica cultivar ‘Czelabinka’ developed longer shoots and rooting in comparison to
the ‘Duet’ cultivar.

The choice of explant may influence the growth of the micropropagated plant.
Litwinczuk et al. [36], observed that proliferation and rooting of shoots was better when
single-node explants instead of several-node explants and ST explants were used during
micropropagation on Morus bombycis. Since there is no available information on the micro-
propagation of L. caerulea var. emphyllocalyx, it is advisable to refer to information regarding
the reproduction methods of other species within the Lonicera group. In the study of Fira
et al. 2014 in micropropagation of L. caerulea var. kamtschatica, the use of different types
of explants had different effects on growth and proliferation; the use of explants with
3-5 nodes gave the best results. A similar effect was observed in the study of Karhu 1997,
in which shoot proliferation of L. caerulea and L. var. edulis was different depending on the
type of explant. Krupa-Matkiewicz et al. 2017 found that the use of four-node explants
increased the length and number of roots at the acclimatisation stage. The type of explant
used influenced the growth and development of L. caerulea var. emphyllocalyx cultures in
the proliferation and rooting stages as well as the subsequent growth of obtained plantlets
during acclimatisation (Tables 2-7). NF cultures of both clones showed better physiological
conditions and growth during the proliferation and rooting stages compared to ST cultures.
The differences may result from anatomical and morphological differences, and may also
be related to the topophysis phenomenon. For Japanese hascap micropropagation, NF
explants are recommended due to their longer shoots and improved rooting.

Cytokinins are the most important growth regulators during the culture proliferation
stage. The most commonly used cytokinin is 6-benzaminpurine (BA) due to its relatively low
price and effectiveness. The most frequently used cytokinin for micropropagation of Lonicera
species is BA, but BA is also used in combination with kinetin, or auxins such as IBA, IAA or
2,4-D [25,37-40]. According to Islam et al. [41] and Roy [42], there are significant differences in
the growth and number of shoots depending on the BA concentration and explant used. The
emergence of new cytokinins on the market, such as meta-topolin (mT) [43—45], may open up
new possibilities for micropropagation. Scientific reports [46—48] have indicated a beneficial
effect of mT, as the use of this growth regulator increased the rate of shoot multiplication of
Dioscorea pentaphylla, allowed better rooting of Cryptomeria japonica and Paphiopedilum villosum
shoots and reduced apical necrosis of Harapagophytum procumbens. Various responses to mT
within the same species and cultivar can be observed in the case of micropropagation of
Pelargonium x hortum, Pelargonium x hederaefolium and Pyrus communis [49,50]. According to
Clapa et al. [51]), the use of mT allowed them to obtain longer shoots of Humulus lupulus L,
but the multiplication rate was higher when using BA. The use of mT allowed for obtaining
a larger number of microplants of Juglans regia compared to BA [52]. The use of 1 mg-dm 3
mT during micropropagation of L. caerulea var. kamtschatica resulted in a lower proliferation
rate compared to 1 mg-dm 3 BA [24]. The reaction to the BA or mT may vary depending
on the plant species and its clone, as the reactions of species to different kinds of cytokines
are different; this is a well-known phenomenon [49]. In our study, the use of BA allowed
us to obtain a larger number of microplants of improved health and quality compared with
application of mT (Tables 2 and 3). The use of mT, compared to BA, significantly reduced
the proliferation efficiency, which had a negative impact on the number of shoots during
rooting and acclimatisation. The tested clones responded differently to mT; a larger number
of growing cultures could be observed in clone J21 in comparison to J13. This indicates
differences in the number of growing shoots on the mT medium between different clones.
Taking into account the much weaker growth and survival of cultures of clones J21 and
J13 when using mT, it is recommended to use BA as the main growth substance during
proliferation of Japanese hascap. The significant differences between the growth substances,
in the forms of more growing explants, reduced apical necrosis and more shoots, indicate
that the use of BA in the tested concentration will significantly affect future commercial
propagation protocols.
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The use of cold storage usually has a positive effect on the proliferation, rooting and
acclimatisation of microshoots of cherry; it can increase their vitality and the proliferation
rate of cultures, and prevent them from entering secondary rest [53-55]. However, the
survival rate and number of shoots of cold stored plantlets of Viburnum dentatum and
Tetraclinis articulata were lower in comparison to uncooled plants [56]. Cooling of in vitro
cultures can be used to deliberately shorten absolute and secondary dormancy [Litwinczuk,
personal inf.]. To our best knowledge, there are no scientific reports on the effect of cooling
on the growth and acclimatisation of Lonicera micropropagated plants. In the present study;,
the cold storage of L. caerulea var. emphyllocalyx plantlets during the rooting stage for
4 weeks resulted in different effects on the two clones during acclimatisation of plantlets
(Tables 6 and 7). The use of cooling increased the number of dead plantlets derived from
ST explants compared to NF explants. The survival rate of cooled plantlets of the J13 clone,
was much higher than that of J21 (Table 7). This confirms the assumption that the use of
cooling may vary depending on the plant species or variety. However, cooled microplants
of both clones were significantly reduced in length compared to uncooled plantlets. Smaller
shoot sizes may make them easier to grow, pack and transport. Given that cooling did
not reduce the root length, it can be successfully used to increase the survival rate and
reduce the length of the J21 and J13 clones. Different reactions may result from different
temperature needs of different genotypes. The use of cooling in acclimatisation of L caerulea
var. emphyllocalyx clones could be applicable when the height of plantlets is not important
but obtaining a larger number of growing plantlets is a priority.

In the present study, for each clone, the physiological responses were different de-
pending on the type of explant used, the cytokinin and the use of cooling. During the
proliferation stage, the use of 1 mg-dm~3 of BA, unlike mT, allowed for a much greater
number and length of explants. As in the case of other plants of the Lonicera genus, the
use of BA allows for satisfactory growth and development of L caerulea. var. emphyllocalyx
clones. Significantly more J21 cultures on mT medium began to grow compared to the J13
clone on a medium supplemented with the same cytokinin. At the rooting stage, clone J13
rooted significantly better from ST-derived plantlets; the opposite reaction can be observed
for the J21 clone, which rooted significantly better with NF-derived plantlets. The use
of cooling significantly increased the number of dead rooted shoots of J21 compared to
J13 during acclimatisation. Chilling the plantlets of J13 proved advantageous for their
survival rate when compared to those left uncooled, thereby enhancing the overall process
of acclimatisation.

5. Conclusions

The results obtained in this experiment clearly indicate the direct influence of the
type of explant and cytokinin on three stages of reproduction of Japanese hascap. It is
recommended to use NF explants in micropropagation of L. caerulea var. emphyllocalyx due
to the favourable reaction at all stages of the experiment. If it is crucial for the acclimatised
plants to have longer roots, using ST explants for propagation can be advantageous. The
use of BA cytokinin will allow for a larger number of growing cultures. The lack of apical
necrosis at the proliferation stage using mT indicates the possibility of using it to reduce
this phenomenon in L. caerulea var. emphyllocalyx propagation. For micropropagation
of Japanese hascap, it is not recommended to use mT cytokinin due to the significant
reduction in the number of growing explants and their shorter length at the proliferation
stage, which had a negative impact on the rooting and acclimatisation stage. Cold storage
of rooted microshoots may be used before the acclimatisation stage due to improved
survival of plants and reduced length of shoots. Overall, for micropropagation of L. caerulea
var. emphyllocalyx, similarly to the micropropagation of other plants from Lonicera, it is
recommended to use NF explants and BA cytokinins. During proliferation, cytokinin mT
and ST explants were more beneficial for ]21. A much more beneficial effect of cooling on the
survival of plantlets of J13 was observed. In future studies on in vitro cultures of L. caerulea
var. emphyllocalyx, BA can be used as the main growth substance and NFs as the main
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propagation material. Further studies should be conducted on the effect of low-temperature
storage on the growth and physiology of the studied plants. Selected clones evaluated in
in vitro micropropagation may find application in terms of mechanical harvesting due to
the structure of the bushes and low fruit drop rate of the plant. Future studies should be
directed toward mechanical harvesting. The development of micropropagation technology
should improve breeding work and implementation in cultivation thanks to the rapid
multiplication of planting material.
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Appendix A

Table A1l. F test values for the measured parameters during the proliferation stage.

Number of

Number of Number of Total Number Length of the  Total Length . Explants Number O.f
Short Shoots Long Shoots Callus Size . Cultures with
of Shoots Longest of Shoots Which .
(3-9 mm) (>10 mm) [em] Apical
[psc] Ipes] [pes] Shoot [cm] [em] Started to Necrosis [%]
P Grow [%]
F 1.69 10.18 5.87 517 8.54 2.04 12.39 1.50

Table A2. F test values for the measured parameters during the rooting stage.

Number of
Number of Number of Total Number Length of the Number of Average Length ~ Cultures with
Short Shoots Long Shoots of Shoots [pcs] Longest Shoot Rooted of Roots [cm] Avical Necrosis
(3-9 mm) [psc] (>10 mm) [pcs] P [em] Explants [%] P [%]
0]
F 0.56 0.57 0.57 0.57 3.80 0.27 1.52
Table A3. F test values for the measured parameters during the acclimatisation stage.
23 May 2023 6 June 2023 22 June 2023
Length Number Length Number Length Number Number Length
of the LTotalh of Devel- of the Total of Devel- of the Total of Devel- of Dead Callus of the
First engt oped First Length oped First Length oped Plantlets Size [cm] Roots
f Shoots P of Shoots P of Shoots P
Shoot ° Shoots Shoot Shoots Shoot Shoots [%] [em]
F 13.50 12.07 3.49 6.16 5.66 3.49 6.33 5.98 3.49 5.20 10.25 10.59
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edycja oraz recenzja manuskryptu, wizualizacja oraz administracja projektu (opisac
szczegotowo swdj wlasny - a nie doktoranta/habilitanta udziat w powstaniu pracy, np.
wykonaniu doswiadczeri okreslong technikg, analizie statystycznej wynikéw eksperymentdw,
przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu projektem
naukowym obejmujgcym badania opisane w tej pracy, itp.)
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(podpis osoby sktadajgcej oswiadczenie)
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drhab. inz. Katarzyna Pentos .. Wroctaw 20.10.2025

(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam, ze w pracy Basara, O., Pentos, K., Gorzelany, J. (2025). Investigating the Effect
of Ozonation on the Mechanical Parameters of Lonicera caerulea L. Fruits Using Machine
Learning. Agricultural Enginering, 29, 97-114 (autorzy, rok wydania, tytut, czasopismo lub
wydawca, tom, strony) moj udziat polegat na opracowaniu modeli uczenia maszynowego,
ocenie ich jakosci oraz czesciowym przygotowaniu manuskryptu w zakresie dotyczacym
uczenia maszynowego (opisac szczegdétowo swoj witasny - a nie doktoranta/habilitanta vdziat
w powstaniu pracy, np. wykonaniu doswiadczeri okreslong technikg, analizie statystycznej
wynikow eksperymentdéw, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale,
kierowaniu projektem naukowym obejmujgcym badania opisane w tej pracy, itp.)

(podpis osoby sktadajacej oswiadczenie)
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Prof. dr hab. inz. Jozef Gorzelany Rzeszow, 06.11.2025
(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspotautora

Oswiadczam ze w pracy Basara, O., Pentos, K., Gorzelany, J. (2025). Investigating the Effect
of Ozonation on the Mechanical Parameters of Lonicera caerulea L. Fruits Using Machine
Learning. Agricultural Enginering, 29, 97-114 (autorzy, rok wydania, tytut, czasopismo lub
wydaweca, tom, strony) méj udziat polegat na konceptualizacji, administracji projektu, pisaniu
oryginalnej wersji manuskryptu oraz pozyskiwaniu funduszy (opisac szczegdtowo swoj wtasny
- a nie doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniv doéwiadczer; okreslong
technikg, analizie statystycznej wynikow eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w

tej pracy, itp.)
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OSWIADCZENIE

o merytorycznym wkladzie wspolautora

W pracy Basara, O., Litwiniczuk. W., Gorzelany, . (2024). Assessment of Micropropagation
Possibilities for Japanese Hascap (Lonicera caerulea var. emphyllocalyx L.) Appl. Sci.14, 9452.
autorzy, rok wydania, tytul, czasopismo lub wydawca, tom, strony) méj udzial polegal na
konceptualizacji, przegladzie literatury, pracy laboratoryjnej podczas kazdego etapu
mikrorozmnazania, konceptualizacji, ustalaniu metodologii, formalnej analizie, zarzadzaniu
danymi, pisaniu, edycji oraz recenzji manuskryptu (opisac szczegdfowo swaj wlasny - a nie
doktoranta/habilitanta udzial w powstaniu pracy, np. wykonaniu doswiadczen okreslong
technikq, analizie statystycznej wynikow eksperymentow, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane

w lef pracy, itp.)
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OSWIADCZENIE
0 merytorycznym wkfadzie wspotautora

Oswiadczam, ze w pracy Basara, O., Litwinczuk. W., Gorzelany, J. (2024). Assessment of
Micropropagation Possibilities for Japanese Hascap (Lonicera caerulea var. emphyllocalyx L.)
Appl. Sci.1g4, 9452. (autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony) moj
udziat polegat na udostepnienie laboratorium kultur in vitro, pomoc w sformutowaniu
koncepcji doswiadczenia i zatozeri metodycznych oraz w analizach statystycznych,
sformutowanie uwag do koricowej wersji manuskryptu (opisac szczegdtowo swdj wiasny - a
nie doktoranta/habilitanta udziat w powstaniu pracy, np. wykonaniv doswiadczer okreslong
technikq, analizie statystycznej wynikdw eksperymentdw, przygotowaniu tekstu manuskryptu
zamieszczonego w rozdziale, kierowaniu projektem naukowym obejmujgcym badania opisane w
tej pracy, itp.)
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Prof. dr hab. inz. Jozef Gorzelany Rzeszow, 06.11.25
(Imie i nazwisko autora) (miejscowosc i data)

OSWIADCZENIE
o merytorycznym wktadzie wspétautora

W pracy Basara, O., Litwinczuk. W., Gorzelany, J. (2024). Assessment of Micropropagation
Possibilities for Japanese Hascap (Lonicera caerulea var. emphyllocalyx L.) Appl. Sci.14, 9452.
autorzy, rok wydania, tytut, czasopismo lub wydawca, tom, strony) mdj udziat polegat na
ustalaniu metodologii, walidacji, pisaniu, edycji oraz recenzji manuskryptu oraz pozyskiwaniu
srodkow(opisac szczegdtowo swdj wtasny - a nie doktoranta/habilitanta udziat w powstaniu
pracy, np. wykonaniu doswiadczeri okreslong technikg, analizie statystycznej wynikow
eksperymentow, przygotowaniu tekstu manuskryptu zamieszczonego w rozdziale, kierowaniu
projektem naukowym obejmujgcym badania opisane w tej pracy, itp.)
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