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STRESZCZENIE

Wplyw wybranych czynnikéow agrotechnicznyeh na wzrost roslin, plon i jakosé
owocdw papryki stodkiej (Capsicum annuum L.) w uprawie hydroponicznej

Celem badari byla ocena wplywu wybranych czynnikéw agrotechnicznych, takich
jak:  doswietlanie LED w  produkcji rozsady papryki. nawozenie z uzyciem
polifosforanow oraz dolistne 1 dokorzeniowe zastosowanie kwasu salicylowego, na
efektywnos¢ plonowamia 1 jakos¢ owocow papryki w uprawie hydroponiczne;.
W nawigzaniu do celu gléwnego postawiono pig¢ hipotez badawezych: (I) Doswietlanie
lampami LED korzystnie wphywa na wzrost oraz jakosé rozsady papryki przeznaczonej
do upraw hydroponicznych. (1) Zastosowanie polifosforanow do fertygacyt w uprawach
hydroponicznych wplywa na wezrost 1 metabolizm rodlin papryki. co skutkuje wyzszym
plonowaniem, (III) Zastosowanie dolistne kwasu salicvlowego stymuluje wzrost roslin
paprvki w warunkach stresu wywolanego wysokim EC pozywki do fertygacyi roslin,
poprawiajac ich metabolizm, (IV) Kwas salicylowy zwigksza odpomosé roslin paprvki
na nickorzystne warunki srodowiskowe w uprawie hydroponiczne;. (V) Dolistne
stosowanie kwasu salicylowego poprawia plon oraz jakosé owocdw papryki w uprawie
hydroponiczne) — pod wzgledem zawartosci skladnikéw odzywezyeh, potencjatu
antyoksydacyjnego 1 cech sensorycznyvch.

W latach 2018-2021 w Szklarmiowym Osrodku Dodwiadczalnym SGGW
w Warszawie przeprowadzono badania nad uprawa papryki w systemie hydroponicznym.
z wykorzystaniem podloZza mineralnego. oraz w systemie aeroponicznym. Do badan
uzyto dwoch odmian paprvki slodkiej o owocach czerwonych: 1) ‘Aifos’ Fl (firmy
Seminis, Baver) o owocach typu . block™, 2) ‘Palermo’ F1 (firmy Ryk Zwaan) o owocach
wydluzonych, typu "‘Dulce Italiano”™. W pierwszej czedel badan oceniano efektywnosd
stosowamnia lamp LED, zamiast tradycyjnie uzywanych lamp sodowych, do doswictlania
rozsady papryki produkowane) w podlozu mineralnym oraz efektywnosé zastosowania
w uprawie hydroponicznej papryki fosforu w formie polifosforanéw. w pordwnaniu do
ortofosforanow. W czesci drugiej podjeto badania nad stresem abiotycznym u papryk:,
wywolanym wysokim EC pozywki do fertygacyi roslin 1 nad zastosowaniem kwasu
salicylowego jako czynnika lagodzacego negatywne skutki stresu. Oceniano wplyw
dolistnego 1 dokorzeniowego zastosowania kwasu salicvlowego na wybrane parametry
fizjologiczne i biochemiczne papryki rosngcej w systemie aeroponicznym, w warunkach
stresu wysokiego EC uzyskanego poprzez dwukrotne zwickszenie steZenia roztworu

pozywki do fertvgacji rodlin. W kolejnych badaniach oceniano wplyw dolistnego



opryskiwania roslin 0.03% roztworem kwasu salicylowego 1 0.7% roztworem azotanu
wapnia oraz roztworem zawierajgeym oba te skladniki w podanych stezeniach na wzrost
rodlin, plon oraz jakosé owocow paprvki uprawiane) w podlozu z welny mineralnej.
W toku badan oceniano wybrane parametry morfologiczne roslin, zawartos¢ chlorofilu
w lisciach (w jednostkach wzglednych SPAD) 1 fluorescencie chlorofilu a oraz stezenie
skladnikow mineralnych w lisciach. Do oceny komorek lisci roslin doswietlanych LED
uzyto mikroskopu swietlne) 1 konfokalne;. W celu oceny reakcji roslin paprvki na stres
wysokiego EC pozywki oraz na zastosowanie kwasu salicvlowego, badano zawartosé
biatka rozpuszczalnego, H:0: 1 enzymow antyoksydacyjnych. takich jak dysmutaza
ponadtlenkowa 1 katalaza. W doswiadezeniach uprawowych okreslano liczbe 1 mase
owocow handlowych 1 owoeow z zaburzeniem fizjologicznym BER (sucha zgnilizna
wierzchotkowa). Badano barwe i twardos¢ owocdw oraz zawartos¢ cukrow, kwasow
organicznych, witaminy C. karotenoidéw 1 skladnikéw mineralnych w owocach
Ocentano potencjal antyoksydacyjny owocow metoda DPPH., ABTS 1 TPC oraz
dokonywano oceny sensorycznej owocow papryki.

Doswietlanie rozsady paprvki lampami LED korzystnie wplywalo na rozwdj
aparatu asyvmilacyjnego roslin — zwigkszeniu ulegla grubos¢ lisci oraz liczba
chloroplastéw, a takie parametry fluorescencyi chlorofilu a. Zastosowanie 30% fosforu
w formie polifosforandw w pozyvwee do uprawy hydroponicznej istotnie zwickszalo
aktywnosc fotosyntetyczna lisei oraz udzial plonu handlowego w plonie catkowitym
owocow, szezegolnie w przypadku odmiany wykazujacej wieksza podatnodé na sucha
zgnilizng wierzchotkowa. Egzogenna aplikacja kwasu salicylowego, niezaleznie od EC
pozywki. ograniczala wystgpowaniec objawow BER oraz aktywowala mechanizmy
obronne zwiazane z metabolizmem antyoksydacyinym. Pozytywne efekty uzyskano
takze przy lacznym stosowaniu dolistnym kwasu salicylowego 1 wapmia, co skutkowalo
zwigkszeniem parametréw fluorescencyt chlorofilu @ w lisciach paprvki. zawartosci
karotenoidow w owocach oraz odpornosci roslin na BER. Owoce uzyskane w tych
warunkach charakteryzowaly si¢ wigksza jedrnoscia 1 soceystoscia oraz wyzsza ogolna
oceng sensoryezna. Owoce odmiany ‘Palermo’ wykazywaly korzystniejsze parametry
jakosciowe oraz wyzsza aktywnos¢ antyoksydacyjna. co czyni te odmiang papryki
stodkiej szezegolnie cenna w kontekscic prozdrowoinym. Dolistna aplikacia kwasu
salicylowego w  stezeniu  0.03% istotnie wplyngla na poprawe  wlasciwosci
prozdrowotnych owocow  papryki., w tym 2zwigkszenie zawartoscl zwiazkow

karotenowdowych. Wykazano wysoky =zawartosé przede wszystkim kapsantyny,
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f-karotenu, luteiny i u-karotenu (odpowiednio: 1226, 736, 210 i 168 pg 100 g swieze]
masy owocu). Dla obu odmian stwierdzono dodatnig korelacje pomiedzy zawartoscia
cukréow ogdlem 1 stosunkiem cukrow do kwasoéw w owocach w przypadku zastosowania
opryskiwania roslin papryki roztworem kwasu salicylowego razem z roztworem wapma.

MNa podstawie przeprowadzonych badan potwierdzono postawione hipotezy badawcze.

Stowa kluczowe: stres abiotyczny, fluorescencja chlorofilu, mikroskopia konfokalna,

aktvwnosé antyoksydacyjna, analiza sensoryczna
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SUMMARY
Effect of chosen agrotechnical factors on the growth, yvield, and fruit quality of sweet
pepper (Capsicum annuim L.) under hydroponic cultivation

This study aimed to evaluate the impact of chosen agrotechnical factors, such as:
LED lighting during pepper seedling production. fertilization in hydroponic cultivation
using polyvphosphates and foliar and root application of salicylic acid on vield efficiency
and fruit quality of sweet pepper. In accordance with the main objective, five research
hypotheses were formulated: ([) Supplementary lighting with LED lamps posttively
mnfluences the growth and quality of pepper seedlings produced for hydroponic
cultivation. (II) The use of polvphosphates for fertigation in hydroponic cultivation
affects the growth and metabolism of pepper plants, resulting 1n higher vields, (III) Foliar
application of salicvlic acid stimulates the growth of pepper plants under stress caused
by high EC of the fertigation solution, improving their metabolism_ (IV) Salicylic acid
increases the resistance of pepper plants to adverse environmental conditions
in hydroponic cultivation, (V) Foliar application of salicylic acid improves the yield
and quality of pepper fruits in hydroponic cultivation in respect of the content of nutrients,
antioxidant potential, and sensory attributes.

Between 2018 and 2021, research was conducted at the Greenhouse Experimental
Station of the Warsaw University of Life Sciences (SGGW), focusing on the cultivation
of sweet pepper 1n hydroponic system. using mineral substrate, and in acroponic system.
Two red-fruited sweet pepper cultivars were used: (1) "Aifos” F1 (Seminis. Baver),
a block-type cultivar; and (2) ‘Palermo” F1 (Ryk Zwaan), an elongated "Dulce Italiano’
tvpe cultivar. The first part of the study assessed the efficiency of LED lighting compared
to traditional sodium lamps during pepper seedling production on mineral substrate
and the effectiveness of phosphorus supplied as polyphosphates versus orthophosphates
in hydroponic cultivation. The second part focused on the problem of abiotic stress
in pepper plants caused by high EC levels in fertigation solution and the application
of salicylic acid to mitigate 1ts negative effects. The unpact of foliar and root application
of salicvlic acid on selected physiological and biochemical parameters in pepper plants
grown in an aeropomic system under high EC stress (mnduced by doubling
the concentration of the nutrient solution) was assessed. Further studies examined
the effects of foliar spraving with 0.03% salicylic acid, 0.7% calcium nitrate,
and a mixture of these solutions, on plant growth, yield, and fruit quality of pepper grown

on mineral wool substrate. Evaluations mcluded selected morphological parameters,
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chlorophyll content (in SPAD units), chlorophyll a fluorescence, and mineral
concentration i leaves. Light and confocal microscopy were used to examine the leaf
cells of LED-supplemented plants. To analyze the response of pepper plants to high
EC stress and the application of salicylic acid, soluble protein content, H20: levels,
and the activity of antioxidant enzymes — superoxide dismutase and catalase — were
measured. Cultivation experiments determined the number and weight of marketable
fruits and fruits affected by physiological disorder BER (blossom-end rot). Fruit color,
firmness content of sugars, organic acids, vitamin C, carotenoids, and minerals were
analyzed. Antioxidant potential was evaluated using DPPH, ABTS, and TPC methods.
Sensorv evaluation was also performed.

LED lighting during pepper seedling production positively mnfluenced
the development of the assimilative apparatus in plants — leaf thickness and chloroplast
number increased, as did chlorophyll a fluorescence parameters. The application of 30%
phosphorus 1n the form of polyphosphates in the hydroponic nutrient solution
significantly mmproved leaf photosynthetic activity and increased marketable yield,
particularly in the cultivar more prone to BER. Exogenous application of salicylic acid,
regardless of EC level, reduced BER incidence and activated antioxidant-related defense
mechanisms, Positive effects were also observed with the combined foliar application
of salicylic acid and Ca, resulting in improved chlorophvll a fluorescence, higher
carotenoid content in fruits, and enhanced plant resistance to BER. Fruits produced under
these conditions showed greater firmness, juiciness, and improved overall sensory
guality. The ‘Palermo’ cultivar displayed better quality parameters and higher antioxidant
activity, making 1t particularly valuable from a health-promoting perspective. Foliar
application of 0.03% salicylic acid =significantly immproved the health-promoting
properties of pepper fruits, mncluding carotenoid content. Particularly high content
of capsanthun, [-carotene, lutein. and o-carotene was found (1226, 736, 210,
and 168 pg-100 g'l fresh weight, respectively). In both cultivars, a positive correlation
was observed between total sugar content and the sugar-to-acid ratio in fruits of plants
treated with a mixture of salicylic acid and calcium solutions. The results of the conducted

studies confirmed all proposed research hypotheses.

Keywords: abiotic stress, chlorophyll fluorescence, confocal microscopy, antioxidant

activity, sensory analysis
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WSTEP

Papryka slodka (Capsicum annuum L) stanowi jedng z wazniejszych roslin
warzywnych uprawianych zarowno w Polsce, jak 1 na swiecie. Jej owoce s 2rodiem
wielu cennych skladnikéw  bicaktywnych, takich jak witamina C, Kkarotenoidy,
potas. czy zwigzki fenolowe. Jakos¢ 1 sklad biochemiczny owocow zalezy od
wielu czynnikow. a wsrdd nich bardzo duza role pelnia warunki uprawy. Wspolczesne
trendy konsumenckie sg ukierunkowane na zywnosé o wysokiej wartosci prozdrowotnej,
co stawia przed producentami  orar naukoweami nowe wyzwania.  zwigzane
z doskonaleniem techmnologii uprawy pod katem poprawy zaréwno jakosci plonu, jak
1 jego wartosci odzywcezej 1 prozdrowotne] oraz sensorycznej.

Z uwagi na inlensylikacje produkeji warzywnicze), prowadzone) w nowoczesnych
obiektach  szklamiowych, rosnie  znaczenie  czynnikow  grodowiskowych
tagrolechnicenych, ktore wplywaja na efektywnos¢ fotosyntezy, werost roshn.
plonowanie oraz jakos¢ owocow, Jednym z kluczowych aspektow w tego typu
produkeyi jest  odpowiednie  zarzadzanie Swiattem  asymilacyjnym, dostepnoscia
skfadnikow pokarmowych, jak réowniez stosowanie biostymulatorow, ktore moga
lagodzic skutki streséw srodowiskowych.

W ostatnich latach obserwuje si¢ coraz wicksze =zastosowanie diod
elektroluminescencyinych (LED) w ogrodnictwie jako uzupelniajacego Zrodla swiatla
w uprawach szklamiowych. Badania wykazaly, #¢ odpowiednio dobrane widmo
swiatla korzystnic wplywa na efektvwnos¢ aparatu fotosyntetyeznego oraz dynamike
wzrostu  roslin. Udowodniono takze zroznicowana reakeje rosling na  sklad
spektralny sztucznyvch Zrodel  swiatla. co  sugeruje  koniecznosé indywidualizacji
strategii swietlng] w zaleznosci od uprawianego gatunku czy odmuany [Claypool
1 Lieth 2021, Zhan 1in 2023]. W kontekécie mineralnego Zywienia roslin, czesto
analizuje si¢ role réznvch lorm skladnikéw pokarmowych. miedzy innymi dotyezy
to polifosforanow. W uprawach hydroponicznych szczegolne znaczenie ma zdrowy.
dobrze rozbudowany, aktvwnyv svstem korzeniowy, Ktéry umozliwia odpowiednie
odzywienie roslin fosforem [Naciri11n. 2024].

Obok technologu zwigzanych z oswietleniem 1 nawozeniem. rownie durg uwage
wintensywnej produkeji roslinnej poswigea sic biostymulatorom. wirdd ktoryeh
szczegolne miejsce zajmuje kwas salicvlowy. Jego rola w aktywacji mechanizmow
obronnych rosdlin, poprawie parametrow fotosyntetycznych oraz lagodzeniu skutkow

stresow srodowiskowych zostala potwierdzona w licznych badaniach [Aamer 1 1n. 2022,
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Kaya 1m. 2023]. W wuprawach hydroponicznych. szczegolnie przy stosowaniu
recyrkulacy: pozywki. wysokie stezenie jonow w strefie systemu korzemowego podnosi
EC pozvwki, co szezegolnie u roslin wrazliwych moze wywolaé stres oksydacyjny.

W swietle powyzszego. podjecie kompleksowych badan nad wplywem wybranych
czynnikow agrotechnicznych, takich jak doswietlanie LED w produkcji rozsady papryki,
stosowanie polifosforanow do fertvgacii 1 kwasu salicylowego do zwickszania
efektywnosci plonowania 1 bioaktywnosci owocow papryvki slodkiej uprawiane;
hydroponicznie, wydaje si¢ nie tylko uzasadnione, lecz rowniez istotne z punktu widzenia

nowoczesnego ogrodnictwa.
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1. PRZEGLAD LITERATURY

1.1. Pochodzenie, systematyka 1 charakterystyka morfologiczna paprylki

Paprvka (Capsicum spp.) nalexy do rodziny Selanacene, do kidrej zaliczane sa
takze inne wazne rodliny uprawne. takie jak pomidor (Selamum lycopersicum L.).
ziemniak (Solanum tuberoswm L.) czy baklazan (Solanmum melongena 1.).
Paprvka pochodzi #z Amervki émdkowej i Poludniowe). Archeologicene dowody
wskazuja, ze papryka byla uprawiana tam juz ponad 6000 lat temu, zwlaszcza na terenie
dzisiejszego Meksyku, Peru 1 Boltwu. Jedna z cech rodzaju Capsicum jest bardzo duze
zroznicowanie morfologiczne, zardwno w obrebie poszezegdlnych gatunkow, jak
1 odmian. Jest to wynikiem dlugotrwalej hodowli i selekcji prowadzonej przez czlowieka,
jak réwniez adaptacp roslin do zréenicowanveh warunkow srodowiskowych [Zhang
11 2020a, Anam 1 in. 2024]. Szczepdlnie bogate zasoby dziko rosnacych gatunkow
z rodzaju Capsicum wystepuja w dolinie Amazonki, gdzie warunki klimatyezne spriyjaly
roznorodnosei genetyveznej tej rosliny [Gai i in. 2020, Paredes-Andrade 1 . 2020].
Do rodzaju Capsicwm nalezy okolo 35 gatunkow, z czego tylko pie¢ ma znaczenie
uwzytkowe jako rosliny uprawne, sa to: C. annuum L, C. frutescens L, C.chinense Jacq,,
C. baccatum L., C. pubescens B_ & P_ [Azab 2020, Gai 1 in. 2024]. Papryvka w naszym
khimacie uprawiana jest jako roslina jednoroczna. Zaleznie od gatunku i odmuany
oraz sposobu uprawy moze osiggac wysokosé od 30 em do ponad 2 metrow.
System korzeniowy papryki jest palowy, z licznymi korzeniami bocznymi. Lodyga jest
wzniesiona. pokryta drobnymi wloskami. Liscie sa pojedyneze. o ksztalcie eliptyeznym
lub lancetowatym, ulozone skretolegle. Kwiaty papryka sa samopylne, zbudowane
z pigciu zrosnigtych dziatek kielicha oraz picciu wolnych, biatych lub fioletowyvch
platkéw korony, W centrum kwiatu papryki znajduje si¢ piec precikdw oraz jeden slupek.
Owocem paprvki jest jagoda o zroznicowanym Kksztalcie, wielkosci 1 kolorze.
Ksztalt owocu moze by¢ okragly. stozkowy, az do podluznego. Natomiast kolor owocu
zmienia si¢ od zielonego (w dojrzalosci zbiorczej) do czerwonego (w fazie pelne
dojrzatosci fizjologiczney). Wystepuja takze odmiany, ktorych owoce sa w kolorze
zoltym, pomaranczowym lub fioletowym |de S& Mendes 1 de Branco 2020].
Nasiona papryki sa gladkie, plaskie, okragle, o barwie kremowej lub zoltawej. Zawieraja
duze ilosci substancji odzywezych, glownie tluszezow i bialek, co sprzyja ich szybkiemu
kielkowaniu w optymalnych warunkach. Nasiona papryki zachowujg zdolnosé
kietkowania przez kilka lat [Batiha 1 in. 2020].
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1.2.  Cechy uzytkowe owocow papryki slodkiej

Odmiany uprawne papryki stodkieg roinia sig ksztaltem, barwa i wielkoscig owocu.
Wsrad najbardziej poszukiwanych przez rynek sa odmiany o owocach typu ..block™
(owoce duze, migsiste o ksztalcie regulamego graniastostupa) i typu Kapia
(owoce wydluzone, zwezajgce sig ku dolowi, ostro zakonczone) [Cruz 1 1n. 2024].

Barwa owocow papryvki jest determinowana obecnoscia roznych zwiazkow
barwnych, takich jak chlorofile. karotenoidy oraz antocyjany. Zmienia sie w miare
dojrzewania owocOw. co ma istotne znaczenie dla walordéw estetycznych, skladu
chemicznego i jakosci [Xue 1 i 2024]. Owoce papryvki stanowia cenne zrodlo
skladnikow odzyweezyeh o duzym znaczeniu zardwno dla zdrowia czlowieka. jak 1 dla
zastosowania kulinarnego oraz przemyslowego, Sklad chemiczny owocdw wplywa na
ich wartos¢ odzyweza, smak oraz mozliwosci przetworcze. Papryka stodka
charakteryzuje sie szezegdlnie wysoka zawartodcia w owocach witaminy C. f-karotenu
oraz  zwigzkow fenolowych, ktore wykazujg silne dzialanie antyoksydacyjne,
neutralizujac wolne rodniki. oraz wspieraja uklad odpornosciowy [Sran 1 Jindal 2022].
Swieze owoce czerwonej papryki zawieraja w 100 g okolo 127 mg witaminy C (kwasu
L-askorbinowego), co stanowi ponad 140% BEDA dla kobiet 1 ponad 127% BDA dla
mezczyzn. W produktach naturalnych witamina C wystepuje w kompleksie z innymi
substancjami, co dodatkowo wplywa na jej przyvswajalnosé, w pordwnianiu z czystym
kwasem L-askorbinowym [Piekut 1 1. 2018]. Poza witamina C, owoce papryki stodkie;
zawieraja znaczgce ilosci [B-karotenu — okolo 2400 pg w 100 g $wiese] masy.
co odpowiada okolo 27% RDA witaminy A (przy przeliczeniu: 12 pg (-karotenu =
1 pg RAE). [-karoten wspomaga kondvcje skory 1 wzroku. Zawarte w owocach
papryki zwigzki fenolowe (205-344 mg GAE na 100 g sw. m.). wykazuja dzialanie
przeciwzapalne 1 przeciwwirusowe. Istotnymi skladnikami ksztaltujgeymi smak owocow
54 cukry (okolo 6 g w 100 g sw. m.) oraz kwasy organiczne. Papryka zawiera rowniez
szereg skladnikow mineralnych, takich jak potas (srednio 211 mg-100 g $w, m.). ktory
reguluje cisnienie krwi 1 wspiera pracg migsni, magnez (12 mg-100 gl dw.m.). niezbedny
dla funkejonowania ukladu nerwowego i migéni oraz waps (7 mg:100 g §w. m.), ktory
jest kluczowy dla kosci 1 zebow [Lengiin 2022] W przypadku paprvki ostrej.
dodatkowym skladnikiem akitywnym jest kapsaicyna — protoalkaloid odpowiedzialny za
ostry smak. Jej zawartos¢ zalezy od odmiany i moze wynosi¢ od 0.5 do nawet 9.7 mg
w 100 g owocu. Kapsaicyna znajduje zastosowanie nie lylko w kuchni (jako skladnik

ostrych przypraw). ale rowniez wprzemysle farmaceutyeznym, miedzy  innymi
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w masciach przeciwbdlowvch irozgrzewajacvch. Natomiast paprvka slodka zawiera
bardzo niski poziom kapsaicyny, mniej niz (.01 mg w 100 g owocu [Orellana-Escobedo
1 in. 2013, Olatunji i Afolayan 2020, Martinez-Ispizua 1 in. 2021].

1.3. Kierunki rozwoju uprawy papryki pod oslonami w Polsce

Papryka jest jedna z najwazniejszych roslin warzywnych uprawianych pod
oslonami w Polsce. Dzieki rosngcemu zapotrzebowaniu na wysokiej jakosci owoce
paprvki. uprawa papryk: w tunelach foliowych 1 szklarmiach stala sie istotnym elementem
krajowego sektora warzywniczego. Uprawa paprvki w Polsce prowadzona jest gldwnie
w tunelach foliowych. rzadziej w szklarmniach [Cebula 1 in. 2015]. Dominujacym
regionem produkcii papryki jest wojewddztwo mazowieckie, a w szezegolnosci okolice
Radomia. Paprvke w tunelach foliowych wuprawia sie przede wszystkim
metoda tradycyjna. w gruncie. Jednak coraz czescie) producenci papryki wybieraja
takze metody bezglebowe. do ktoryeh zalicza si¢ uprawy hydropeniczne w podlozach
stalych, takich jak maty uprawowe z widkna kokosowego lub z weilny mineralnej.
W uprawach hydroponicznvch stosowana jest fertyracyja, czyli nawadnianie
razem z nawozeniem roslin systemem kapilar, co pozwala na precvzyine dostarczanie
rosglinom skfadnikow odzywezych.

Do upraw towarowych papryk: wybierane sg odmiany charakilervzujace sie wysoka
plennogcia, odpornoscia na choroby oraz dlugim okresem owocowama [Al Meselmani
2024]. W Polsce pod ostonami dominuja odmiany papryvki o owecach typu ..block™
1 Kapia. Sezon dostepnosci owocdw papryvki z upraw krajowych pod oslonami trwa
od konca maja do pazdziernika, z mozliweseia jego wydluzenia dzieki zastosowaniu
ogrzewania tuneli foliowych 1 szklami oraz uzyciu nowoczesnych technologn
do doswietlania asymilacyjnego.

Produkcja papryki pod oslonami ma duze znaczenie dla gospodarki rolnej
w Polsce [Krasmigi 1 Drvoshanova 2024]. Zgodnie z danvmi opublikowanymi przez
Glowny Urzad Statystyczny w opracowaniu pt. Rolnictwo w 2023 roku”, calkowita
powicrzchnia upraw warzyw prowadzonych pod oslonami w  Polsce wyniosla
4.5 tys. hektardw. W strukturze gatunkowej warzyw uprawianych pod ostonami istotne
migjsce zajmuje papryka, ktorej udzial w catkowitej powierzchni tego typu upraw
oszacowano na 19.4%. Przy uwzglednieniu lacznej powierzchni upraw warzywniczych
pod oslonami, powierzchnia wuprawy papryvki wynosila okolo 873  hektary.

Polska jest jednym z czolowych producentéw papryki w Europie Srodkowo-Wschodniej.
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Rowniez obserwuje si¢ kazdego roku wzrost eksportu swiezveh owocow papryki
z Polski [Tran 1 1n. 2022, Nosecka 2024].

Wspolczesne rolnictwo zmaga si¢ z wieloma wyzwaniami, w tym ograniczona
dostepnoscia gruntow rolnych, degradacja gleby oraz rosnacym zapotrzebowaniem na
zywnos¢ wysokiej jakoscl, W odpowiedzi na te wyzwania rozwijaja si¢ kontrolowane
1efektyvwne metody uprawy rosline wsrod  ktorveh szezegolne znaczenie maja
hydroponika i aeroponika. Obie te technologie naleza do grupy metod bezglebowvch,
ktore eliminujg tradycyjne stosowanie podlozy uprawowych. Zrodlem skladnikow
mineralnych dla roglin w tych uprawach nie jest podloze. lecz roztwor wodny skladnikow
mineralnych, tew. pozywka, dozowana do systemu korzeniowego roslin w postaci kropli
lub mgly [Kundal i Sharma 2024]. Jedna z kluczowych zalet hydroponiki 1 asroponiki
jest precyzyina kontrola podazy skladnikow odzywezych, co pozwala na optymalizacje
wzrostu roslin i ograniczenie strat wynikajacych z wymywania substancji pokarmowych
[Monisha 1 in. 2023, Jassun 11n. 2024]. W uprawach hydropormcznych z zastosowaniem
podloza stalego, szezegolnie w wielkotowarowe) produkeji warzyw pod oslonami.
dominujacym podioZzem jest welna mineralna. Jej powszechne uzveie w uprawach roslin
wynika z odpowiednich whasciwosci fizycznych 1 chemicznych, ktore wmozliwiaja
precyezyjne zarzadzanie dostgpnoscia wody 1 skladnikow odaywezych wo strefie
korzeniowej |Tzortzakis 1 in. 2022]. Welna mineralna jest materialem inertnvm,
chemicznie obojetnym, co oznacza, ze nie wptywa na sklad pozywki do fertygacji roslin,
nie uwalnia zwiazkow chemicznveh do otoczenia 1 nie absorbuje  skladnikdow
pokarmowych [Sattler 1 in. 2020, Kozub 2024, Licastro 1 mn. 2024]. Bezglebowe,
hydroponiczne metody uprawy maja takze zastosowanie w przypadku papryki.

Przyszlosé uprawy papryki pod oslonami w Polsce zalezy od kilku kluczowych
czynnikow, Jednym z nich sa zmiany klimatyczne, ktore powoduja coraz bardziej
ekstremalne warunki pogodowe. Wymaga to inwestveji w rozwdj odpowiednich
technologu produkeji. Obejmuje on wdrazanie efeltywnych sposobow ochrony. metod
upraw hydroponicznych, automatvzacjt nawadniania 1 nawozenia oraz nowych odmian
odpornych na choroby. Waznym czynnikiem jest takze rozwa) kanatow dystrybucji. ktore
wymagaja dostosowania produkcji do wymagan rynku Unii  Furopejskiej

oraz zwickszenia eksportu [Sindhu 2023].
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1.4. Wybrane czynniki agrotechniczne w uprawie bezglebowej paprvki

W kontekscie zrownowazonego rolnictwy, uprawa bezglebowa, a w szczegolnosci
hydroponika, przvezynia si¢ do znacznej oszezednosci wody w  pordwnaniu
z tradycyinymi  metodami  uprawy. Jednoczesnie mozliwosc  stosowania  obiegu
zamknietego 1 recyrkulacyi pozywki minimalizuje straty nawozow 1 wody. Ponadto
eliminacja gleby zmnigjsza rvzvko wystepowania chorob roslin przenoszonveh przez
patogeny glebowe, co ogranicza koniecznosc stosowania pestyeydow [Méndez-Guzmin
1 1. 2022, Jimoh 1 in. 2024]. Na efektywnos¢ upraw hydroponicznych wplywa wiele
czynnikow. Dotycza one zarowno parametrow mikroklimatu. jak 1 nawozenia, strategii
nawadniania czy doswietlania  asymilacyjnego. Ponie] omdwiono czynniki
agrotechniczne w uprawie hydroponiczne] paprvki zastosowane w badaniach, wyniki

ktorych przedstawiono w zalaczonych publikacjach.

1.4.1. Polifosforany

Jednym z niezbgdnych makroelementow uczestniczacych w podstawowych
procesach komérkowych, takich jak fotosynteza, oddychanie, fosforylacja enzymow czy
ckspresja gendw, jest fostor, Jego gléwnym arodlem sg skaly fosforanowe, ktorych
zasoby sa ograniczone i nieodnawialne. Tradycyjne nawozy fosforowe zawieraja
ortofosforany. jednak ich biodostepnosé w glebie jest niska, »wlaszeza przy skrajnyvch
wartosciach pH., co prowadzi do nadmiernego stosowania nawozow |Berde 1 in. 2021,
Saha 1 1n. 2024]. Polifosforany, bedace rozpuszczalnymi formamu fosforu o strukturze
polimerowej, cechua si¢ wyzsza efektywnoscia 1 pozwalajg na redukcje dawek
nawozowych. lch zastosowanie, zwlaszeza w uprawach hydroponicznych, umozliwia
precyzyjne zarzadzanie nawozeniem i ogranicza zuzycie fosforu. Rosliny pobieraja fosfor
gtownie jako jony ortofostoranowe (H:POs, HPO4+*), a niedobory fosforu prowadza do
zahamowania wzrostu 1 spadku biomasy [Erel 11n. 2023, Zhou 1 in. 2023]. Polifosforany
petnig rowniez funkcje regulatorowe — wplywaja na ekspresje gendw. odpowiedz na stres
i metabalizm energetyczny. Choc¢ ich obecnosé w roslinach znana jest od dawna. ich

biologiczna rola pozostaje preedmiotem intensywnych badan [ Lorenzo-Orts 1 in. 2020].
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1.4.2. Doswietlanie asymilacyjne w technologii LED

W ostatnich latach do doswietlania asymilacyinego roslin zaczeto coraz czescie)
stosowacl lampy LED. Technologia LED, oparta na diodach elektroluminescencyinych,
wyroznia si¢ wysoka wydajnoscia energetyczng, mozliwoscia precyzyjnego doboru
widma sSwiatla oraz wysoka trwaloscia [Paradiso 1 Prosetth 2022]. Lampy LED
umozliwiaja dostosowanie spektrum swiatla do specvficznych wymagan roznvch
catunkow, odmian i faz wzrostu roshin, Spektrum swiatla, ktore mozna regulowac
wprzypadku lamp LED. pozwala na precyvzyine Kierowanie poszczegolnymi
procesami fizjologicznymi, co wplywa na ilosé 1 jakos¢ uzyskiwanego plonu |Barcelo-
Mufioz i in. 2021, Didaran i in. 2024].

Uprawy szklarniowe warzyw naleza do energochlonnej produkeji roédlinnej.
Dlatego bardzo wazme jest rozpoczynanie takiej produkcyi od sadzenia rozsady
wyrdéwnanej i o bardzo dobrej jakosci. W trakcie przygotowywania rozsady do uprawy
hydroponicznej nalezy zapewni¢ roslinom optymalne warunki werostu. W kontekscie
produkcji rozsady papryki. istotnym elementem wplywajacym na jakos¢ materiatu
roslinnego jest odpowiednic dodwietlanie roslin w okresie niedoboru swiatla naturalnego.
W wielu gospodarstwach ogrodniczych weiaz  dominujacym  rozwiazaniem
do doswietlania rozsad warzyw sa wysokopreisne lampy sodowe (HPS), Kiére
charaktervzujg si¢ korzystnym spektrum promieniowania fotosyntetycznie czvnnego
(PAR). lecz jednoczesnie wysokim poborem energii elektryeznej. W zwiazku
zrosnacymi kosztami noénikéw  energii oraz potrzeba zwiekszania elektywnosci
energetycznej gospodarstw. obserwuje si¢ wzrost zainteresowamia alternatywnymi

technologiami oswietlenia, w tym szezegolnie modutami LED [Dong 11n. 2022].

1.4.3. Kwas salicylowy
1.4.2.1. Rola w roslinie

Kwas salicylowy (C-HsO:) to  naturalny  zwigzek  fenolowy  zaliczany
do fitohormondw i1 regulatorow wzrostu roslin. Jego struktura chemiczna oparta jest na
szkielecie kwasu benzoesowego z grupa hydroksylowa w pozyeji orto, co nadaje
mu whasciwosdci bioaktywne i umozliwia udzial w licznych reakcjach metabolicznych
[Mohamed 1 1n. 2020, Hu 1 in. 2022]. Kwas salicylowy jest syntetyzowany endogennie
w komorkach roslinnych, glownie poprzez dwa szlaki biosyntezy: szlak kwasu
szikimowego (kwas choryzmowy przeksztalcany jest w kwas izochorvzmowy,

anastepnie w lkwas salicylowy (SA) oraz szlak fenylopropanoidowy. w kiorym
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substratem jest fenvloalanina [Mishra 1 in 2021]. Wytworzony SA moze byé
transportowany wroslinie na duze odlegloser zaréwno ksylemem. jak 1 floemem.
co umozliwia jego systemowe dzialanie [Ozden i Kulak 2023].

Endogenny SA odgrywa kluczowa role w regulacji procesow wzrostowych, takich
jak kielkowanie nasion. elongacja pedow 1 korzem. a takie morfogeneza lidci
[Tucuch-Haas 1 in. 2021, Zhou 1 in 2022], Wplywa on na aktywnos$¢ enzymow
hydrolitveznych. modulujac  dostepnosé  skladnikow  zapasowych w  nasionach.
Optymalne st¢zenie SA korzystnie wplywa na rozwdj systemu korzeniowego, lecz jego
nadmiar moze prowadzi¢ do stresu oksydacyjnego i zahamowania wzrostu [Aamer
11 2022]. SA oddaaluje takze na transport 1 biosynteze innveh fitohormondw, takich
jak auksyny, evtokininy, kwas abscvsynowy czy gibereliny, wvkazujac czesto dzialanie
antagonistyczne lub synergistyczne [Saleem 1 in. 2021]. Za jego dzialanie odpowiadaja
m.in_ biatka NPR oraz czynniki transkrypeyvjne TGA. uczestniczace w regulacji ekspresji

genow odpowiedzialnych za odpornos¢ oraz metabolizm wtérny [Lu 11n. 2024].

1.4.3.2. Zastosowanie SA jako biostymulatora

Kwas salicylowy pierwszy raz zostal wyizolowany w 1828 roku przez Johannesa
Buchnera z kory wierzby (Salix spp.) jako glikozyvd alkoholu salicylowego [Marson
1 Pasero 2006]. Struktura chemiczna substancji zostala okredlona przez Raffaele Pirie,
ktory dokonal izolacji kwasu salicylowego z lisci topoli. Przeprowadzil takze synteze SA
z salicyny, co umozliwilo rozpoczecie produkeji syntetyeznej formy kwasu salicylowego
na skale przemvslowa w drugiej polowie XIX wieku [Rainsford 2007]. Kwas salicylowy,
aplikowany w postact opryskiwan dolistnych lub poprzez system korzeniowy,
wykazuje istotny wplyw na odpornos¢ 1 kondycje roslin w warunkach  stresow
abiotyeznych. takich jak susza, zasolenie, niedobory skladnikéw pokarmowych czy stres
termiczny [Engel 1 m. 2024]. Zwicksza efektywnosé fotosyntezy poprzez indukeje
syntezy chlorofilu oraz poprawe dzialania aparatow szparkowych [Yu 1 m. 2025].
S5A aktywuje enzymy antyoksydacyine (dysmutaza ponadtlenkowa, katalaza,
peroksvdaza). ktore odpowiadaja za neutralizacje reaktywnych form tlenu. chroniac
komarki przed stresem oksydacyjnym [Kudoyarova1in. 2022]

Kwas salicylowy nalezy do szerokiej grupy biostymulatorow. obok aminokwasow,
hydrolizatéw bialkowwch, ekstraktow z alg, kwasdéw huminowych 1 fulwowych
oraz pozytecznych mikroorganizmoéw [Sleighter 1 in. 2023]. W pordéwnanin do nich

wyroznia sig wyjatkowo szerokim spektrum dzialania — od regulacji wzrostu,



przez wspomaganie fotosyntezy i gospodarki wodnej, po wzmacnianie odpornosci
systemiczne).  Szezegolne znaczenie SA zyskal w o rolnictwie  zréownowazonym,
umozliwiajac redukcje stosowania $rodkow ochrony roslin i nawozdw mineralnych
[Ding 1 . 2022]. W nowoczesnych technologiach rolniczych SA stosowany jest jako
ceynnik  poprawiajacy  wydamosé produkeji  roslinne), zwlaszcza w o systemach
hydroponicznych. a jego aplikacja moze zwicksza¢ kielkowanie nasion 1 wigor siewek
oraz poprawiac jakosc iilos¢ plonu (salata, pomidor, ogorek) [Hm 1 1. 2015, Sousa

11n. 2022, Arikan 11n. 2023, Miao 1 1n. 2024, Ben Youssef11n 2025].

1.5, Wybrane czyvnniki ohnizajace efektywnosé uprawy papryki
1.5.1. Stresy abiotyvczne

Papryka, rodlina o wysokich wymaganiach siedliskowvch 1 agrotechnicznych,
Jest szczegolnie podatna na stresy abiotyczne, ktore istotnie ograniczaja jej wzrost
1 plonowanie. Stres abiotyczny o wplyw nickorzysinych czynnikéow srodowiskowyeh
niemajacych pochodzenia biologicznego, prowadzacy do zaburzen homeostazy rosliny
[Rajametov 1 in. 2021]. Do gléwnych stresow abiotyeenych oddziatujacych na papryke
naleza: swiatlo, temperatura, zasolenie, niedobory skladnikéw pokarmowych, susza
1stres  oksydacyjny. W uprawach hydroponicznych roslin czestym  problemem
jest nadmierny wzrost EC podloZza czy pozywki 1 wysoka temperatura. Wysokie EC
prowadzi do stresu osmotycznego wwymku podwyiszonego przewodnictwa
elektryeznego podloza. Ogranicza to pobieranie wody przez korzenie, wywolujac objawy
podobne do suszy, Roslina w odpowiedzi aktywuje transportery jonowe. syntetyzuje
osmoprotektanty (prolina) 1 stabilizuje struktury komorkowe [Aasim 1 . 2022]
Wysoka temperatura (powyzej] 353 °C) powoduje denaturacje bialek oraz zaburzenia
w funkcjonowaniu aparatow fotosyntetyeznych. Papryka reaguje produkeja bialek szoku
cieplnego (HSPs), ktore stabilizuja biatka i zapobiegaja ich agregacji [Mukhametzyanov
1. 2021]. Wysoka temperatura prowadzi takze do widrnego stresu wodnego (nasilone
parowanie, utrudnione pobieranie wody) oraz stresu oksydacyjnego. Stres oksydacyiny,
bedacy elektem dziatania wysokiej temperatury i zasolenia, objawia si¢ nadmicrna
akumulacja reaktywnych form tlenu (ROS). takich jak H:0: (nadtlenek wodoru).
0z + (anionorodnik ponadtlenkowy) czy *OH (rodnik hvdroksylowy). Powoduja one
uszkodzenia bialek. lipidow i DNA. Roélina w reakcji obronnej uruchamia synteze
enzymow antyvoksvdacyjnych (50D 1 CAT) oraz zwiazkow niskoczasteczkowych, takich
jak glutation czy kwas askorbinowy [Sharma 1 1in. 2019, Mittler 1 in. 2022].
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1.5.2. Zaburzenie fizjologiczne BER

Wapn odgrywa kluczowa role w metabolizmie roslin, pelniac funkeje strukturalne
i sygnalizacyjne. Jest jednym z podstawowych makroelementdow niezbednych do
prawidlowego wzrostu i rozwoju roslin [Dixit 1 m 2021], Wapi jest pierwiastkiem, ktory
w roslinie wystepuje glownie w postaci jonowej (Ca®'). Jego funkcje obejmuja
stabilizacjg scian komorkowyvch poprzez tworzenie pektvnianow wapnia, regulacje
przepuszezalnosci blon komorkowych, udzial w sygnalizac)i komorkowej jako wtorny
przekaznik oraz wspieranie podzialéw komdrkowych 1 wzrostu merystematveznego.
Niedobory wapnia skutkujg deformacjami wzrostu i zwigkszona podatnoscia na stresy
srodowiskowe [Kim 1 in. 2024]. Moga prowadzi¢ do zaburzen fizjologicanych, w tym
do wystapienia suchej zgnilizny wierzchotkowej owocéw (BER — Blossom-End Raot),
szezegolnie u gatunkow takich jak pomidor czy papryka [Dixit 1 2021]. Glowne
czynniki sprzyjajace wysiapieniu BER to niedobdr wapnia w owocach. spowodowany
jego ograniczonym transportem przez ksylem. Wplywa na to nierdwnomierne
nawodnienie, wysoka zawartos¢ azotu amonowego w podlozu, stres termiczny oraz
zasolenie gleby czy mnego podioza |Sethi i in, 2024]. Objawy BER obejmuja pojawienie
si¢ wodnistych plam na wierzchotkowej czesci owocu, ktore stopniowo brunatnieja.
anekrozy tkanki prowadza do wystgpowania suchych, skorkowacialych obszarow.,
deformacji owocéw oraz zahamowania ich wzrostu, a takze wtornych infekceji
grzybowych lub bakteryjnych na obumartej tkance [Reitz i in. 2021]. Sucha zgnilizna
wierzcholkdw owocdw stanowi powazny problem w uprawie papryki i innych gatunkow
roslin z rodziny Solanaceae. Chociaz tradyeyjnie etiologia tego zjawiska wiazana jest
z lokalnym niedoborem wapnia w tkankach owocu. wspolezesne badania wskazuja na
wieloczyvnnikowy charakter tego zaburzenia fizjologicznego, w ktéryvm kluczows role
odgrywaja fitohormony regulujace wzrost i rozwaj roslin,

Kwas abscysynowy odgrywa centralna role w odpowiedzi roslin na stresy
abiotyczne, w tym susze. poprzez indukcje zamykania aparatow szparkowych
oraz regulacje ekspresji  genow  odpowiedzialnych za  transport  jondéw  wapnia
i utrzymanie integralnodei blon komédrkowych [de Freitas i in. 2011]. Zastosowanie
egzogennego ABA w badaniach nad owocami pomidora skutkowalo wzrostem
koncentracji Ca®™ oraz ograniczeniem objawow BER. co sugeruje potencjalne dziatanie
ochronne tego fitohormonu [de Frettas 1 in. 2011]. Antagonistyczna interakcja kwasu
abscysynowego z giberelinami stanowi Kkolejny istotny element w  kontekscie

patofizjologii BER. Gibereliny. poprzez indukcje ckspansji komorkowej oraz stvmulacje
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wzrostu owocu, mogg prowadzi¢ do zwickszenia zapotrzebowania metabolicznego
na wapf, cow warunkach jego ograniczone] dostepnosci skutkuje pojawieniem sie
nekroz wierzcholkowyech [Mahouachi 1 in. 2005]. ABA, poprzez hamowanie biosyntezy
GA oraz ograniczanie ekspansji komorkowej, przvezvnia sie¢ do homeostazy tkanek
owocu 1 tym samym moze redukowac ryzvko wystgpienia BER [Ho 1 White 2005].

Auksvny, w szczegolnosci kwas indolilo-3-octowy, odgrywaja fundamentalna role
w procesach morfogenezy 1 wzrostu owocu, niemmie] jednak nadmiar auksyn
moze prowadzi¢ do nadmiernej proliferacji komorek i niekontrolowanego wzrostu,
zwickszajac tym samym ryvzyko dysproporeji w dystrybucji wapnia i wystapienia BER
[de Freitas 11n. 2018]. Wspoldzialanie auksyn z giberelinami moze synergistycenie
poglebiaé ten efekt, powodujac dodatkowe obceigzenie ukladu przewodzacego i systemu
transportu wapnia w roslinie [de Frettas 1 1. 2012].

Istotnym aspekiem jest takze rola ABA w regulacji ekspresji gendw kodujacych
pektyng i1 enzymy rozkladajace pektyny, takie jak pektynometylotransferazy, co moze
wplywa¢ na strukture $cian komorkowwych i ich zdolnes¢ do wigzania wapnia
[de Freitas 1 m. 2012]. W warunkach niedoboru wapnia, zmieniona ekspresja tvch genow
moze prowadzi¢ do destabilizacji strukturalnej tkanek owocu.

Kwas salicylowy stanowi 1stotny komponent zloZzone) sieci sygnalizacyjnej roslin,
biorac udzial zardwno w indukcji odpowiedzi obronnych, jak i w regulacji procesow
wzrostu i rozwoju. Coraz wigksze znaczenie przypisuje si¢ badaniom nad molekularnymi
mechanizmami jego dzialania oraz nad interakcjami SA z innymi fitohormonami. takimi
jak kwas jasmonowy, etylen. auksyny. czy kwas absysynowy, ktore moga przvimowaé
formg zardwno synergistycznych. jak 1 antagonistycznych  wspoloddziatywan.
Zrozumienie tych zaleznodei stanowi klucz do pelniejszego poznania roli SA
w fizjologii roslin oraz potencjalnych mozliwosei jego aplikacji w biotechnologii

1 ochronie roslin [Devi i in. 2023, Mu i in. 2025].
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2. CEL BADAN I HIPOTEZY BADAWCZE

Celem podjetych badan, przedstawionych w zalaczonych publikacjach, byla
ocena wplywu wybranych czynnikow agrotechnicznych na wzrost, plonowanie
oraz jakosé i wartodé prozdrowotng owocow papryki slodkiej (Capsicum annuum L)
w uprawie hydroponiczne).

W pierwsze] czescl badan ocemano efektywnosé doswietlania rozsady papryki,
produkowanej w podiozu mineralnym. swiatlem LED. w pordwaniu do lamp sodowych.
oraz efektywnos¢ zastosowama do fertvgacp w uprawie hydroponiczne; papryka
fosforu w formie polifosforandw 1 ortofosforanéw, W czesci drugiej podjeto badania
nad stresem abiotycznym u papryki, wywolanym wysokim EC pozywki do fertygacy
roslin w uprawie acroponiczne] 1 nad zastosowaniem kwasu salicylowego jako czyvnnika
lagodzacego negatywne skutki tego stresu. Natomiast w uprawie paprvki w welnie
mineralne] oceniano wplyw kwasu salicylowego na wzrost rosling plon oraz
jakosé iwlasciwosci prozdrowotne owocéw w porownanin do opryskiwania roslin
wapniem przeciwko wystepowaniu suche; zgnilizny na owocach papryki, w celu
wskazania najbardziej efektywnych strategii uprawowych prowadzacych do uzyskania

plonu o najwvzsze| jakodei.

Hipotezy badawcze:
1. Dodwietlanie lampami LED korzysinie wplywa na wzrost oraz jakos¢ rozsady

papryki przeznaczone) do upraw hydroponicznych.

[

Zastosowanie polifosforanéw do fertvgacji w uprawach hydroponicznych wplywa

na wzrost 1 metabolizm roslin paprvki, co skutkuje wyzszym plonowaniem.

3. Zastosowanie dolistne kwasu salicylowego stymuluje wzrost roslin papryki
w warunkach stresu wywolanego wysokim EC pozywki do fertygacji roshn,
poprawiajac ich metabolizm.

4. Kwas salicylowy zwicksza odpornosc roslin papryki na niekorzystne warunki

srodowiskowe w uprawie hydroponicznej.

Ln

. Dolistne stosowanie kwasu salicylowego poprawia plon oraz jakos¢ owocow
paprvki w uprawie hydroponiczne; — pod wzgledem zawartoscl skladnikow

odzywezych, potencjatu antyoksydacyjnego i cech sensorycznych.
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3. MATERIALY I METODY

Doswiadczenia uprawowe przeprowadzono w latach 2018-2021 w Szklarniowym
Odrodku Doswiadezalnym SGGW w Warszawie.

Na etapie produkcji rozsady paprvka w welnie mineralnej badano wplyw
doswietlania asymilacyjnego lampami LED. w porownaniu do lamp sodowych. na
wyvdajnos¢ fotochemiczna 1 strukture anatomiczng lisci orar werost 1 jakosé rozsady
(publikacja 2). Wplyw formy fosforu uzytej w pozywee (polifosforany, ortofosforany)
badano na plon i jakos¢ owocow papryki slodkiej w uprawie hydroponiczne)
prowadzonej] w podlozu mineralnym 7 doswietlaniem asymilacyjnym roélin lampami
LED (publikacja 1). Nastepnie oceniano wplyw kwasu salicylowego na wybrane
parametiry fizjologiczne 1 biochemiczne papryki rosnace] w syslemie aeroponicznym
w warunkach stresu wysokiego EC pozvwki do fertvegacy roslin, uzyskanego poprzez
dwukrotne zwickszeme sleZenia roztworu pozywki (publikacja 3). W kolemych
badaniach oceniano wplyw dolistnego opryskiwania roslin 0,03% roztworem kwasu
salicylowego i 0,7% roztworem azotanu wapnia oraz roztworem zawierajacym oba te
skladniki w podanych stezeniach na wzrost rodlin, plon oraz jakos¢ owocow papryki
uprawiangj w podlozu z welny mineralnej (publikacja 4). Analizowano wplyw dolistnego
stosowamia kwasu salicylowego 1 wapnia na poprawe jakosci fizykochemicznej.
sensoryczne; oraz potencjalu  antvoksvdacyjnego owocow  papryki  uprawianej
hydropeniczrie w podlozu z welny mineralnej (publikacja 5).

Analize materialu roslinnego oraz ocene jakosci owocow papryki bezposrednio
po zbiorze przeprowadzono w laboratoriach Katedry Roslin Warzvwnych i Leczniczych
w Instvtucie Nauk Ogrodniczych (publikacie 1-3).

Na rysunku | przedstawiono schemat badan, ktérych wyniki zostaly opublikowane
w publikacjach 1-5. stanowiacvch integralna czes¢ niniejsze) rozprawy doktorskie;.
Szezegolowy opis materialow 1 metod zastosowanych w celu zwervfikowania hipotez

badawczych zamieszczono w publikacjach.
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31. Charakterystyka warunkéw przeprowadzonych badan

Badania dotyezyly paprvki slodkiej (Capsicum awmpuum L) uprawiane
w kontrolowanyeh warunkach szklarmiowych, 2 zastosowaniem réznych metod uprawy
1 warunkow  mikroklimatycznych, w celu oceny wplywu wybranych czynnikow
agrotechnicznych na wzrost 1 rozwaj roslin oraz jakosé owocow.

Badaniami objeto dwie odmiany papryki slodkiej o czerwonych owocach:
1) ~Aifos’ F1 — odmiana firmy nasienne) Seminis. Baver: rosliny o zwartym pokroju.
owoce typu ,.blok”. o grubym miazszu owocni (10 mm) i sredniej masie owocu
okolo 220 g,
2) *Palermo’ Fl — odmiana firmy nasienne) Ryk Zwaan: rosliny o luznym pokroju,
owoce wvdluzone tvpu “Dulce Italiano’. o cienkim mia#szu owocni, wysokie
zawartosgcei cukru i redniej masie owocu okolo 125 g

Podloze uprawowe stanowita welna mineralna firmy Grodan w asortymencie:
koreczki” typ Multiblok 200 (do wysiewn nasion) 1 kostki Grodan Delta (do produkej:
rozsady) oraz maty Grotop Master (do uprawy na miejscu stalym). Podloze przed
uzyciem bylo nasgezane poxywka o odpowiednim skladzie 1 stezeniu jondw w zaleznosci
od etapu badan i fazy rozwojowej rosliny (EC 1.4-2.8 dS-m™. pH 5.5). W okresie uprawy
roztwor pozywki dozowano do kazdej rosliny kroplowo, pojedyncza kapilara
o wydajnosei 3 dm*h! z kroplownikiem oraz kompensacja ci$nienia, za pomocy
komputera nawozeniowego (publikacja 1-5).

Badanmia w Szklarniowym Osrodku Dodwiadezalnym SGGW w Warszawie
prowadzono w pojedynczych kamerach uprawowych o powierzehni uzytkowej 40 m?
(wyposazonych w 3 zagony uprawowe, kazdy o wymiarach 1.2 m * 9.0 m} 1 w kamerze
o powierzehni uzyvtkowej okolo 120 m® (wyposazone) w 9 zagonow, kazdy o wymiarach
1.2m = 10,0 m). Parametry mikroklimatu w kamerach uprawowych kontrolowano
za pomocg komputera klimatycznego Hortimax Clima 500, zarzadzanego przez program
komputerowy Synopta.

Rosliny papryki w doswiadczeniach uprawowych prowadzono na dwa pedy
1w systemie V7 (sadzac rodliny w jednym rzedzie. posrodku kazdego zagonu).
W czasie zabiegow piclegnacyjnych w glownym rozgalezieniu rosliny, tew, ..czasey”,
ustwano kwiaty i zawiazki owocow. Cigcie roslin na dwa pedy przeprowadzano
w zaleznoscl od tempa wezrostu roslin, zwykle co okolo 10 dni. Polegalo ono na usuwaniu

pedéow bocznych 1 pozostawiamiu najsilmiejszych 1 odpowiednio usytuowanych



na roslinie dwoch pedow glownych. Przyjeto =zasade. aby na kazdy zawiazek
owocu zostawiac po dwa liscie,

Eksperyvmenty realizowano w ukladzie losowym. Liczba powtdrzen i roélin
w kombinacjach roznila sie w zaleznosci od badania — szczegolowe informacie
metodyczne podano w publikacjach.

W ramach prowadzonvch dzialan fitosanitarnyvch zastosowano biologiczne metody
ochrony roslin z wykorzystaniem drapieznych roztoczy Amblyseius swirskii. Sa one
powszechnie stosowane w integrowane] ochronie upraw pod oslonami. Wykazuja
wysoka skutecznosé w zwalczaniu weiornastka, maczlika oraz mlodocianych stadiow
przedziorka. Zastosowanie roztoczy umozliwilo ograniczenie stosowama chemicznych
srodkow ochrony roslin. Nie bylo koniecznosei przeprowadzania w trakeie badan

zabiegow srodkami grzybobdjezymi

Publikacja 1: Rozsade dwoéch odmian papryki “Ailos” 1 “Palermo’ przygotowano
w kostkach z welny mineralngj. Warunki mikroklimatu w kamerze doswiadczalng
kontrolowano komputerowo: temperatura dzien/noc 22/20 °C, 60-70% RH. sterenie CO2
okolo 800 ppm. Roéliny dodwietlano przez 16 godzin dziennie przy zastosowaniu
lamp HPS, zapewniajacych PPED na poziomie 170 pmol m=-s.

Po posadzeniu rozsady na miejsce stale w kamerze uprawowej, Srednia temperatura
w dzien wyvnosila 22-25 °C, w nocy 18-20 °C, 75% RH. a stezenie CO: 800 ppm.
Rosliny w okresie uprawy doswietlano lampami LED: od géry lampami Green Power
LED (Philips) (DE/W-LE. 195 W), a do doswietlania migdzyrzedowego uzyto jedne)
linii lamp LED (modul 2.5 m HO DR/B 100 W) (Philips). Rosliny doswietlano 16 godzin
na dob¢. Komputer klimatyczny wylaczal lampy automatycznie, pdy promieniowanie
sloneczne byvlo wyzsze niz 250 W-m™. Warunki Swietlne pod wzgledem PAR
(o$wietlenie gome i miedzyrzedowe) wyniosly okolo 185 pmol-m™s?! (PPFD).
Naterenie Swiatla mierzono za pomoca Swiatlomierza Li-Cor LI-250A. czujnika
kwantowego LI-190. Do fertvgacii roslin systemem kapilarnym. korzystano z pozywek
stukrotmie  stezonych przygotowywanych z nawozow  pojedynczych firmy Yara
Poland Sp. 7 0.0. Pozywke robocza (7 pozywek stezonych) przygotowywano 1 dozowano
przy uzyciu komputera z mieszalnikiem do nawozow z automatyezna kontrola EC 1 pH.
FertiMix 400 firmy HortiMax Srednie wartosci EC pozywki do zasilania papryki

wynosily 2,8-3.3 dS'm™. a pH 5.5-5.8. Stezenie skladnikéw mineralnych (w mg-dm™)



dla kazdej kombinacji nawozowej wynosilo: N-NOs—-195, P-57, K-273, Mg-47, Ca-187,
Fe-2, Mn-06  B-03 Cu-0,15 Zn-03 Mo-003.

Publikacja 2: Dwutygodniowe siewk: papryki dwdéch odmian “Aifos® i ‘Palermo’
posadzono do keostek z welny mineralngj. Polowa produkowanej rozsady papryka
w kostkach z welny mineralne) do uprawy hydroponiczne; byla doswietlana lampami
HPS (Gavita GAN 400 W). a druga polowa lampam: Green Power LED
(DR'W-LB. 195 W) firmy Philips. Uszyte lampy LED charakteryzowaly sie 87.5%
udzialem dwiatla czerwonego o zakresie dlugosci fal od 630 do 660 nm.
w tym z najwyzszym udzialem fal dlugosci 660 nm oraz 12.5% udzialem swiatla
nicbhieskiego o zakresie od 440 do 460 nm (pomiar fito-foto-radiometrem firmy
Gigahertz-Optik). Dzienny czas ekspozycji roélin na dwiatlo wynosit 16 godzin, przy
poziomie $wiatta PAR ~170 pmol-m™-s? PPFD. Lampy wylaczaly sie automatycznie,
edy promieniowanie sfoneczne bylo wyzsze niz 250 W-m? Srednie dzienne
promieniowanic slonecezne w  okresie werostu rozsady papryka wynosito  okolo
186.9 J'cm™. Parametry mikroklimatu w kamerze uprawowej wyniosly srednio;
temperatura dzien/noc 22/20 °C, 60-70% RH 1 stezenie CO2 800 ppm. Pozywka do
zasilania rozsady papryvki zawierala nastepujace skladniki (w mg-dm™): N-NOs-195,
P-57, K-273, Mg-47, Ca—187, Fe-2, Mn-0,6. B-0.3, Cu0,15, Zn-03, Mo-0,05. EC

pozywki wynosilo okoto 2.8 dS-m™. apH35.

Publikacja 3:
Optymalizacja stezenia SA

W plerwsze) czescl badan przeprowadzono ekspervment testowy w celu ustalenia
odpowiedniego stezenia SA do dolistnego opryskiwamia 1 do podlewania
(zabieg dokorzemowy) roslin papryvki. W tym celu nasiona paprykt odmiany ‘Palermo’
wysiano do ..paluszkéw™ z welny mineralnej. nasaczonych pozywka o EC 1.4 dS'm™!
1pH 5.5. Siewk: papryka (14 dmi po siewie) posadzono do kostek z welny mineralnej.
nasaczonych pozywka o EC 2.5 dS-m™ i pH 5.5. Srednia temperatura wynosila dziefi'noc
22720 °C, 60-T70% RH, stgzenie CO2 800 ppm.
Svstem uprawy aeroponicznel

Badania nad wplywem SA na wzrost, plon i jakos¢ owocdw papryvki w warunkach
standardowego 1 wysokiego EC pozywki przeprowadzono w uprawie aeroponicznej
w dwoch terminach. Do badan uzyto odmiane papryki slodkie) “Palermo’. W tym celu.

rozsade papryki posadzono w kamerze uprawowej, ktora wyposazono w system



do uprawy aeroponicznej. W kamerze uprawowe] warunki mikroklimatvczne byly
kontrolowane komputerowo. Temperatura wynosita dzien/noc 20-23/17-19 °C, 70-75%
RH. stezenie COz 800 ppm. Papryka w systemie acroponicznym byla zasilana
standardowym roztworem pozywki roboczej o skladzie (mg-dm™): N-NOs-193,
P-57,K-273, Mg-47, Ca-187, Fe-2. Mn-0.6. B-0.3, Cu-0.15, Zn-03, Mo-0,05.
EC pozywki wynosilo 3.3 dSm™, a pH 62 Do przygotowania pozvwki stezonej
100-krotnie, z ktorej przygotowano pozywke standardowa (1%). uzyto nastepujacych
nawozow: Ca(NOz) = 4H20, KNO3, MgS50s » TH20, KH:2PO4, K2504 =« 2H20, HNO:s
oraz SuperbaMicromix firmy Yara International ASA Zwigkszenie EC roztworu
pozywki uzyskano poprzez dodanie dwukrotnie wiekszej ilosei skoncentrowanego
roztworu nawozowego do wody (2%) w poréwnaniu do standardowej dawki (1%).
W rezultacie, wartos¢ EC w kombinacjach z wysokim EC pozywki, oznaczonych

w publikacji ..High EC”, wynosila okoto 7 dS'm™.

Publikacja 4: [Doswiadczenie uprawowe prowadzono w dwoch analogicznyveh okresach
wegetac)i w dwoch kolejnych latach (terminach). W obu terminach w celu przygotowania
rozsady do zalozenia uprawy korki (.paluszki™) z welny mineralne] do siewu nasion
nasaczono roztworem pozywki o EC wynoszacym 1.4 dS m™ 1 pH 5.5. Nasiona papryki
po wysianiu przyvloyto wermikulitem 1 paluszki™ umieszczono w  komorze
klimatyzacyjne] (Sharma Scientific Co., Delhi, Indie) w temperaturze 28 “C dzief/noc
do momentu wykietkowania nasion. Nastepnie, po 14 dniach od siewu nasion, siewki
papryki umieszczono w kostkach welny mineralne; Grodan Delta firmy Grodan
namoczonych w pozywee 0 EC 2.8 dS m™ i pH 5.5. Rozsade papryki, w 28 dniu po siewie
nasion. posadzono do mat uprawowych z welny mineralnej Grotop Master firmy Grodan.
nasaczonych pozywka o EC 33 dSm' 1 pH 5558 W kamerze uprawowej
w plerwszym roku badan (termin 1), Srednia temperatura dzien/noc wynosila
25,5209 °C. a w roku drugim (termin 2), odpowiednio 25.8/20.8 °C. Bardzo czesto
w okresie wegetacji roslin. w kazdym z badanych terminow uprawy, srednia temperatura
dzienna byla bliska 30 "C, anocna 25 "C. Preyczyna tak wysokiej temperatury w sezklarni
bylo wystepujace w tym okresie promieniowanie sloneczne. Suma promieniowania
w okresie prowadzenia badan w pierwszym roku (termin 1) wyniosta 192,11 kJ-em™,
natomiast w drugim roku badan (termin 2) — 20941 kJ-em™. Catkowile dzienne wartodci
promieniowania W okresie wegetacii roélin wyniosly $rednio 1231 J-em™ w terminie 1

11342 J'em? w terminie 2. Pozywka do uprawy paprvki zawierala (w mg-d1n'3):



N-NO;-230_P-57. K-330, Mg-55, Ca-180,Fe-2.5. Mn—0.8, B-0.33, Cu-0.15. Zn-0_33,
Mo—0.05. Wysokos¢ EC pozywki dozowane] kapilarami do roslin wyniosta, srednio

z calego okresu wegetacii rodlin, od 2,9 do 3.2 dS'm™L. apH 3.5-5.8.

Publikacja 5: Publikacje przygotowano na podstawie wynikow badan wybranych cech
jakosciowyeh 1 wlasciwosel antvoksydacyjnyeh owocdw papryvki odmian " Aifos’
1 "Palermo’, prowadzonych w pierwszym 1 drugim roku doswiadczen uprawowych.

Warunki uprawy scharakteryzowano przy opisie publikacyi 4.

3.2. Terminy i czynniki agrotechniczne zastosowane w badaniach

W pracy dokonano analizy wplywu wybranych czynnikéw agrotechnicznyvch na
wzrost, rozwd] oraz jakos¢ owocdw papryki. Badania przeprowadzono w roemych
warunkach uprawy 1 terminach, stosujac réZzne technologie (z doswietlaniem
asymilacyinym lampami sodowwvmi 1 lampami LED) oraz systemy uprawowe,
takie jak hydroponika oraz aeroponika.

Publikacja 1: Rozsade dwoch odmian papryki (* Aifos” i “Palermo”) posadzono 6 grudnia
2018 r. do mat uprawowych z welny mineralnej typu Grotop Master 100 = 20 > 10 cm
{po 2 rodliny), a produkeje zakonczono w lipeu 2019 r, Gestosé rodlin wynosila 2,5 roéliny
na m* powierzchni uzytkowej. Nawozenie prowadzono, stosujac trzy roine pozywki
Kazda pozywka miala jednakowe stezenie skladnikéw mineralnych, a rdznice stanowila
forma uzytego fosforu w pozywee:

(1) C (kontrola, 100% fosforu w formie ortofosforanow),

(2) P-15 (15% fosforu w formie polifosforandw, 85% w formie ortofosforandw),

(3) P-30 (30% fosforu w formie polifosforanow, 70% w formie ortofosforanow).

Publikacja 2: Badania przeprowadzono w okresie zimowym 2018 1 2020 roku.
Rozsade dwiéch odmian papryvki (CAifos’ i ‘Palermo”) przygotowywano w podlozu
z welny mineralne;. Siewki papryk: posadzono do kostek z welny mineralnej 5 grudma
w obu latach prowadzenia badan. Polowa roslin w czasie produkeji rozsady
z przeznaczeniem do uprawy hydroponicznej byla doswietlana lampami HPS
(Gavita GAN 400 W), a druga polowa lampami Green Power LED (DR/W-LB. 195 W)
firmy Philips (charakterystyka skladu spektralnego dwiatla emitowanego przez uzvte
w badaniu lampy LED zostala opisana w rozdziale 3.1.). W obrebie stolu zalewowego
przeznaczonego do przeprowadzenia badan wyznaczono poletka doswiaderalne

o jednakowej powierzchni, w ktorveh rozmieszezono rosliny zgodnie z losowym



uktadem kombinacji czynnikéw badawczych. Kazde poletko obejmowalo 10 roslin dangj
odmiany. Doswiadczenie prowadzone w trzech powtorzeniach po 10 roslin w kazdym.
Material dodwiadezalny w kazdym roku badan stanowilo lacznie 120 roslin uprawianych

w kostkach wetny mineralnej.

Publikacja 3:
Optymalizacija steZenia SA

W badaniu nad optymalizacja stezenia SA., jedna partig roslin paprvki opryskiwano
dolistnie roztworem kwasu salicvlowego w czterech stezeniach (1, 2. 3. 10 mmol SA).
a rosliny kontrolne opryskiwano woda (0 SA). Natomiast druga partie roslin, u ktorych
testowano dokorzeniowe zastosowanie SA. podlewano pozywka 2z dodatkiem SA
w czterech stezeniach (100, 150, 500, 1000 ppm SA). a rodliny kontrolne podlewano
pozywka, bez kwasu salicylowego (0 SA). W kazdej kombinacji badano po 10 roslin,
wtrzech  powtdrzeniach.  Pierwsze opryskiwanie rodlin kwasem  salicvlowym
przeprowadzono w 21 dnm po siewie. a nastepne w 24 1 27 dniu po siewie. Roztwory
do opryskiwania dolistnego (1. 2. 5. 10 mmol SA) uzupetniono o srodek powierzchniowo
czyany Tween 20.

Roztwory do podlewania roslin (100, 150, 300, 1 1000 ppm SA) stosowano
z pozywka do zasilama rozsady papryki. Wszystkie rosliny podlewano w momencie,
gdy masa kostki z welny mineralnej nasaczone] pozywka (100%) obnizyla si¢ o okolo
35%. W kazdej kombinacji byly 3 powtorzenia, po 10 rodlin w kazdym.
Doswiadczenie uprawowe

Wyniki dotyczace optymalizacji stezenia SA do dolistnego opryskiwania roslin
1 zastosowania dokorzenmiowego wvkorzystano w  doswiadczeniach uprawowych.
Badanie wplywu SA na wzrost i jakos¢ owocow papryki w warunkach standardowego
1wysokiego EC pozywki wykonano w uprawie aeroponiczne;. w dwoch terminach.
Do badan wzyto odmiane “Palermo’. Siew nasion w pierwszym terminie przeprowadzono
7 kwietnia 2021 r, a w drugim terminie 14 lipca 2021 . Zabieg pikowama siewek
wykonano w 14 dmi po siewie nasion. w obu terminach uprawy. Rozsade papryki
posadzono do systemu acroponicznego 28 dnia po wysiewie nasion Zardwno w terminie
1. jak 1 w termime 2. Rosliny umieszczono w azurowych doniczkach. ktore nastgpnie
wlozono do otwordw wykonanych na gorze specjalnyeh pojemnikéw bez dna
o wymiarach 0.28 m = 0.36 m = 0.27 m. Kazdy pojemnik wyposazono w kapilarg. ktorg

zamnstalowano w specjalnie wykonanym otworze w boczne] sciance pojemnika



Na koncu kazdej kapilary umieszczono dysze cisnieniowa. ktora rozpylala (w formie
drobnych kropel) pozywke na korzenie roslin. Nastepnie pozywka splywala na dno
pojemnika zbiorczego, skad po uzupelnieniu nowym roztworem nawozow wracala po
przefiltrowaniu do systemu aeroponicznego. Rosliny rosly w kamerze uprawowes
w gestodei 2.5 rodliny na 1| m® powierzchni uzytkowej. Doswiadezenie miato uklad
losowy. W kazdym z czterech. niezaleznych poletek uprawowych znajdowalo sig
20 roslin zasilanych pozywka w systemie aeroponicznym. Testowano kombinacje:

(1) Niskie EC - rodliny w tej kombinacji zasilano pozywka standardows dla papryki,
oEC33dS'ml,

(2) Niskie EC + 5A stosowany dolistnie — rosliny w tej kombinacji zasilano pozywka
standardowa, jak w kombinacji (1), 1 opryskiwano dolistnie SA (5 mmol/1),

(3) Wysokie EC —rosliny w tey kombinacyi zasilano pozywka o EC 7 dS-m™, uzyskana
poprzez 2-krotne stezente skladnikow uzytych do pozywki w kombinacji
Niskie EC,

(4) Wysokie EC + SA stosowany dolistne + SA stosowany dokorzeniowo — w tej
kombinacji roslinv zasilano taka pozvwka, jak w kombinacji Wysokie EC (3).
1 opryskiwano dolistnie rosliny SA. jak w kombinacyi (2), oraz stosowano SA
dokorzemowo, razem z pozywka.

Doswiadczenie zakoriczono 70 dni po siewie nasion papryvki w obu terminach (termin 1:

16 czerwea 2021 r., termin 2: 22 wrzesnia 2021 r.).

Publikacja 4: Badama przeprowadzono w latach 2019 (termin 1) 1 2020 (termin 2).
W obu latach rozsade dwoch odmian papryvki (" Aifos’ i “Palermo”) posadzono na miejsce
stalte 13 maja, a uprawe zakonczono |5 pardziernika. W obu terminach papryke
uprawiano hydroponicznie w podlozu z welny mineralnej. W szklarniowe) kamerze
uprawowej znajdowalo sie¢ 9 zagonow, kazdy o dlugosci okolo 10 m 1 szerokosei okoto
1.2 m. W kazdym zagonie bylo 9 mat uprawowych z welny mineralnej. Na kardej macie
uprawowe] posadzono po 3 rosliny papryvki. Gestosc roslin w kamerze uprawowej
wynosila 2.5 roéliny na | m? powierzchni uzytkowej.

W dodwiadczeniu zbadano wplyw opryskiwania rodlin wapniem 1 kwasem
salicylowy na wzrost roslin, plonowanie i jakos¢ owocow dwoch odmian papryki

uprawianych hydroponicznie w welnie mineralne).



Zastosowane kombinacje:
(1) Kontrola — rosliny opryskiwane dolistnie woda.
(2) SA — rodliny opryskiwane dolisiniec kwasem salicylowym o stgzeniu 0,03%
(2.17 mmol1),
{(3) Ca- rosliny opryskiwane dolistnie azotanem wapnia 0 stezeniu 0.7%,
(4) SA + Ca — rosliny opryskiwane dolistnie jednoczesnie kwasem salicylowym
(0.03%) 1 azotanem wapnia (0, 7%).
W kazdej z zastosowanych kombinacji uzyto adiuwant Olejan 85 EC.
Eksperyment zalozono w ukladzie losowanych blokéw. Kazda kombinacja byla
w czterech powtdrzeniach, po szesc roslin w kazdym. Rosliny opryskiwano dolistnie raz
w tvgodniu, zaczynajac od 7 dnia po posadzeniu rozsady. az do 151 dnia po posadzeniu
rozsady. W doswiadczeniu wykonano 21  opryskiwan kwasem salicylowym.

Doswiadczenie zakonczono w 138 dniu po posadzeniu rozsady.

Publikacja 5: Owoce papryvki obu odmuian ("Aifos” 1 “Palermo’). z przeznaczeniem do
analiz fizykochemicznych 1 oceny sensoryczne). zebrano w fazie dojrzalosc
konsumpcyjnej, w pelni wybarwione, W obu sezonach uprawy (termin 1 - 2019 1. 1 termin
2 — 2020 r.) owoce badano w 84 dniu (sierpien) 1 140 dniu (wrzesien) po posadzeniu
rozsady. Szczegtly warunkéw  uprawy 1 zalodemia metodyczne doswiadczenia
uprawowego opisano w publikacji 4. Badano jako$é owocow papryvki ze wszystkich
kombinacji dodwiadezalnych (kontrola, Ca, SA, Ca + 5A) dla obu odmian
Probe owocow do analiz stanowilo 10 owoedw losowo wybranych z réznych roshin
w obrebie czterech powtdrzen danej kombinacji. Oznaczenia fizykochemiczne
oraz oceng sensoryczng przeprowadzano tego samego dnia. bezposrednio po zbiorze

1 odpowiednim przygotowaniu probek.

33, Zakres wykonanych prac

Publikacja 1: W badaniach z uzyciem polifosforanow w pozywee do fertvgacji papryki
oceniano wzrost, kondycje roslin, plonowanie i jakos¢ owocow, Mierzono dobowg ilosé
pozywki zasilajace) rosliny (pozywki z kapilary) 1 ilos¢ drenazu w przeliczeniu na rosling
oraz EC 1 pH pozywki z kapilary, drenazu 1 podloZza. uzywajac przenosnego miernika
EC/pHAT firmy DGT Senmatic. Czujniki GroSens firmy Grodan wykorzystywano takze
do pomiaru EC podleza. wilgotnoser podioza 1 temperatury podloza, gléwnie w celu
kontroli zarzadzania strategia nawozenia razem 2z nawadnianiem. W badanych

kombinacjach pordwnywano tygodniowe preyrosty dlugosci lodygi 1 liczbe lisci na



roslinie. Dwukrotnie w okresie wegetacj (8 1 16 tygodni po posadzeniu roslin, zardowno
w termime 1 1 2) muerzono na miodych. w pelni wyrosnietych lisciach papryki
wzgledne stezenie chlorofilu @ + & za pomoca aparatu Minolta SPAD-302 i fluorescencje
chlorofilu a aparatami FMS-2 1 PEA. Stan odzywienia roslin skladnikami mineralnymi:
N.P. K, Mg, Na. Ca, Fe, Mn, Cu, Zn. B, okreslono na podstawie analizy probek lisci 8
1 16 tygodni po posadzeniu (w terminie 11 2).

Pierwszy zbior owocow papryki wykonano w 76 dniu od siewu. Owoce zbierano
w fazie owocu dojrzalego. wybarwionego w 2/3 czedci i w pelni wybarwionego, co 7 dni.
W plonie ocemano liczhe | mase owocow ogélem oraz owocow  handlowych
1 niechandlowych z objawami suchej zgnilizny wierzcholkowej (BER). Jakos¢ owocdw
badano dwukrotnie (94 1 130 dni po posadzenm rozsady). W celu porownania
jakosci owocow  w  badanych kombinacjach, ormaczono zawartos¢ suchej masy
w owocach, stgzenic kwasu askorbinowego, stezenie skladnikow rozpuszezalnych
w soku komaérkowym, calkowitg zawartos¢ cukrow, a takze stgzenie azotanow, jonow
P. K 1 Ca. Wykonano lakre ocene sensoryezna owocow papryki z poszezegolnych

kombinacji doswiadczenia.

Publikacja 2: W badamach z uzvciem do doswietlania asymilacyjnego lamp LED jako
alternatywy dla lamp sodowych w produkepi rozsady papryki, pordwnywano wzrost
1 kondyeje roslin. Pomiary wysokosci roslin i liczby lisci przeprowadzano co tvdzien na
pigciu losowo wybranych roslinach z kazdej kombinacyi, po 7, 14, 21 1 28 dmiach uprawy.
W tych termunach mierzono tak#e wzgledna zawartosé chlorofilu a + & w Lisciach, kidre
byly w pelni rozwinigte. 1 w tych samych lisciach mierzono fluorescencje chlorofilu
zarowno w swietle otoczenia, jak 1 po adaptacyt roslin do ciemnosci.

Do badan anatomicznych. po 28 dniach uprawy (42 dm od siewu), pobrano
fragmenty mlodych, w pelni rozwinietych lisci rozsady papryki — z trzech roglin z kazdej
kombinacji. Mierzono grubosé calkowita lisei. liczbe 1 grubosé warstw miekiszu
palisadowego oraz gghczastego, rozmiary komorek mezofilu, a takze liczbe aparatow

szparkowych. Badano takize rozmieszezenie chlorofilu 1 karotenoidow w komorkach.

Publikacja 3: W badaniu z zastosowaniem SA w uprawie paprvki w celu obniZzenia
negatywnych skutkow stresu abiotycznego wywolanego wysokim EC  pozywki,
oceniano wzrost. kondycje roslin, jakoéé plonu oraz poziom wybranych enzymow
stresu 1reaktywnych form tlenu. W kazde] kombinacji wybrane rosliny testowe

byly monitorowane pod wzgledem dynamiki wezrostu. od posadzenia rozsady do
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zakonczenia badan, po 35 dmiach uprawy w systemie aeropomicznym. Wszystkie usunicte
liscie, pedy boczne oraz zawiazki owocow 2 roslin lestowyeh wazono na wadze
laboratoryjne; w celu oceny calkowitej $wieze] masy wyprodukowanej przez rosliny.
Po zakonczeniu doswiadczenia okreslono mase zielonych czgsci rosliny, zawigzkow
owoCcOw oraz korzent.

Pomiary morfologiczne prowadzono raz w tvgodniu przez pieé tvgodni, poczawszy
od 35 dma od stewu nasion (termin sadzemia rozsady do systemu aeroponicznego),
nastepnie po 7. 14. 21 1 28 dmiach od sadzenia rozsady. Okreslano wysokosé roélin
oraz liczbe w pelni rozwinigtych lisci na roslinie. Oceniono catkowita liczbg 1 masg
zawigzanych owocow, w tym owocow z BER oraz wytworzona mase nadziemna
rodlin 1 korzeni. Doswiadezenie zakonczono 35 dnia od sadzenia rozsady. Wvliczono
stosunek masy nadziemne; do masy korzemi paprvk: w zaleznosci od zastosowanych
kombinacjt. Wplyw kwasu salicylowego na aktywnos¢ fotosyntetyezna badano poprzez
pomiar fluorescencin chlorofilu a lisci oraz zawartosci wzglednej chlorofilu
w jednostkach SPAD. W doswiadczeniu oznaczono rowniez zawartosc bialka
rozpuszczalnego, produkcje H:0: oraz aktvwnosé enzymatyczna SOD 1 CAT jako

kluczowych enzymow antyoksydacyjnych.

Publikacja 4: W doswiadczeniach uprawowych zalozonvch w dwoch kolejnych
sezonach wegetacyjnych badano wplyw SA, Ca 1 SA + Ca na wzrost roslin, plonowanie
oraz jako$¢ owocow papryki. W tym celu prowadzono pomiary dynamiki wzrostu roslin
i liczby w pelni rozwinietych liSci na szesciu reprezentatywnych roélinach testowych
w kazdej kombinacji w okresie od 7 dnia do 158 dma od posadzenia rozsady na miejsce
state. W 31 1 102 dniu od rozpoczecia uprawy oceniano fluorescencje chlorofilu a lisci
wroznym wieku: mlodszych (5. lis¢, liczac od wierzcholka pedu owocujacego)
1 starszych (10 lis¢, liczac od wierzchotka pedu owocujgcego), mierzac takie parametry.
jak: wyvdajnosdé fluorescencii w stanie stacjonarnyin. maksymalna fluorescencia przy
swietle, wydajnosé kwantowa PSIL maksymalna wydajno$é kwantowa PSII po adaptacii
do clemnoscl oraz PI — wskaznik witalnosci PS IL Rownoczesnie dokonywano pomiaru
zawartosci wzglednej chlorofilu za pomoca miernika SPAD. Zbiory owocow rozpoczeto
w 36 dniu uprawy i kontynuowano co okolo 10 dni do 158 dmia uprawy. Zebrane owoce
analizowano pod Kkatem masy 1 liczby w podziale na plon calkowity. handlowy

oraz owoce z objawami BER. Wybrane reprezentatywne proby owocow dojrzabych
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wybarwionych analizowano rowniez pod wzgledem zawartosci suchej masy. parametrow

barwy w skali CIE Lab* oraz cech sensorveznych.

Publikacja 5: W badaniu okreslono wplvw zastosowanych w uprawie hydroponicznej
papryki czynnikow. takich jak SA. Ca 1 SA + Ca na cechy jakosciowe | whasciwosci
prozdrowotne owocow papryki. Badano aktywnosé antvoksvdacying oraz wykonano
oceng sensorvezng owocow papryki. Owoce badano w kazdym roku uprawy: 84 dmi
1140 dn1 po rozpoczeciu uprawy opisane] w publikacji 4. odpowiednio zardwno
w pierwszym jak i w drugim roku badan dnia 5 sierpnia 1 30 wrzesnia. Do badan wybrano
owoce dojrzale, w pelni wybarwione. Z proby 10 owocow z kazdej kombinacyi losowo
wylypowano pie¢ owocow, ktore poddano analizom fizykochemicanym. Oznaczono
zawartoé¢ suche; masy. calkowita zawartosé witaminy C, calkowitg zawartosé
skladnikow rozpuszezalnych w soku komorkowym, calkowita zawartos¢ cukrow,
kwasowosé ogblng, stosunck cukrow do kwaséw organicznych, stezenie azotandw
(NO:T) oraz zawartosé K i Ca, Okreslono takze zawartosc karotenoidow (f-karotenu.
lutemny, zeaksantyny. kapsantyny). w owocach. Oceng sensoryczna wykonano na

15 owocach dojrzalych, w pelni wybarwionych, zebranych losowo z kazdej kombinacii.

34. Metody badawcze
34.1. Parametry morfologiczne roslin, SPAD i fluorescencja chlorofilu a

W celu okreslenia tygodniowego przyrostu diugosei pedu owocujacego papryki.
w kazdej kombinacji do pomiarow wybierano szesé reprezentatywnych roslin testowych,
zaznaczano miejsce wierzcholka pedu na sznurku, ktérym okrecano ped w miare
jego wzrostu. Po 7 dniach mierzono odleglos¢ od wierzcholka pedu do wezesniej
zaznaczonego punktu na sznurku. odpowiadajacego pozycji wierzcholtka sprzed
tygodnia. Pomiar ten wykonywano raz w tygodniu, Raz w tygodniu mierzono wysokosc
rodlin {od szyjki korzeniowej do wierzchotka pedu glownego) za pomoca tasmy
mierniczej. a takse liczono w pelni rozwiniete liscie. Liczbe lidci podawano jako
sume lisci rozwinietych na dwoch glownych pedach roslinyg, Wynmiki przedstawione
sa w publikacy: 1, 2. 3. 4. Dodatkowo mierzono srednice pedu glownego w odleglosci
| ecm powyzej szyjki korzeniowe] przy uzyciu suwmiarki oraz okreslano $wiezag
mas¢ nadziemnej czesci rosliny (lisci i todygi) z dokladnoscia do 0.1 g. Pomiarow
dokonywano dla picciu losowo wybranyeh rodlin 2z kaxdej kombinacji. Wyniki

przedstawiono w publikacyi 3.
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Wezgledna zawartos¢ chlorofilu w lisciach ocemiano za pomoca testu SPAD
wykorzystujge przenosny miernik Minolta SPAD-502 Plus. Pomiar przeprowadzono na
5. oraz 10. w pelni rozwinigtym lisciu, liczac od wierzcholka pedu owocujgcego.
Fluorescencje chlorofilu badano przy uzyciu przenosnego systemu monitorowania
fluorescencyi chlorofilu 2 modulacja impulséw FMS-2 (Hansatech Instruments Litd.,
King's Lynn, Norfolk. Wielka Brytama). Mierzono takie parametry. jak: Fs — biezacy
poziom fluorescencji. Fm' — maksymalna tluorescencja w warunkach swietlnych oraz
OPSII - efektywnosé kwantowa fotosystemu PS I1 Maksvmalna wydajnosé kwantowsa
fotosystemu PS8 11 w warunkach ciemnosdei (Fv/Fm) oznaczano po 30-minutowym okresie
adaptacji lisci do ciemnosci. Bezposredni pomiar fluorescencji przeprowadzano przy
uzyeiu przenosnego miernika fluorescencji PEA (Hansatech Instruments Ltd | King's
Lynn, Norfolk, Wielka Brytania). Wyniki przedstawiono w publikacjach 1, 2. 31 4.

3.4.2. Mikroskopia Swietlna i konfokalna w ocenie komdrek lidci

Do badan anatomicznych, ktore przeprowadzono w Katedrze DBotaniks
w Instytucie Rolnictwa SGGW w Warszawie. pobrano liscie w pelni rozwiniete z roslin
dwich odmian papryvki dodwietlanyeh lampami HPS 1 LED. Dla kazdej kombinacji
fragmenty lisci utrwalano przez 3 godziny w pozywce Karnovsky'ego, traktowano 1%
czterotlenkiem osmu, odwadniano seria etanolowa z tlenkiem propylenu i zatapiano
w zywicy epoksydowej (Serva. Niemey). Skrawki o grubosci 3 pm barwiono blgkitem
toluidyny 1 analizowano pod mikroskopem swietlnym (Olympus-Provis). Mierzono
grubosé liscia. warstw komorek palisadowych 1 gabezastych, rozmiar komorek oraz
liczbe aparatow szparkowych na 600 pm?* za pomoea oprogramowania Olympus-Provis
cellSens Standard przy powigkszeniu 10=. Ultracienkie przekroje (80 nm) przygotowano
ultramikrotomem Leica UCT, barwiono octanem uranylu i cytrynianem olowiu.
a nastgpnie badano mikroskopem transmisyjnym TEM FEI 268D . Morgagni™ (z kamera
Olympus-SIS . Morada”™). Obrazy zapisywano w formacie jpg i edytowano w Photoshop
C5s 8.0, Chloroplasty w komorkach palisadowych badano mikroskopem kontfokalnym
(Leica TCS SPSIT). rejestrujac fluorescencje chlorofilu 1 karotenoidow po wzbudzeniu
przy 488/633 nm 1 emusyt przy 320-380/660-705 nm. Obrazy uzyskiwano w odstgpach
0.18 pm. poddawano dekonwolucji (cyfrowe przetwarzanie obrazu) 1 cyfrowo
rozdzielano kolory. Poziomy fluorescencyi mierzono w centralnych obszarach

chloroplastéw, omijajac granule skrobi. Wyniki przedstawiono w publikacji 2.
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3.4.3. Zawartos¢ bialka rozpuszezalnego, H:0: i enzymow antyoksydacyjnych SOD
i CAT w lisciach

Zawartos¢  bhialka  rozpuszezalnego  oznaczano za  pomoca metody
kolorymetrycznej. opierajacej si¢ na wiazaniu barwnika z biatkami, a wyniki wyrazano
w mg bialka na g swieze) masy. Zawartosc bialka rozpuszezalnego oznaczano metodsy
Bradforda [1976]. Zawartos¢ nadtlenku wodoru (H:0:) oznaczano przyv uzyciu
zmodyfikowane) procedury analityczne; [Wilmowicz 1 in. 2011]. Material badawczy
pobierano z pieciu roélin testowych z kazdej kombinacji doswiadczalnej, tworzac probe
zbiorczy. Probe stanowily liscie w pelni rozwiniete (10. lisé. liczac od wierzcholka
rosliny), zebrane recznie (bez uzveia narzedzi) o egodzinie 8:00, przy zachmurzeniu.
Material bezposrednio po zbiorze umieszezano w woreczkach z folii aluminiowej.
zamrazano w ciektym azocie, a nastepnie przechowywano w zamrazarce o temperaturze
—81°C. Do analizy Ha0: lidcie (200 myg) homogenizowanoe w 1 ml 1% kwasu
trichlorooctowego (TCA). Uzyskane homogenaty wirowano, a supernatanty przcnoszono
do nowych probowek i dostosowywano ich pH do 7.5 przy uzyciu wodorotlenku potasu.
Nastepnie probki ponownie wirowano, a | ml supernataniu mieszano z 250 pl roztworu
kwasu 3-(dimetyloamino)-benzoesowego (198 mM) w 0.5 M buforze fosforanowym
(pH 6.5). 230 pul roztworu hidrazonu 3-metylo-2-benzotiazolinonu (0,456 mM) oraz 20 ul
peroksydazy (0.25 U - jednostka enzymatvczna odpowiadajaca ilosci enzymu
przeksztateajace] pmol substratu na minutg w optymalnych warunkach reakeji).
Absorbancje mierzono przy dlugosct fahh 590 nm. a zawartos¢ H:0: wyrazano
w pmol Hz0: na gram $wiezej masy (pmol g™ sw. m.).

Ekstrakty do pomiaru aktywnoscl enzymatyczne] przygotowywano przez
homogenizacje 0.2 ¢ zamrozonych lisci w 1 ml buforu ekstrakevinego zawierajacego
50 mM fosforanu potasu (pH 7.6) oraz 0.1 mM Na-EDTA. Homogenaty wirowano przy
13 000 obr./min przez 13 minut, a supernatanty wyvkorzystywano do dalszych analiz
enzymatycznych, Aktywnos¢ dysmutazy ponadtlenkowej okreslano. monitorujac
redukcje  blekitu nitrotetrazolowego  indukowana przez rodniki  ponadtlenkowe.
Mieszanina reakcyjna o objetosei | ml zawierala 50 mM fosforanu potasu (pH 7.8).
6.5 mM metioniny, 50 uM NBT. 20 pM ryboflawiny, 10 pM EDTA oraz 55 pl ekstraktu
enzymatycznego. Po wymieszanmu, probki inkubowano w Swietle przez 15 minut
areakcje monitorowano poprzez pomiar absorbancji przy dhlugosci fali 560 nm.

Wyniki wyrazano jako jednostki aktywnosci enzymatyczne] na miligram biatka.

44



Catkowita aktywnos¢ dysmutazy ponadtlenkowe) oznaczano zgodnie z metoda
Giannopolitiza 1 Riesa [1977].

Aktywnosé katalazy oznaczano poprzez pomiar degradacji H202. W tym celu
0.2 ml ekstraktu biatkowego mieszano z 1,0 ml roztworu zawierajgcego 65 pmoli
H:O:ml? w 60 mM buforze fosforanowo-sodowo-potasowym (pH 7.4) i inkubowano
w temperaturze 37 °C przez 60 sekund. Reakcje enzvmatvezna zatrzymywano, dodajac
1.0 ml roztworu triazolu lub molibdenianu amonu, w zaleznosci od uzytej procedury.
Zawartos¢ H:0: w mieszaninie reakcyjnej okreslano polarograficznie  lub
spektrofotometrycznie, mierzac ahsorbancje zoltego kompleksu przy dhlugoscei fali
405 nm. Wymki wyrazano jako jednostki aktywnoscl enzymatycenej (U) na miligram
biatka, Aktywnos$é katalazy okreslono wedlug metody Gotha [1991]. Wyniki

przedstawiono w publikacyi 3.

3.4.4. Zawartosé skladnikdéw mineralnych w liseiach

Stan odzywienia papryki. przy zastosowaniu roznej formy fosforu w pozywee do
fertygacji roshin. okreslano na podstawie analizy zawartosci makro- 1 mikroskladnikow
w mlodych, w pelm dojrzalveh wskaznikowych  lisciach (badania wvkonano
w Laboratorium Analiz Chemicznych, w Instytucie Ogrodnictwa — Panstwowym
Instytucie Badawczym w Skiermiewicach). Material do analizy pobrano dwukrotnie
w okresie wegetacji, 8 1 10 tygodni po posadzeniu roslin (w terminie 1 i terminie 2).
Probki wysuszono w temperaturze 60 °C w piecu z wymuszonym obiegiem powietrza,
a nastepnie zmielono w mivnku ze stali nierdzewnej. Probki poddane trawieniu
mikrofalowemu w HNOs, uzywajac zamknietych naczyn teflonowych. Pierwiastka (P, K.
Mg, Na. Ca, Fe. Mn, Cu, Zn. B) oznaczono za pomocy spektrometru plazmowego
sprzezonego indukeyjnie (ICP, model OPTIMA 2000DV, PerkinElmer, Boston, USA).
W celu oznaczenia calkowitego N material roslinny zmineralizowano po wysuszeniu
wstezonym  kwasie siarkowym w  obecnodci katalizatora miedziowo-potasowego.
Zawartos¢ N oznaczano za pomoca aparatu Kjeldahla (Vapodest, Kinigswinter.
Niemcy). Po oddestylowaniu azotu w formie WH3 zawartos¢ N oznaczano metoda

miareczkowa. Wyniki przedstawiono w publikacy 1.



3.4.5. Plon calkowity, handlowy i owoce z BER oraz twardo&¢ w skali HPE i barwa
owocow w skali CIE Lab

Dojrzale owoce papryki zbierano co 7-10 dni. w godzinach porannych. Podczas
zbiorow okreslano liczbe oraz mase wszystkich owocow, jak rowniez owocow
handlowych 1 nichandlowych 1 owocow z BER. Za owoce nichandlowe uznawano te,
ktore wykazywaly wady rozwojowe lub mechaniczne uszkodzenia powstale w trakcie
pielegnacji roslin. Wyniki przedstawiono w publikacjach 1, 3, 4. 5.

Do analiz wybierano owoce pozbawione oznak uszkodzeri mechanicznych, chordb
oraz dzialalnosci szkodnikow, dojrzale 1 caltkowicie wybarwione. Do analizy twardosdei
wybrano losowo pie¢ owocdw handlowych z kazdej kombinacji. Twardos¢ owocow
mierzono twardosciomierzem HPE z trzpieniem o $rednicy 5 mm, ustawionym pod katem
90° wzgledem powierzchmi owocu. Pomiary wykonywano w trzech miejscach owocu:
w poblizu szypulki. w centralnej czesci owocu oraz w okolicy przykwiatowey, a uzyskane
wyniki usredniano, Wyniki wyrazano w jednostkach HPE w skali od () do 100. Barwe
OWOCOW oceniano za pomocy przenosnego spekirofotometru swiatla odbitego MiniScan
XE PLUS D/8-5, uprzednio skalibrowanego przy uzyciu standardowej biale] plytki
Wyniki przedstawiano w systemie CIE Lab, gdzie parametr a* wskazuje na udzial barwy
zielone) 1 czerwone), parametr b* na udzial barwy niebieskie) 1 26ltej, a parametr L*
oznacza jasno$é barwy. Pomiar twardosci | barwy przeprowadzano wtrzech

powtdrzeniach. Wyniki przedstawiono w publikacyi 4.

3.4.6. Zawartos¢ suchej masy, kwasiw organicznych, cukriw, karotenoidow oraz
kwasu askorbinowego w owocach

Do analiz wybierano owoce pozbawione oznak uszkodzen mechanicznych. chorob
oraz dzialalnoseci szkodnikow, dojrzale 1 calkowicie wybarwione. 7 kazdej kombinacji
losowo pobierano po trzy owoce. Zawartosc suche) masy oznaczano metoda wagowa
w temperaturze 103 "C. po wezesnigjszym przeprowadzeniu homogenizacji owocow.,
Wyniki przedstawiono w publikacjach 1, 4, 5.

Lawartosc -karotenu. luteiny oraz chlorofilu a1 b w owocach okreslano za pomoca
wysokosprawne) chromatografii  cieczowe; w  Katedrze Roslin Warzywnych
1 Leczniczych, w Instytucie Nauk Ogrodniczyvch SGGW w Warszawie, wykorzystujac
aparature  Shimadsu  Scientilic Instruments. Homogenizacje materialu  roélinnego
prowadzono z dodatkiem 2 g Na:SOs na 100 g probki, Homogenizowany material

wiloscl 5 g rozeterano w mozZdrierzu z zimnym acetonem (=20 “C) oraz piaskiem

46



kwarcowym. Uzyskane ekstrakty przenoszono ilosciowo do kolb miarowych
o pojemnosci 30 ml 1 uwzopelniano zimnym acetonem do odpowiednie) objetosci.
Probki odwirowywano w probowkach (15 000 obr. min). a supematant poddawano
filtracji za pomocy filtra strzykawkowego (Supelco IsoDisc™ PTFE 25 mm = 0.22 um).
Otrzymane ekstrakty przechowywano w 1 ml pojemmnikach w automatycznym podajniku
probek SIL-20AC HT, utrzymujgc temperaturg tacy na poziomie 4 °C., Do anahzy
chromatograficzne) nanoszono 5 pl ekstraktu na kolumne chromatograficzng Kinetex
2.6 um C18 100 A o wymiarach 100 mm » 4.6 mm (Phenomenex). Rozdzial zwiazkéw
uzyskiwano metoda elugji izokratveznej z uzyciem metanolu jako fazy ruchomej
w temperaturze 40 °C. Pomiar prowadzono w odpowiednich zakresach dlugosci fal:
dla f-karotenu 450 nm, dla chlorofilu @ 430 nm_ dla chlorofilu & 470 nm, zgodnie
z metodami podanymi m.an przez Schoefsa [2002] oraz Rodniguez-Amaye [2001],
z modyfikacjami. Na podstawie uzyskanych wynikéw obliczono sumaryezng zawartosc
chlorofilu @ 1 . Kazda kombinacja badana byla w trzech niezaleznych powtorzeniach,
a kazda probka byla nastepnie analizowana trzykrotnie w ramach powtorzen pomiaru.
Wyniki przedstawiono w publikacy 5.

Catkowita zawartosé¢ witaminy C oznaczono w Katedrze Technologu 1 Oceny
Zywnoscl, w Instytucie Nauk o Zywnosci SGGW w Warszawie, metoda wysokosprawne;
chromatografii cieczowej z uzyvciem detektora UV—vis SPD-10A VP (Shimadzu, Kioto,
Japonia), pompy LC-10AT (Shimadzu, Kioto, Japonia), pieca CTO-10A5 VP (Shimadzu,
Kioto, Japonia), degazera DEGASSEX model D-4400 (Shimadzu, Kioto, Japonia),
przy uzyciu oprogramowania do zbierania danych LC Solution (Shimadzu, Kioto.
Japomia, wersja 121 S5P1). Uzyto kolumny OnyvxMonolithic C18, 100 = 4.6 mm
(Phenomenex). Faza ruchomg byl roztwor H3POs. Wyniki rejestrowano przy 254 nm.
Wyniki przedstawiono w publikacy 5.

Kwasowos¢  owocow  papryki  oznaczano  metoda — miareczkowania
potencjometrycznego. Calkowita zawartos¢ cukru w badanych owocach oznaczano
metoda Luffa-Schoorla [PN-90/A-75101/07]. Wyniki przedstawiono w publikacjach 1,
4. 5. Stosunek calkowite] zawartodei cukru do kwasowosci owocdw papryki okreslono
jako iloraz TS:TA. Wyniki przedstawiono w publikacji 5. Skiadniki rozpuszezalne
w soku komdrkowym (TSS) oznaczano za pomoca cylrowego relraklometru. podajac

wyvnik w Brix. Wynikt przedstawiono w publikacjach 1. 5.
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3.4.7. Zawartosé¢ azotanow i jonow K, P i Ca w owocach

Do oznaczenia zawartoscl azotanow, K, P 1 Ca w owocach losowo wybierano
z kazdej kombinacji po trzy owoce dojrzale. w pelni wybarwione. Owoce oczyszezano
z nasion i tozyska oraz szypulki, dzielono na ¢wiartki i po jedney z kazdego z 3 owocow
homogemzowano. Z uzyskane) mieszanki trzykrotnie pobierano probki homogenatu
omasie 10 g, do ktorych dodawano 0.5 g wegla aktywnego oraz 100 ml 2% kwasu
octowego. Po 30 minutach wytrzasania probki na wytrzgsarce laboratoryine). powstaly
roztwor przesaczano przy uzveiu filtra karbowanego. W roztworze ekstrakcyjnym
oznaczano zawartos¢ azotanow (NO;z;), K., P 1 Ca Azotany oznaczono
spektrofotometrycenie, stosujac analizator Fiastar 5000, przy dlugodei fali 540 nm.
Do oznaczenia fosforu stosowano test kolorvmetryezny, kiory polega na reakeji
chemiczne) powodujacej zmiang barwy probki proporcjonalnie do stezenia oznaczanego
pierwiastka w probee. Pomiaru barwy (absorbancji) dokonywano przy dhugosei fali
430 nm. 7za pomoca spektrofotometru UV-Vis Shimadzu 1700 [PN-R-04023:1996].
Stezenia potasu 1 wapmia oznaczanoe za pomoca fotometru plomieniowego Sherwood

Scientific model 420. Wyniki przedstawiono w publikacjach 1. 5.

3.4.8. Ocena potencjatu antvoksydacyjnego owocow metoda DPPH, ABTS i TPC
Z kardej kombinacji losowo pobierano po trzy owoce. Ekstrakty przygotowywano
z miazszu owocni wraz ze skorka. bez nasion i szyvpulki (probka reprezentatywna 10 g).
Owoce zostaly uprzednio calkowicie zmiksowane w celu uzyskania jednorodnego
homogenatu, kidry nastepnie poddano ekstrakeji wspomagane) ultradzwigkami. Proces
prowadzono w temperaturze pokojowe] z uzyciem metanolu jako rozpuszczalnika
(25 ml na | g surowea) przez 60 minut, Po filtracji i odwirowaniu probki przechowywano
w temperaturze 4 °C do czasu analizy., Aktywnosé antyoksydacyjng badano trzema
metodami: DPPH 1 ABTS 1 TCP. W tescie DI'PH oceniano zdolnosé reduke)i stabilnego
rodnika DPPH. monitorujac zmiane koloru z fioletowego na bladozolty przy 517 nm.
a wyniki wyrazano jako procent inhibicji rodnika. W metodzie ABTS mierzono zdolnos¢
redukeji intensywnie zabarwionego rodnika ABTS+ do formy bezbarwnej. rejestrujac
abhsorbancje przy 734 nm. Oznaczenie calkowite; zawartodci polifenoli wvkonywano
metoda kolorymetryczna, z wykorzystaniem odczynnika Folina-Ciocalteu, wyrazajac
wynik jako ekwiwalent katechiny (mg CE na 100 g dwiczej masy). Wszystkie pomiary

przeprowadzano spektrofotometrycznie za pomoca spektrofotometru UV—Vis Shimadzu
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1700, a analizy poprzedzono przygotowaniem odpowiednich roztworow kalibracyjnych

1 roboczych. Wynik: przedstawiono w publikacy 5.

3.4.9. Analiza sensoryczna owocow

Analize sensoryczna owocow przeprowadzono w Pracowni Analizy Sensoryveznej
Katedry Roslin Warzywnych 1 Lecznicevch, Ktéra spelnia normy PN-EN ISO
8589:2010/A1:2014-07 (2014). Z kaidej kombinacji badawczej losowo wybrano po pigc
dojrzalych i calkowicie wybarwionych owocow papryki. Po dokladnym umyeiu pod
biezaca woda oraz usunicciu nasion, lozyska i szyvputki owocu, kazdy owoc przekrojono
na trzy réwne czesci: gorna, srodkows oraz wierzcholkowa. 7 kazdego z wymienionych
segmentow wycieto fragmenty o wymiarach okolo 2-3 em., prey czym szezegolng uwage
Zwrocono na zapewnienie reprezentatyvwnosei proby poprzez zachowanie rownveh
proporcji materialu pochodzacego z kazde) czescl owocn. Otrzymane fragmenty
z poszezegolnych segmentdow kardego owocu polaczono w celu uzyskania jednorodnej.
ztozonej probki reprezentatywnej, Tak przygotowany material umieszczono w uprzednio
oznakowanych pojemnikach laboratoryynych 1 poddano ocemie. Ocene jakosci
sensoryeznej owocow przeprowadzono z wykorzystaniem metody QDA Badanie zostalo
zrealizowane przez zespol 20 (publikacja 1) 1 18 (publikacja 4) przeszkolonych osob.,
posiadajacych doswiadczenie w ocenie sensorvezne] produktow zywnosciowych, Ocene
przeprowadzono w dwoch niezaleznych powtérzeniach, w standaryzowanych warunkach
laboratoryinych, Analizie poddano cechy jakosciowe obejmujace zapach, teksture oraz
smak badanych probek. Kazdy z oceniajacych dokonywal oceny probek za pomocy
niestrukturalnej skali graficznej, w formie odcinka linii prostej o oznaczonych krancach
skali na monitorach komputerow. Graniczne punkty skali odpowiadaly natezeniu danej
cechy od minimalnego (0) do maksymalnego (10). Oznaczenia zespolu oceniajacego byly
nastepnie przeliczane na wartosci liczbowe w jednostkach od 0 do 10, z dokladnoscia do
0.1 jednostki. Dodatkowo w ramach analizy QDA oceniano rowniez ogdlne wrazenie
jakosci sensorveznej, okreslane jako .jakos¢ ogolna”, Ten parametr obejmowal
synletyczna oceng wszystkich cech sensoryeznych. w oparciu o subiektywne wrazenie
ogdlneg] jakosci produktu. Podobnie jak pozostale cechy. jakosé ogolna byla oceniana na
skali od 0 (niska jakos¢) do 10 (wysoka jakosc). Rownolegle do analizy eksperckiej
przeprowadzono test pélkonsumencki preferencji owocow paprvki. W badaniu tym
zastosowano niestrukturalna skalg, ktérej krancowe punkty odniesienia zostaly

zdefiniowane jako: . Nie lubig” (lewy kraniec) oraz .Bardzo lubie” (prawy kraniec).
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Uczestnicy badania zaznaczali swoje preferencie na skali. a wartosci te bylv nastepnie
przeksziatcane na jednostki liczbowe w zakresie od 0 do 10, umozliwiajac dalsza analize

statystyczng wynikow. Wyniki przedstawione w publikacjach 114

3.4.10. Analiza statystvczna
Publikacja 1: Analize statystyczna przeprowadzono przy uzyveiu dwuczynnikowe)
analizy wariancji ANOVA (Statistica, wersja 13, Warszawa, Polska). Szczegolowe

porownanie srednich wykonano testem Tukeya przy poziomie istotnosci ¢ = 0.05.

Publikacja 2: Analize statvstyczna przeprowadzono przy uzveiu dwuczynnikowej
analizy wariancji (ANOVA). Szczegolowe pordwnanie srednich przeprowadzono przy
wzyeiu testu Tukeya przy poziomie istotnosct a = 0,05, Analize statystvesna dla oceny
struktury lisci paprvki przeprowadzono w STATGRAPHICS Plus 5.1, stosujge analize
warnancji (ANOVA). Do opracowania wynikow analizy sensorveznej owocdw papryki
wykorzystano program ANALSENS wersja 6, sluzacy do prezygolowania testow,

rejestracji wynikow i analizy statystycznej.

Publikacja 3: Analize statystyczng  przeprowadzono 2z wykorzystaniem
jednoczynmikowe] 1 dwuczynnmikowe) analizy wariancpn (ANOVA) w programie
Statistica, wersja 13 (Warszawa, Polska). Porownania szczegolowe srednich wykonano
za pomocy testu Tukeya przy poziomie istotnosci a = 0,05, Do opracowania wynikow

analizy sensorycznej owocow papryki wykorzystano program ANALSENS wersja 6.

Publikacja 4: Wykorzystano jednoczynnikowa, dwuczynnikowa i trdjezynnikows
analize wariancji (ANOVA), przeprowadzong w programie Statistica, wersja 13
(Warszawa. Polska). Szezegolowe pordwnanie srednich zrealizowano przy uzyciu testu
Tukeva (z = 0.03). W celu opracowania wynikow oceny jakosci sensorycznej papryki.
zastosowano program ANATLSENS ver. 6.

Publikacja 5: W celu zredukowania liczby zmiennych i identyfikacji gldwnych zrodel
wariancji przeprowadzono wielowymiarowa analize czynnikowa z zastosowaniem
analizy glownych skladowych (PCA). Rotacja Varimax pozwolita na maksymalizacje
wariancji tadunkdw miedzy czynnikami przy jednoczesne) mintmalizac)t warancji w ich
obrebie. Wyniki przedstawiono w formie biplotu. ilustrujacego wspolezynniki korelacji
zmiennych ze skladowymi oraz powigzania miedzy obiektami czynnikowymi
z uwzglednieniem odmian papryki. Obliczenia wykonano w programie IBM SPSS

Statistics. wersja 29, w Katedrze Biometri, w Instytucie Rolnictwa SGGW w Warszawie.
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4. WYNIKIIDYSKUSJA

Wyniki przeprowadzonych badan wskazuja na istotny  wplyw  rodzaju
zastosowanyeh zabiegdow agrotechnicznveh na werost 1 aktywnosé metaboliczng,
strukturg anatomiczng lisci oraz plonowanie roslin papryki. Szczegdlnie wazny
efekt proekologiczny uzyskano przv produkcji rozsady paprvki do upraw
hydroponicznych, w zwiazku # uryeiem energooszezednego sztucznego srodla dwiatla
LED zamiast tradycyjnie wykorzystywanych lamp sodowych. Doswietlanie lampami
LED korzystnic wplynelo na werost 1 jakos¢ rozsady paprvki w  poréwnaniu
do tradycyjnie stosowanych lamp sodowych.

Pozytywny wplyw na rozwoj systemu korzeniowego paprvki oraz efektywnosc
preyvswajania skladnikéw pokarmowych w uprawie hydroponiczne) zaobserwowano
w przypadku zastosowania fosforu w formie polifosforanow w  poirywee.
Z kolei1 aplikacja dolistna kwasu salicylowego w uprawie hydroponiczne] papryvki miala
wplyw glownie na mechanizmy obronne roslin oraz ich reakcje na stres srodowiskowy.
W badaniach wykazano takze zroznicowana odpowied? odmian *Aifos’ 1 ‘Palermo’ na

analizowane czynniki srodowiskowe i agrotechniczne.

4.1.  Wplyw sSwiatla na morfologie i wydajnos¢ fotosyntezy

Zgodnie z wynikami przedstawionym w publikacyt 2, rozsada papryki odmiany
‘Aifos” produkowana pod lampami LED wykazvwala silniejszy wzrost oraz wigkszg
liczbe lisci w porownaniu z roglinami rosnacymi pod lampami HPS. Co istotne, efekt ten
nie zostal zaobserwowany u odmiany ‘Palermo’. co sugeruje odmienna wrazliwosc
genotvpows paprvks na spektrum Swiatla, Wynik ten jest zgodny z obserwacjami
Hernandez i Kubota [2016], ktorzy rownicz wykazali. ze odpowiednio dobrane spektrum
swiatla LED moze korzystnie wplywacé na werost biomasy warzyw szklarniowych.
jednak efekty te moga by¢ silnie uzaleznione od genotvpu. Podobne zréznicowanie
genotvpowe zaobserwowali Masza 1 1n. [2008] oraz Su 11n [2024]. ktdrzy stwierdzili,
z¢ nie wszystkie odmiany reagujg w ten sam sposob na jednakowe spektrum Swietlne.
Wyniki pomiaru indeksu SPAD w lisciach roslin doswietlanych swiatlem LED
wskazuja na zwigkszona zawartos¢ chlorefilu, co potwierdza przewage spektrum
emitowanego przez lampy LED nad spektrum HPS w kontekscie efektywnosci
fotosyntetycznej. Wyzsze wartosci SPAD przy oswietleniu LED potwierdzajg wphyw
tego typu Swiatla (z zakresu czerwono-niebieskiego) w zakresie syntezy chlorofilu.

co zostalo wezesniej odnotowane m.in przez Johkan 1in [2012], ktorzy wskazali,
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ze swiatlo czerwono-niebieskie sprzyja zwigkszeniu zawartosci chlorofilu w lisciach
safaty. a Gao 1 in. |2020] wykazali, 2e niebieskie swiatlo znaczaco poprawia wydajnosc
fotosyntezy u czosnku pospolitego.

Pomimo, iz wybrane parametry fluorescencji chlorofilu a, takie jak efektyvwna
wydajnosé kwantowa PSIL (P51 1 maksymalna wvdajnosé kwantowa P51 (Fv/Fm),
byly nizsze u roslin doswietlanvch LED niz u roslin doswietlanvch HPS. zaobserwowano
wzrost wskaznika wydajnosci fotosystemu (PI) u roslin doswietlanych LED
o odpowiednio 45% i 30% dla odmian “Aifos’ i “Palermo’. Wskazuje to, ze PI moze
stanowié bardziej czuly wskaznik ogolne) kondycji fotosyntetycznej niz tradycyjne
parametry zwiazane z PSIL To spostrzezenie jest zgodne z wynikami badan Kalaji i in.
[2014]. ktorzy podkreslali, Zze wskaznik wydajnosci PI uwzglednia szerszy zakres
aspektow funkcjonowania fotosystemu i moze pelni¢ role bardziej kompleksowego
wskaznika kondycji fotosyntetyeznej. Dodatkowo, badania Zivédk i in. [2008]
potwierdzaja, ze Pl jest bardziej wrazliwy na zmiany srodowiskowe niz klasyczne
parametry PSII, co czyni go uzytecznym narzedziem w ocenie stresu srodowiskowego

oraz zdolnoéci adaptacyinej roslin [Kalaji 1 in. 2018, Chen 11n. 2023].

4.2.  Anatomia i ultrastruktura lisci w zaleinosci od spektrum swiatla

Analiza mikroskopowa wykazala, ze zastosowanie oswietlenia LED wplywalo na
wzrost grubosei lisci, glownie poprzez pogrubienie migkiszu palisadowego i gabczastego.
atakze na zwickszenie liczby aparatdéw szparkowyeh., Zmiany te moga stanowic
adaptacje anatomiczna ukierunkowana na zwiekszenie absorpepii swiatla oraz
efektywniejsza wymiang gazowa. co w konsekwencji przeklada si¢ na wyzsza wydajnose
fotosyntezy. Podobne rezultaty odnotowano w badaniach nad eustoma (Eustoma
grandiflorum (Hook) G. Don ex Sweet), w ktorych wykazano. Zze liscie roslin
oswietlanych niebieskim $wiattem LED charakteryzowaly sie¢ grubszymi warstwami
epidermy oraz bardziej eylindrycznym ksztattem komorek palisadowych. co sprzyjalo
intensyfikacjt procesu fotosyntezy. Ponadto, w przypadku eustomy odnotowano
zwickszona liczbe aparatow szparkowych oraz ich szersze otwarcie, co skutkowalo
wyzszym przewodnictwem szparkowym 1 intensywniejsza fotosvnteza |Roni i in. 2017].
Obserwacje ultrastrukturalne ujawnity. ze chloroplasty roslin doswietlanych swiatlem
LED byly wicksze. zawieraly wigce] ziaren skrobi i charaktervzowaly sie grubsza
strukturg grana. co moze wskazywaé na lepsza organizacje wewnetrzna aparatu

fotosyntetycznego. Analogiczne zmiany zaobserwowano w  badaniach nad
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tytoniem (Nicotiana tabacum L.). w ktérvch wykazano. ze swiatlo czerwone zwickszalo
zarowno liczbe, jak 1 rozmiar ziaren skrobi w chloroplastach oraz wplywato na strukture
grana, co rOWNiezZ sugeruje poprawe orgamizacji  strukturalne] chloroplastow
[Kasperbauer 1 Hamilton 1984, Liu 11n. 2022, Kim 11n. 2024].

4.3.  Wydajnosé fotosyntezy i plonowania w zaleznosci od nawozenia i warunkow
stresowych

Zastosowanie zroznicowanych form nawozenia — zardwno dokorzeniowego, jak
i dolistnego - mialo istotny wplyw na wzrost i rozwdj roslin w  badanvch
doswiadczeniach. Nawozenie dokorzeniowe zapewnito roslinom  dostepnosé
podstawowych makro- 1 mikroskladnikéw mineralnych bezposrednio w  strefie
korzeniowej. co sprzyjalo  efektywnemu pobieraniu  skladnikéw  pokarmowych
1 prowadzito do intensyvfikacji przyrostu biomasy, Uzyskane wyniki potwierdzaja, ze
lakie podejscie spreyjalo rownomiernemu rozwojowl zardwno systemu korzeniowego,
Jjak 1 czescei nadziemnych, zwlaszeza w poczatkowych etapach wegetacji, gdy formowanie
struktury rosliny jest szezegolnie wrazliwe na niedobory pokarmowe. Uzupelnieniem
nawozenia bvly zabiegi dolistne, ktéryeh celem bylo nie tvlko szvbkie wyréwnanie
ewentualnych niedoborow skladnikow mineralnych, ale takze poprawa kondyci
fizjologiczne] roslin w okresach zwiekszonego zapotrzebowania metabolicznego oraz
wystepowania czynnikow stresowych. Zabiegi dolistne z wykorzystaniem soli wapnia
oraz kombinacyi kwasu salicylowego z wapniem (SA + Ca) wskazuja, 7e te skladniki
mogly pozytywnie wplywaé na integralnoéé tkanek poprzez wzrost zawartodel
pektynianow wapnia w scianach komoérkowych. co prowadzito do ich usztywnienia
1 wicksze) odpornosci mechanicznej. Tego typu modyfikacje strukturalne maja istotne
znaczenie w kontekscie poprawy jakedci plonu oraz jego zdolnosci do przetrwania
w warunkach stresu [Farhangi-Abriz 1 Ghassemi-Golezani 2023, Chen 1 m. 2025].
Kwas salicylowy. jako naturalny zwigzek sygnalowy zaangarzowany w  reakcje
odpornosciowe  roslin. mogl  dodatkowo  stymulowaé mechanizmy odporosci
systemicznej nabyte] (SAR). zwigkszajae odpornos¢ roslin na dzialanie  stresow
abiotycznych, w tvm susz¢ 1 ekstremalng temperature. Potwierdzaja to wezesnigjsze
doniesienia naukowe, wskazujace na role kwasu salicylowego w aktywacji genow
swigzanych 2z tolerancja na stres oksydacyjny oraz w stabilizacji strukiury blon

komoérkowych [El-Sherif 2022, Urban i in. 2022].
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W publikacjach 1 i 3 wykazano, z¢ zastosowanie w uprawie hydroponiczne;
paprvki polifosforandéw oraz kwasu salicylowego moze modyfikowac parametry
fotosyntetyezne roslin oraz ograniczac negatywne skutki stresu srodowiskowego, takiego
jak podwyzszone EC pozywki. Kwas salicylowy, stosowany zarowno dolistnie,
jak 1 poprzez system Korzeniowy. skutecznie redukowal objawy BER. szczegdlnie
u odmiany ‘Palermo’ — bardziej podatne; na ten rodzaj zaburzen fizjologicznych
niz “Aifos’. U paprviki w kombinacji z SA zaobserwowano jednoczesnie istotny wzrost
aktvwnosci enzymow antyoksydacyjnveh. takich jak dysmutaza ponadtlenkowa
oraz katalaza, co wskazuje na aktywacje mechanizmow obronnych roslin w odpowiedzi
na aplikacje kwasu salicylowego. Dzialanie SA w lagodzeniu skutkow stresu solnego
oraz w poprawie parametrow fotosyntetveznych zostalo opisane w literaturze przez
Khan 1 in [2013] oraz Xu 1 in. [2022], ktorzy odnotowali takze zwickszenie aktywnosci
enzymdw antvoksydacyjnyveh (SOD. CAT) po zastosowaniu SA m.n_ u Fignaradiata L
Zea mavs L., Salvia officinalis L. Podobne efekty uzyskano w badamiach Naeem 1 1.
[2020] oraz Aires 1 1. [2022], gdzie dolisina aplikacja kwasu salicylowego ograniczala
fizjologiczne objawy uszkodzen owocow Solgmuwm lvcopersicum. analogicznie do
obserwowanej redukcji BER u odmiany ‘Palermo’. W odmiesieniu do zastosowania
polifosforandw, mimo 2e dostepna literatura w tym zakresie jest mnie; obszema,
to badania Yassen 1 in. [2011] oraz Shah 1 Chu [2021] wykazaly. Ze nawozZenie
polifosforanami (w dawkach pordéwnywalnych z konwencjonalnymi zaleceniami) moze
przyceyniac sie do poprawy efektywnodel fotosyntezy oraz lagodzenia skutkow stresow
abiotycznych, co jest zgodne z wynikami przedstawionymi w publikacyi 1. Skutecznosé
kwasu salicylowego moze by¢ istotnie zalezna od zastosowanego stezenia oraz sposobu
aplikacji. Zbyt wysokie dawki moga prowadzi¢ do efektow fitotoksyeznych, co zostalo
odnotowane m in. w badaniach Gharbi 1 in. [2018], Senaratna 11n. [2000] oraz Kowalczyk
1 [2025]. W kontekscie omawianych publikacji nie zaobserwowano jednak takich
efektow, co moze Swiadczy¢ o odpowiednim doborze dawek 1 metod aplikacji SA.

zapewniajgeych skutecznos przy jednoczesnym braku negatywnego wphywu na rosliny.
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44. Wplyw kwasu salicylowego na jakosé¢ i cechy sensoryczne owocow

Zdolnosc zwiazkow bioaktywnych do neutralizacji wolnych rodnikdw tlenowych
oraz reaktywnych form azotu okreslana jest mianem aktywnosei antyoksydacyjnej.
W kontekscie biologii i medveyny, wlasciwosci antyoksydacyjne maja kluczowe
znaczenie dla utrzyvmania homeostazy redoks w organizmach zywych, przeciwdziatania
uszkodzeniom komorkowym oraz opodzniania procesow patologicznych zwiazanveh ze
stresem oksydacyjnym [Mishra 1 m. 2023]. Do glownych grup zwiazkow
o potwierdzonym dzialaniu antyoksydacyjnvm naleza przede wszystkim polifenole
{(w tym flawonoidy, kwasy fenolowe, stilbeny czy lignany), witaminy antvoksydacyine
(gléwnie witaminy C 1 E)., karotenoidy (np. p-karoten, likopen, luteina) oraz zwiazki
mineralne bedace kofaktorami enzymow redoksowych (m.in. eynk. mangan, selen).
Zwiazki te dzialaja poprzez réznorodne mechanizmy, m.in. bezposrednie wygaszanie
wolnych rodnikow, chelatowanie jonéw metali przejsciowych katalizujacych reakeje
rodnikowe (np. Fe*, Cu*), regeneracje innych antyoksydantow, a tak’e modulacje
ekspresji gendw zwigzanych z odpowiedzia oksydacyjng 1 stanem zapalnym.
Istotna role pelnia rowniez endogenne enzymy antyoksydacyjne, takie jak dysmutaza
ponadtlenkowa. katalaza czy peroksydaza glutationowa, ktore stanowia pierwsza linig
obrony przed dziataniem ROS w obrebie komdrek [Chibisoviin. 2022, Lakshminarayana
i1 Paul 2022]. Z perspektvwy zdrowia publicznego. obecnosé¢ zwiazkow
antvoksydacyjnyeh w diecie cziowieka jest nie do przecenienia. Promowanie spozycia
produktéw naturalnych bogatych w antyvoksydanty, takich jak warzywa. owoce.
pelnoziarniste produkty zbozowe, ziola, herbata czy przyprawy. przyczynia si¢ do
zmniejszenia obcigzenia populacyjnego chorobami przewleklymi. a tym samym moze
prowadzi¢ do wydluzenia 1 poprawy jakosei zycia. Z tego wzgledu badania nad
bioaktywnoscia substancji o potencjale antyoksydacyjnym maja istotne znaczenie nie
tvlko poznawcze. lecz rownier aplikacyjne. ukierunkowane na poprawe zdrowia
jednostki 1 spoleczenstwa [Verghese 1 1n. 2021].

W badaniach przedstawionych w publikacjach 4 1 5 wykazano. #e dolistne
aplikacje wapnia oraz kwasu salicylowego wplynegly korzystnie na ograniczenie
wystgpowania BER, a takze przyczynily si¢ do poprawy cech sensorycznych owocow
paprvki. takich jak twardosé. jedmosé oraz smak slodki. Zaobserwowano wyrazne
roznice pomigdzy badanymi odmianami — owoce odmiany “Palermo’ charakteryzowaly
sl WyZsza zawartoscig suche) masy 1 cukrow, co znalazlo odewierciedlenie w wyzszej

ocenie sensorvezneg. Z kolei owoce odmiany “Aifos” wyrdznialy sic wyzszg zawartosceig
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zwigzkow bioaktywnych. w tym karotenoidow i witaminy C. Zhang 1 . [2020b]
wykazali, Ze dolistne stosowanie wapnia znaczgco ograniczalo wysltgpowanie
BER u pomidora, ¢o przypisano wzmocnieniu scian komoérkowych oraz poprawie
stabilnosci blon komorkowych. El-Sherif [2022] wskazal, ze kwas salicylowy nie tylko
zwiekszal odporno$é roélin na stresv abiotvezne, ale réwnier redukowal objawy
BER poprzez poprawe efektywnosci gospodarki wapniem w roslinie. Natomiast
Sharma 1 1n. [2022] w badaniach nad paprvka stwierdzili, ze SA wplywal pozytywnie na
jedrnosé owocdw oraz ich trwalosé pozbiorcza. co bylo zwiazane z opdZnicniem
procesow dojrzewania i degradacji $cian komérkowych. Podobne rezultaty uzyskah
Dobdn-Sudrez 1 in. [2025]. ktorzy wykazali, #e zastosowanie dolistne 1 dokorzeniowe
SA w uprawie gruntowej paprvki przyvezynialo sie do wzrostu zawartosdei cukrow
oraz poprawy walorow smakowych — co potwierdza otrzymane wyniki dotyczace
odmiany “Palermo’. Rownoczesnie wyniki badan Mamedov 1 . [2017] podkreslaja
znaczenie genotypu w kontekscie akumulacji zwigzkow bioaktywnych — odmiany
o ciemniejszym zabarwieniu skorki, takie jak “Aifos’, wykazywaly wyzsza zawarlosc
karotenoidow oraz witaminy C, Z kolei Atmini 11 [2022] zwracaja uwage, ze zawartoscé
cukrow i suchej masy jest silnie uwwarunkowana genotypowo 1 niekoniecznie
koreluje z poziomem zwiazkow bicaktywnych, co pozostaje w zgodzie » obserwacjami
uzyskanymi dla odmiany “Palermo’.

Wyniki przeprowadzonych badan wykazaly istotny wphyw egzogennej aplikacji
kwasu salicylowego na zwigkszenie aktywnosci antyoksydacyjnej u papryvki slodkiej
uprawianej w systemie aeroponicznym, w warunkach stresu abiotycznego wywolanego
podwyzszona przewodnoscia elektryezna pozywki (EC). Zastosowanie SA. zardbwno
w formie opryskiwania dolistnego (5 mmol), jak 1 aplikacji do strefy korzeniowej
(100 ppm), w warunkach wysokiego EC (7 dS-m™), prowadzilo do istotnego zwickszenia
aktywnosci enzymow antvoksvdacyinych — katalazy oraz dysmutazy ponadtlenkowey.
Zaobserwowane zmiany wskazuja na aktywacje mechanizmow obronnych roslin
w odpowiedzi na stres oksydacyjny wywolany nadmiarem soli, Dodatkowo, odnotowano
wrrost zawartodei nadtlenku wodoru, co moze sugerowaé udzial SA w mechanizmach
sygnalizacji stresowej, prowadzacych do indukcji odpowiedzi obronnej. Wyniki te
potwierdzaja badania przeprowadzone przez Tahjib-Ul-Arif 1 . [2018]. Rekhter 1 1n.
[2019]. Ding 1 Ding [2020]. a takZe Farhadi 1 Ghassemi-Golezam [2020].
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W odrebnych badaniach przeprowadzonych w warunkach hydroponicznyvch
z wykorzystaniem podioza z mat welny mineralnej, stwierdzono. iz dolistna aplikacja SA
w stezeniu 0,03% istotnie wplynela na poprawe wlasciwodcei prozdrowotnych owocow
paprvki.  Zastosowanie SA  skutkowalo zwickszeniem  zawartosci  zwiazkow
karotenoidowych w owocach papryki. Wykazano w owocach badanych odmian wysoka
zawartos¢ przede wszystkim kapsantyny. [f-karotenu i luteiny oraz o-karotenu
(odpowiednio: okolo 1226, 736, 2101 168 pg-100 g swiezej masy, srednio dla odmian).
Badania przeprowadzone przez Wang 1 in. [2024] oraz Dantas 1 in. [2025] potwierdzaja
korzystny wplyw SA na synteze karotenoidéw i zdrowotnosé roslin w systemach
hydroponicznych. Dla obu odmian papryki stwierdzono dodatnia korelacje pomiedzy
zawartodeig cukrdw ogolem i stosunkiem cukréw do kwasow w owocach w przypadku
zastosowania opryskiwania roslin paprvki roztworem 0.03% kwasu salicylowego razem
z 0,7% roztworem wapnia.

Owoce pochodzace 7 roslin traktowanych SA charaktervzowaly sig rowniez
wysoka aktywnoscia antyoksydacyjna, oceniang przy zastosowaniu trzech niezaleinych
metod: zdolnodé zmiatania wolnych rodnikow w tescie DPPH (=86%), zdolnos¢ redukceji
rodnikow ABTS (>78% RSC) oraz calkowita zawartos¢ zwigzkow fenolowych
{ok. 54 mg CE-100 g! éw, m.). Uzyskane wyniki sa zgodne z doniesieniami Hamed 1 1n.
[2019]. Chilczuk 1 in. [2021] oraz Papathanasiou 1 in. [2021].
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5. WNIOSKI

Na podstawie przedstawionych w niniejszej pracy wynikow badan sformulowano

nastepujace wnioski, ktore potwierdzaja postawione hipotezy badawcze:

1

:Jl

Doswietlanie lampami LED przyspiesza wzrost oraz wplywa korzystnie na rozwd)
i aktywno$¢ aparatu asymilacyjnego rozsady papryki. produkowane;
z przeznaczeniem do upraw hydropomicznych, w pordownaniu do tradyeyinego
doswietlania lampami sodowymi.

Zastosowanie polifosforanéw do lertygacji w uprawach hydroponicznyeh wplywa
na zwigkszenie aktywnosci fotosyntetyeznej lidei oraz udzial plonu handlowego
w plonie catkowitym owocow papryki, szczegolnie w  przypadku odmian
o wigksze) podatnosci na BER.

Dolistne lub dokerzeniowe zastosowanie kwasu salicylowego w warunkach stresu
wysokiego EC pozywki w uprawie aeroponiczne] paprvki aktywuje mechanmizmy
obronne zwiazane z metabolizmem antyoksydacyjnym 1 wplywa na ograniczenie
wystegpowania objawow BER.

Dolistne opryskiwanie kwasem salicylowym zwicksza odpornosé paprvki na
nickorzystne warunki Srodowiskowe w uprawie hydroponiczne] i1 poprawia
jakosc plonu, szczegolnie u odmian podatnych na BER. ograniczajac jego
wystepowanie, a takze podwyzszajae twardosé, jedrnose 1 smak stodki owocow
w plonie handlowym.

Dolistne stosowamie kwasu salicylowego w uprawie hydroponiczne; paprvki
wplvwa na zwickszenie zawartosc skladnikow odzyvwezyeh. w tym karotenoidow,
w owocach, zwigkszenie potencjalu antyoksydacyjnego 1 poprawg jakosci

SENsoryczne] OWocow.
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Abstract: The aim of this study was to investigate the effect of phosphorus application in the form
of polyphosphates on the vield and quality of sweet pepper fruits grown with LED (light-emitting
diodes) assimilation lighting. Phosphorus is absorbed by the root system of plants mainly in the
form of orthophosphates ions. The availability of phosphorus depends, among other things, on the
pH of the substrate and the temperature. Two cultivars of sweet pepper with red froits were
tested in hydroponic cultivation on a mineral wool substrate. The plants were fertilized with one
of three schedules, each of the same concentration of components, but differing only in the form
of the applied phosphorus: polyphosphates (PP) and orthophosphates (OF). In the experiment,
stem length extensions and number of leaves, chlaruph_!,-‘l] concentration in leaves and fluorescence
of the chlorophyll in a leaf were measured. The number and weight of fruits in total as well as
marketable and non-commercial fruits with symptoms of dry rot (BER—blossom end rot) were
studied. The concentration of dry matter and selected chemical components in fruits were examined
and the sensory quality of fruits was evaluated using the QDA (Quantitative Description Analysis)
method. The nutrient status of the pepper plants was also examined. Polyphosphates used in the
medium increase the activity of photosynthetic apparatus of leaves and have a positive effect on the
share of marketable vield of the total yield in the cultivar susceptible to BER. Fertigation in hydroponic
cultivation with medium containing 30% phosphorus in the form of polyphosphates increased the
uptake of calcium in pepper plants growing with LED lighting. The pepper cultivars tested differ in,
among other things, the susceptibility to BER and the quality attributes of the fruit.

Keywords: SPAD; chlorophyll fluorescence; fruit quality; sensory quality

1. Introduction

Sweet pepper (Capsicum annunm L. is a plant with a long growing period and requires good
quality soil or substrate and adequate light, temperature and water [1,2]. The pepper fruit is highly
valued for its taste and health-promoting qualities. Sweet pepper fruit provides vitamin C and vitamin
&, Mavonoids and antioxidants as well [3-5], The demand for the fruit is high all year round. Growing
plants in year-round greenhouses requires effective assimilation lighting,

Light is an important environmenital factor with a significant role in plant life processes [&],
Plants use light as a source of energy for photosynthesis as well as for growth and development

Agromenny 2020, 10, 1560; doi-10.339 0 agronomy [T01560 www, md pi.com/fjournal/agronomy
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processes. There is a strong correlation between light availability and plant productivity. Insufficient
light supplied to the plants can reduce the size and quality of the yield [7]. In practice, in the northern
part of the globe, vear-round greenhouse cultivation under natural light is only possible in latitudes
below the 40th parallel. In moderate-climate countries, in latitudes above the 50th north parallel, in the
autumn-winter period and early spring, due to the low solar radiation and shortage of natural sunlight,
it is necessary to use assimilation lighting in plant production. At this time, HPS (High-Pressure
Sodium) lamps are traditionally used most for supplementary lighting of plants, while solid-state light
spurces (LED) are being increasingly used [8]. LED technology allows to optimize the light spectrum
to the requirements of individual plant species, provides a more energy-efficient way of lighting than
HPS and improves vield and quality [9—11]. Environmental factors in pepper cultivation, such as
light, temperature, humidity and fertilization, influence water and nutrient uptake, yield and fruit
quality [12].

Une of the most important macroelements in nucleic acids, high-energy compounds cell
mernbranes, which participates in the process of photoesynthesis and respiration, influences gene
expression and activates or causes inhibition of enzyvmes by phosphorylation, is phosphorus [13,14].

The world’s main source of phosphorus is phosphate rock, Global demand for phosphorus
is expected to increase but it is a non-renewable resource [15]. The use of the traditional form of
orthophosphates forces the application of higher doses of fertilizer than is normal for the plant,
due to the tendency to make it unavailable to plants at both high- and low-substrate pll. Phosphorus
application in the form of polyphosphates makes it more efficient and requires smaller doses of
fertilizer, mainly in soil. This makes it possible to reduce phosphorus consumption in mineral form
when tertilizing plants and thus slow down the exploitation of its resources. In addition, hydroponic
crops provide the opportunity to control and optimize plant fertilization, contributing to the reduction
of phosphorus fertilizer consumption.

The deficiency of phosphorus available to plants causes inhibition of shoot and root growth,
reduction of leaf blade area and reduction of plant weight [16]. Plants absorb phosphorus in the form
of Hy PO, and Hl’D_":' ions, the so-called orthophosphates [17]. However, a popular form is several
combined water-soluble phosphorus molecules identified as polyphosphates (PF). Polyphosphates are
an anionic linear polymer of orthophosphate residues joined by hydrogen phosphate bonds similar
to those found in ATP. They can affect the transcription and translation of specific genes, modulate
several stress responses, provide an alternative source of energy and act as a metabolic regulator [15,19].
The presence of polyphosphates in plant systems has been known for a long time but their role in
cellular processes has only begun to be studied relatively recently [20,21].

The use of polyphosphates in the nutrient solution has a signiticant effect on strong root system
development, plant growth and earlier lowering [22]. The use of PP in plant production does not
cause the formation of sludge in irrigation systems, which often results in irregular substrate moisture
in hydroponic crops [23,24]. Reduced nutrient solution flow in the drip system, especially in the period
of high temperature under covers, may be the cause of increased share of fruit with dry BER rot in
such vegetables as tomato or pepper [25].

The aim of the study was to evaluate the effect of polyphosphates on the growth, vield and quality
of pepper fruits in the cullivation with LED assimilation lighting,

2, Materials and Methods

The study was carried out in the greenhouse of the Department of Vegetable and Medicinal Plants
at the Warsaw University of Life Sciences WULS—5GGW (longitude 217 E, latitude 51°15" N) in the
winter cycle of 20018, Two cultivars of sweet peppers with red fruils were laken into consideration:
"Aifos"—block type by Seminis (Bayer) and 'Palermo’—longer type by Rijk Zwaan. The transplants were
produced in rockwool cubes, day/night temperature 22 “Cf20 °C, air humidity RH (relative humidity)
60714, and average CO; concentration 800 ppm. Sweet pepper transplants were grown under 16 h a
day photosynthetic photon flux density (FFFD) at 170 pmol m™ s7! provided by HP'S lamps.
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Sweet pepper was planted on mineral wool slabs type Grotop Master 100 x 20 < 10 cm (2 plants
on each slab) on 6 December 2018 and the production was completed in July 2019, In the experimental
chamber, with a useful area of about 40 m?, the plants were grown on three beds. The plant density
was about 2.5 per m* (the plants were pruned to have two main stems and staked individually in
the shape of a “"V."). Plants growing in each of the beds were fertilized with a nutrient solution
differing in the form of applied phosphorus. Polyphosphates were applied using Antibloc Mineral
(Yara). Pertilizer combinations: (1) P-15, where the nutrient solution contained 15% phosphorus in the
form of polyphosphates and 85% phosphorus in the form of orthophosphates, (2) P-30, the nutrient
solution containing 30% phosphorus in the form of polyphosphates and 70 phosphorus in the form
of orthophosphates and (3) C, the nutrient solution in control containing 100% phosphorus in the form
of orthophesphates. Nutrient concentration in the solution, EC (electro-conductivity) and pH were
continuously controlled and kept at uniform levels for all experimental objects. The average pH and EC
were respectively about 5.5-5.8 and 2.8-3.3d5 m~! of drop solution. The concentration of nutrients (in
mg.d m ™} was in each combination as follows: N = N(O;—195, P—57, K—273, Mg—47, Ca—1857, Fe—2,
Mn—0.6, B—0.3, Cu—0.15, Zn—0.3, Mo—{.05. The experiment was established with the randomized
blocks method in three replications, with 4 plants in each. In the experiment, top lighting with Green
Power LED (Philips) top lighting units (DR/W-LB, 195 W) and inter-row 1-line of LEDs (module 2.5 m
HO DR/B 100 W) (Philips) were applied. A daily light exposure equaled 16 h. The top lighting units
switched off automatically when the solar radiation was higher than 250 W m2, Light conditions in
terms of PAR (Photosynthetically Active Radiation) were closest to ~185 umol-m=2 s=! (PPFD). Light
intensity was measured with a Li-Cor Light meter LI-250A, quantum sensor L1-190. Microclimate
parameters were controlled by the Synopta Climate Computer and were as follows: temperature was
22-25 "C18-20 *C during day/night respectively, COb was supplied up to 800 ppm level and REH
was approximately 75%. In each combination, weekly increments in stem length were measured by
determining the total plant height and number of leaves. Twice during the vegetation period of the
plants (8 and 16 weeks after planting: term 1 and term 2), in fully mature leaves, located on three levels
of the plant: upper leaf, middle leaf and bottom leat, a relative concentration of chlorophyll a + b was
measured with Minolta SPAD-502 apparatus. Relative SPAD meter values are proportional to the
amount of chlorophyll present in the leaf [26]. The result was averaged from five unit measurements
made on each examined leat. Chlorophyll fluorescence was measured in the same leaves of pepper
plants with the use of the FMS-2 Field Portable Pulse Modulated Chlorophyll Fluorescence Monitoring
System (Hansatech Instruments Ltd., King's Lynn, Nortolk, England) and the following parameters
were measured: Fe—steady-state fluorescence vield, Fm'—light-adapted fluorescence maximum and
pPSIL (Fv'/Fm'}—quantum efticiency of photosystem 11 (PSIL). The Pocket PEA fluorescence meter
(Hansatech Instruments Lid., King's Lynn, Norfolk, England) was used to measure direct fluorescence,
obtaining a measurement of the maximum efficiency of the plant’s photosynthetic camera after an
earlier 30 min of adapting the leaves to darkness (using special clips). The following parameters were
analyzed: maximum efficiency of PS5 IT photosystem in the dark (Fv/Fm) and PT—FS 1T vitality index.

The nutrient status of the pepper plants fertilized with three kinds of medium, differing in the
form of the applied phosphorus, was determined by leat sample analysis. The samples were gathered
in term 1 and term 2 where the analysis was performed for fully mature leaves, as above, The samples
were dried at the temperature of 60 “C, in a forced-air oven, then ground in a Wiley stainless-steel
mill. The samples were microwave digested in HNOy, using closed Teflon vessels. The elements (T, K,
Mg, Na, Ca, Fe, Mn, Cu, Zn, B) were determined by an inductively-coupled plasma spectrometer (ICF,
Model OPTIMA 2000DV, PerkinElmer, Boston, USA). For tolal N determining, the plant malterial was
mineralized after drying in concentrated sulfuric acid in the presence of copper-potassium catalyst.
The N content was determined using the Kjeldahl apparatus (Vapodest, Kimigswinter, Germany). After
distillation of nitrogen in the form of NHa, the N content was determined by titration methods [27].

The [ruit was harvested in the full color phase. The number and weight of fruit in the total,
as well as marketable and non-marketable fruit with symptoms of dry rot (BER—blossom end rot),
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were determined. The quality of pepper fruit was tested twice (term 1 and term 2). For this purpose,
fully colored fruit were randomly collected from each combination, in which, in one part, in three
repetitions, the dry matter was determined by drying method at 105 °C, the concentration of ascorbic
acid (AA) was determined using the Tillmans' method (Polish Standard PN-A-04019) [2%] and total
soluble solids (TSS) concentration (in ~ Brix) with digital refractometer (Atago CO, LTD.) and total sugars
{TS) were analyzed according to the Luff-Schoor] method (Polish Standard PN-90/A-751010/07) [29].
Nitrate (NO3) concentration was determined spectrophotometrically, with the FlAstar device (Foss
Tecator AB, Sweden), using the wavelength of 440 nm, and the concentration of I’ was determined
with the colorimetric test. The concentration of K and Ca was determined with the flame method.,
Other parts of fruits served for sensory analysis. The sensory quality of fruits was evaluated using
the QDA (Quantitative Description Analysis) method. This was achieved by a team of 20 trained
panelists in two duplicates, The odor, texture and taste quality attributes were evaluated, Each panelist
marked his evaluation of the investigated sample on a scale—a segment of a straight line with border
marks. The marked notes were converted to numerical values in the stipulated units from 0 to 10, Also,
overall sensory quality impression was taken into account as a separate descriptor. Overall quality is a
general sensory quality impression and anchoring points from low quality to high quality (from 0 to
10). A semi-consumer test of pepper cultivars liking was also performed alongside the QDA procedure.
For this evaluation, a non-structural scale was also used, with anchoring points: ‘I do not like it'—'|
like it very much’.

Statistical analysis was performed using two-way analysis of variance, ANOVA (Statistica, Version
13, Warsaw, Poland). Detailed comparison of means was performed by the Tukey’s test at the
signiticance level of o« = 0.05.

3. Results

The results of biometric measurements showed no effect of polyphosphates used in the nutrient
solution for pepper fertigation in hydroponic cultivation with LED lighting on plant height, weekly
shoot growth on the length and number of leaves in both studied pepper cultivars. Plant height
depended on the cultivar. Plants of 'Palermo’ were taller than “Aifos’, achieving an average height of
92.77 cm, and plants of “Aifos’—64.45 cm (Table 1).

Table 1. Effect of fertilizer with polyphasphates in hydroponic cultivation on the height of pepper
plant, number of leaves on the plant and weekly growth of stem depending on cultivar (average of two

terms).
=
Cultivar reatment
Control P-15 P30
Weekly growth of stem (cm) P:{;il'-:‘m ;3.; ; : 2: : :;; 2
! ‘Aifos”  6340b*  6607b 6387
Flant Tiglght (em) Talermo’ 82.10 4 W70 A 98.50 a
T -
Number of leaves (No.) Aitos 2490 a 2947a  2597a

FPalermn’ 2887 a 29904 3303a

* The mean values marked with the rame letters do not difter significantly according to the Tukey HS1 (honestly
significant difference) best at o = 003

Pulse amplitude modulation (PAM) measurement of chlorophyll fluorescence allows to measure
fluorescence under current light intensity conditions. One of the parameters measured by this technique
is Fs, or stationary fluorescence. The influence of the use of polyphosphates in pepper hydroponic
cultivation on Fs was observed. Fs value was the highest in peppers fed with P-15 medium in
relation to control, regardless of the cultivar. For ‘Aifos’ cultivar, the fluorescence parameter such
as Fs in P-30 combination was also higher than in the control (Table 2). Fm' maximum fluorescence
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of chlorophyll @ in the leaves adapted to light, which is lower than the maximum fluorescence of
chlorophyll achieved after adaptation to darkness (Fm), was also the highest in the P-15 combination
{(Table 2). However, no effect of polyphosphates” application on the current quantum yield of PSIL
Sl (Fy'/Fm’), was found in the examined pepper cultivars (Table 2). The maximum photochemical
vield of P'SIH{Fv/Fm) determines the photochemical activity of the plant’s photosynthetic apparatus,
It is determined for plants adapted to darkness, The analysis of the obtained results showed lower
maximum photochemical vield of PSILin ‘Palerme’ fed with 15 medium, and lower vitality of I'SIHIL
inst.) in ‘Palermo’ than "Aifos’, whereas no positive effect of polyphosphates on the maximum yield of
pepper photosynthetic apparatus was found (Table 2). The value of Pl inst. was significantly lower in
‘Palermo’ than *Aifos’, although in the P-15 combination, Pl inst. for cultivars did not differ significantly
(Table 2). A significant dependence of the leaf chlorophyll index on the sweet pepper cultivar was found.
The cultivar “Aifos” had higher SPAD index in leaves than cultivar ‘Palermo’. Whereas, no significant
effect of polyphosphates application in the medium on chlorophyll concentration in pepper leaves was
found (Figure 1),

Table 2. Effect of fertilizer with polyphosphates in hydroponic cultivation on the photosynthetic activity
of pepper leaves depending on the cullivar {average of two terms),

Chloraphyll Fluosrescence Parameters Cultivar Control P-15 P-30
“Aifos’ J05d" 385ab 374 abe
Fs Talermao’ 312 cd 401 a 326 bed
Average EN S 393 A 350 B
‘Aifos’ 1259 b 1alE a 1468 ab
Fm' Palermao’ 1270 b 159%a 1289 b
Average 1283 I3 1602 A 1379 B
‘Aifos’ 0.76 a 0.75a 074 a
ipPsll Talermo’ 0.75a 075 a 074 a
Average 0.75 A 075 A .74 AB
‘Aifos’ 8l a .51 a .81 a
Fv/Fm Talermo’ 080 a 079 b (.81 a
Average 081 A 0.800 A N79 B
"Aifos’ 11.72a  1088ab 1065 abe
PT inst. ‘Talermo’ B8lcd 953bed s.20d

Average 1027 A 1020 A 943 A

* The mean values marked with the same letters do not differ sggraticantly according to the Tukey HSD test at
a = 0.05. The small letters indicate the differences in the interaction of cultivar « treatment, the capital letiers indicate
the differences in the treatment.

The highest total yield was obtained in combination P-15, on average from cultivars of 2.74 kg
per one stem, that is 5.48 kg per one plant (pepper plants were cultivated with 2 stems), and in
control and combination P-30, 2.37 kg and 2.26 kg per one stem, that is 4.74 kg and 4.52 kg per plant,
respectively. A similar trend was found in the marketable yield for both pepper cultivars (Figure 2).
The share of marketable vield in the total vield depended on the pepper cultivar and phosphorus source.
‘Aifos’ had from 13% to 16% lower marketable yield than total yield regardless of the phosphorus
source used. Un the other hand, the cultivar ‘Palermo’ which is more susceptible to BER had in the
control combination as much as 42% lower marketable yield than the total one, mainly due to BER,
but in combinations with polyphosphate use in concentrations P-15 and P-30), it had 28% and 29%,
respectively. Differences in vielding were found between the examined pepper cultivars, ‘Palermo’
obtained a low share of marketable yield in the total yvield, which was not observed in *Aifos’ (Figure ),
The reason was the higher susceptibility of ‘Palermo’ to BER. (Figures 2 and 3). In this cultivar, the
use of polyphosphates decreased the share of fruits with BER symploms as compared to the control
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combination (Figure 3). In both investigated cultivars, the average weight of marketable fruit in
combination with phosphorus in the form of polyphosphates was higher than in the control, although
the differences were not statistically significant (Figure 4).

JAifos Palermg' Control P-1 P-30

L
=2

SPAD value
B
[=]

78]
=

Pl
[

=
Lo

Figure 1. Effect of fertilizer with polyphosphates in hydroponic cultivation and cultivar of pepper on
the chlorophyll index in pepper leaves (average of two terms). * The mean values marked with the
same letters do not differ significantly according to the Tukey HSD test at & = .05,
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Figure 2. (A, B) Effect of ferfilizer with polyphosphates in hydroponic cultivation on the total (A) and
marketable (B) yield depending on the sweet pepper cultivar (kg plant™). * The bars marked with the
same letters do not differ significantly according to the Tukey HSD test al & = 0.05.



sty 2020, T4, 1560 7ot 15
teny

25 |

B Aifos’

B Talermo’

[} Awragn

Mo, of fruits with BER plant-!

Control P-15 P-30

Figure 3. Effect of fertilizer with polyphosphates in hydroponic cultivation on the number of BER
(blossom end rot) fruit depending on the sweet pepper cultivar. * The bars marked with the same
letters do not differ significantly according to the Tukey HSDY test at o = (.05,
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Figure 4. Effect of fertilizer with polyphesphates in hydroponic cultivation on the average weight of
marketable fruit depending on the sweet pepper cultivar. * The bars marked with the same letters do
not differ significantly according to the Tulkey HSD test at o = (103,

Calcium concentration in the drip nutrient solution for plant fertigation, on average for the
growing period of pepper, was about 187 mg dm™ for each combination (See Section 2). In the case
of pepper fertilization with PP medium in the substrate, a lower accumulation of Ca was found in
P-30 than in the P-15 combination and in the control (Figure 5). Probably in the combination P-30), the
pepper plants taken up more calcium than when fertilized with medium at P-15 and with the nutrient
solution comtaining 100% phosphorus in the form of orthophosphates.

The concentration of mineral components in pepper leaves, on average of the two measurement
dates and combinations, was the following for macronutrients in % of dry matter: N—4.50, P—0.24,
K—6.60, Ca—3.42, Mg—0.62, 5—0.57, and for micronutrients in mg kg™! of dry matter: Fe—171.0,
Mn—194.9, Cu—4.6, Zn—151.1, B—43.0. There were no significant differences between the cultivars in
the mineral content of leaves. In comparison o the control, the content of especially I as well as K, Zn,
5 and Ca in pepper leaves, was higher when PP was applied in nutrient solution at a concentration of
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15%, and when PT" was applied at a concentration of 30%, the content of Ca and Mg in leaves was
higher than in the control plants (Figure 7).

Al -

5000
400 : -
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g g -
e ¥

100

£ F— —— — —
control P-15 P-30
substrate

Figure 5. Calcium concentration in the substrate depending on the level of PT (polyphosphates) applied
in the drip nutrient solution, on average for the growing period of pepper. ® The bars marked with the
same letters do not differ significantly according to the Tukey HSD test at o = 0.05.

= ={ontrol
- - P- 15

— P-aﬂ

Figure 6. The concentration of mineral components in pepper leaves normalized to the values in control
content as radar plots under different PT' combinations (average of bwo terms).

The analysis of chosen quality features of pepper fruits did not show any influence of
polyphosphates on the concentration of such components in pepper fruits as dry matter, TSS (total
soluble solids), ascorbic acid, TS, F, NOs, K and Ca (Table 3). The concentration of these components in
the fruit depended mainly on the cultivar. The ‘Palerma’ fruit contained more dry matter, TSS and
total sugars (T5). The fruits of the "Palermo’ had a higher TS5 content in combination P-15 and a higher
TS content in combination P-3(0 than in the control. Mitrates contained the most fruits fertilized with
PF in the P-15 combination and potassium contained the most fruits from the P-30 combination. In the
control combination, without applied polyphosphates in the nutrient solution, there was less calcium
in ‘Palermo’ than in “Aifos” (Table 3). In this combination, ‘Palermo’ was found to vield the maost fruit
with BER (Figure 3). Sensory analysis of pepper fruits did nol show the influence of polyphosphates on
attributes concerning odor, texture and flavor of pepper fruits (Table 4). On the other hand, the fruits
between the cultivars differed significantly in terms of, among others, sweet taste, which carrelates
with sugar concentration. ‘FPalermo’ fruits were assessed significantly higher in terms of sweel taste
and "Aifos’ fruits were found to have higher flesh texture, crispier flesh and tougher skin than the
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other one (Figure 7). The overall sensory quality for pepper fruits did not depend on the PP applied in
fertilization, The cultivar ‘Talermo’ obtained a higher score than the “Aifos” (Figure 5).

Table 3. Effects of fertilizer with polyphosphates in hydroponic cultivation on the concentration of
dry weight and chosen chemical components in pepper fruit depending on the cultivar (average of

o berms).
Component Cultivar Control P-15 P-30
D vkt ‘Adfos’ 501b*" 08k 4050
7 ) & Palermo’ 1014 a 1060 a 10534 a
Average 907 A .19 A 934 4
T 'Alfos’ 757 ¢ 7d2e 727 c
2 Palermo’ 945 b 1015a 947 b
(“Brix)
Average B50 A BTHA 837 A
y 2 ‘Aifos’ 26,54 a 2233 b 2207 b
Ascorbic Acid ; i
(mg. 100 g_J EW) Falermo 19560 2100 b 21730
Average 23.04 A 21.66 A 2189 4
S ‘ Adfos’ 456 ¢ 3.75d 394d
(2100 E“_] FW) ‘Palermo’ 6.0l b 6.30 ab 645a
Average 5.28 A 503 A 5.20 A
P ‘Aifos’ 249953 24900 a 24835 A
{fﬂﬂ-kk‘{_l FW) Palermo 24765 a 225a 25015a
Average 2488 A 26075 A 24925 A
NO- ‘Adfos’ 56.27 ab 5804 a 5.4 abe
3 ‘Pal ! 5095 ¥ b 52.06 b
(mgke | FW) alerm 5095¢ ShAS A 06 be
Average 53610 57.26 A 54.05 B
K 'Adfos’ 233585 abe 23254 be 214845 ¢
P Talermo’ 2384.63 ab 25132a 233585 abc
(mgkg™ FW)
Average 2360.24 A 24243 A 224228
Ca ‘Aifos’ 265a 2265a 20,00 a
fms_;.kg'l FW) ‘Palerma’ 19.9 a 22,00 a 22654
Average 232 A 2233 A 2133 A
* 5o Table 2.

Table 4. The results of sensory analysis concerning odor, texture and taste for pepper fruits as affected
by cultivar and PP treatment, scale 0-10 {average of two terms).

Attributes of Odor,

Texture and Taste  Ctivar  Control  P-15 P-30

“Aifos’ 577a" 602 a 5.25a
Odor of fresh pepper Talermo’ 533a S5.16a 536a

Average 553A 560 A 531 A

Adfos’ 5.3% ab 5.72a 5.3% ab
Skin hardness Talermo’ 427 b 472ab 4,54 ab
Average 481 A 524 A 494 A
‘Aifos’ 6.27 ab b48 akb Y95 a
Flesh fibrousness Talermo’ 544 ab 547 b a.10 ab

Average 607 A B4 A f.52 A
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Table 4. Cuntd,

Attributes of Odor,

Texture and Taste Cultivar Control P-15 P-30
' Aifos’ 577 a 604 a ERla
Flesh juiciness Talermo’ 505 a 5.37a 586a
Average SHE A h7ZA SETA
' Aifos’ 681 a Tida .50 a
Flesh firmness Talermo’ 431 a 377 458 a
Average 551 A 548 A 551 A
‘Adfos 599 ab 601 ab S541b
Typical pepper taste Palermo’ .51 ab £.29 ab H.O9H a
Average 6.27 A 615 A 6,23 A
‘Adfos' 1.62a 159a 1.74a
Sor taste Talermo’ 1.70a 1.74a 1.78a
Average 1.75A 166 A 1.70 A
*Adfos’ Alae 374 be 307 e
Sweel taste ‘Talermo’ 5l13ab 3.32a 56%a
Average 419 4 4.49 A 443 A
' Aifos' 169 a 0.78 ah 1.24 ab
Bitter taste Palermo’ De2b .76 ah 6d b
Average 113 A 0.77 A 093 A
‘Aifos' 083 a 0.70a 98 a
Pungent flayor Palermo’ 076a 0.99 a 085 a
Average (L84 A B A (.91 A
* Adfos’ 028 a .21 a 23 a
Off-flavor Palermo’ 028 a (.26 a 28 a
Average 015 A 011 A 011 A
‘Adfos’ Bada f.aY a f5Ha
Overall quality ‘Palermo’ 707 a 6.74a 715a
Average A73 A H86 A 687 A
* See Table 2,
Odor of fresh
pepper
Overall quatih,-_.----'l' | —_5kin hardness
P i & Flesh
& P, 25
W " .~ fibrousness
Pungent flavour —— - L X L Flesh juiciness
Vo . ! — "Ajfos"

Bitter taste .

Sweet taste” el

Sour taste

5 ) "_L.T",-'pical pepper
' taste

“Flesh firmness

'Palermao’

10 of 15

Figure 7. The results of sensory analysis concerning odor, texture and taste and overall quality for
pepper froits normalized to the values of *Aifos’ coltivar as radar plots compared to the ‘Palermo’

cultivar (average of two terms).
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11

‘Aldfos’ ‘Palermo’ Control P-15

[ wm Th N oo

overall preference value
b

- P2

Figure 8. (werall sensory preference for pepper fruits as affected by cultivar and fertilized with
polyphosphates in hydroponic cultivation (average of two terms), * The bars marked with the same
letters do not differ significantly according to the Tukey HSD test at o = 0,05,

4. Discussion

Phosphorus (") is an essential macronutrient for plant growth and development [30]. I affects the
light use efficiency of PSII and deficiency of phosphorus could cause detectable tluctuations of the
kinetic parameters of photosynthetic fluorescence [31-35].

According to Kalaji [36], a decrease in chlorophyll fluorescence parameters may result from macro-
and micro-elements’ deficiency. The results obtained from our experiment suggest better nutrient
availability in 'I’ compared to control, Significant effects of P-15 and P-30 on Fs and of P-15 on Fm’
could be due to the differences in phosphorus availability during cultivation.

Torres-Dorante et al. [22] reported that the P availability was dependent on the source of I and
soil properties. Efficiency of fertilization was significantly higher for PP treatments in the silty-loam
soil where the plants have produced longer roots. However, no differences were observed in the sandy
s0il, between OF and PP treatments [34]. Although, according to Dicklowa [35], the effectiveness of a
unit amount of P taken up by ryegrass and corn plants in increasing the dry matter vield was similar
among the polyphosphates and the conventional P fertilizer, orthophosphate. However, these studies
concern traditional crops in different soils,

According to Flexas et al. [33], measurements of Fs—steady-state fluorescence vield is a promising
tool for remote water shortage diagnosis. Effectively, it shows the effect of many reactions resulting
from consequences that follow stomatal closure in response to water stress. The relationship between
Fs and g (stomatal conductance) provides a new method for detection of water stress, which can
cause BER in pepper fruits. Qur results showed that higher values of pepper leaves’ chlorophyll a
fluorescence parameters in plants fertilized with polyphosphates indicate an increased vield of pepper
photosynthetic apparatus in the case of pepper cultivar more susceptible to BER. In hydroponic crops,
the problem of water and nutrient uptake and partitioning, and fransport to particular plant parts,
is more frequent than their availability in the substrate. Li and Erel [34] report that PP can function
as a chelate for micronutrients and Ca. Moreover, in hydroponic crops, PT can improve the nutrient
solution flow in the drip system by reducing the accumulation of insoluble salts.

Fm’ maximum fluorescence of chlorophyll a in the leaves adapted to light was also the highest in
the P-30 combination, with the acceptors of photosystem 11 (PSII) partiallv reduced in this case [37].
According to Borawska-Jarmulowicz et al. [35], it is temperature stress that is the key factor in any Fm’
decrease. The Fyv/Fm index presents the maximum quantum yield of photosystem IT [39]. Graham and
McDoenald [40] observed a decrease in the Fy/Fm due to high temperature, a decrease in this parameter
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may indicate active sun protection of the plant [41]. Baker and Rosengvist [26] concluded in their
studies that a decrease in Fv/Fim may inhibit the rate of photosynthesis and also affect plant growth
and development. The L PSII vitality index, on the other hand, shows the ability of plants to adapt to
stress conditions [42].

The use of polyphosphates to fertilize pepper grown in rockwool influenced the activity of the
photosynthetic apparatus. A large share of BER fruits in the control is a reaction to environmental
stress conditions during the growing period. Possible reasons are a short-term increase in temperature
or substrate EC (electrical conductivity), a decrease in substrate moisture or the increase in fruit load
on the plant.

Differences in vield, fruit quality and susceptibility to BER were found between pepper cultivars.
Plants fertilized with phosphorus in the form of polyphosphates were less susceptible to common
disorders that have been associated with fruit calcium deficiency (BER), especially the cultivar which
was more susceptible to BER. Many authors report [43,44] that proper nutrition of plants with calcium
has a significant impact on reducing the occurrence of BER. According to Michalojé and Horodko [45],
the share of fruits with BER symptoms in the total yvield is lower when plants are properly supplied
with calcium,

According to Selahle et al. [46], the taste of sweet peppers is determined by the sugar and organic
acid concentrations. Pepper flavor is a complex trait, influenced by environmental factors during
growth [47,48]. However, polyphosphates used in the nutrient solution for fertigation in hydroponic
cultivation of pepper with LED lighting do not significantly change the sensory quality of pepper fruits.

5. Conclusions

The following conclusions can be drawn from the study.

The use of polyphosphates for fertigation in hydropoenic cultivation increase the activity of
photosynthetic apparatus of pepper leaves and has a positive effect on the share of marketable yield of
the total yield in the cultivar susceptible to BER.

Pepper plants fertilized with polyphosphates are characterized by increased values of such
fluorescence of chlorophyll parameters as Fs—steady-state fluorescence yield, and Fin'—maximum
tfluorescence of chlorophyll a.

Fertigation in hydroponic cultivation with medium containing 30% phosphorus in the form of
polyphosphates increased the uptake of calcium in pepper plants growing with LED lighting.

The polyphosphates used in the nutrient solution do not significantly change the guality of
pepper fruits.

The pepper cultivars tested differ in the yield and the susceptibility to BER and such features as
the height of the plants, the dry matter and sugar concentration of the fruit, and the sensory quality
characteristics of the fruil, such as sweet taste, consistency of the flesh, crispness of the flesh and
hardness of skin,
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Abstract: The aim of this study was to evaluate the effects of various supplemental greenhouse
lighting systems, i.e., high-pressure sodium lamps and mixtures of red and blue light-emitting diodes,
on the photochemical efficiency, anatomical leaf structure, and growth of the two pepper cultivars,
The intensity levels of the photosynthetically active radiation were the same for both light treatments.
In this study, the relative chlorophyll content was measured. Additionally, certain parameters
of chlorophyll ¢ fluorescence were measured under ambient light or after dark adaptation. The
obtained results showed that the application of light-emitting diodes (LEDs) as supplemental lighting
positively affected the anatomical leaf characteristics and plant growth. The leaves of both pepper
cultivars were thicker and had larger palisade parenchyma cells under LED supplemental lighting
compared ko leaves grown under high-pressure sodium (HPS) lamps. Moreover, the mesophyll
cells of seedlings grown under LEDs contained more chloroplasts than those growing under HP'S
lighting. The chlorophyll g fluorescence measurements of pepper seedlings grown under LEDs
showed significant increases in photosynthetic apparatus performance index (P} values compared
to plants grown under HPS lamps; however, the values for this index were higher in cv. “Adfos’
as compared to ov. Talermo’. We recommend that supplemental lighting systems are applied
with caution, as their performance appears to depend not only on the light spectrum but also on
the cultivar.

Keywaords: supplementary lighting: seedlings; leaf productivity; light quality; SPAD

1. Introduction

Light is ome of the essential factors in a plant’s growth, development, and yield [1-3].
Light affects the process and intensity of photosynthesis and regulates photomorphogenesis
throughout the plant development cycle; therefore, light efficiency is considered not only
in terms of intensity but also in terms of wavelength [4-0]. This is especially important
when artificial light is the only light source used in indoor farming [7]. Increasing attention
15 being focused on the promotion of efficient artificial light sources in lighted crops
cultivated during periods when there is not enough natural light for proper plant growth
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and development. This applies to crops grown during winter, as well as to seedling
production for the earliest crop dates [5]. Additionally, light quality can be strategically
used to increase the quality and efficiency of the photosynthetic apparatus of leaves by
affecting the anatomy and physiological parameters of foliage, In moderate climate zones
at northern latitudes, during autumn-winter and early spring there is a deficit of the natural
light required for the optimal plant growth of most plants. This is the time of vear when
seedlings of vegetables are usually prepared in greenhouses for the earliest cultivation
dates [9]. In these periods, seedlings of vegetables destined for early cultivation are grown
under covers with assimilation lighting. As the standard protocol, they are usually grown
under high-pressure sodium (HI'S) lamps.

As reported by Marcelis et al. [10] and Virsile, Olle, and Duchovskis [11], the levels
of photosynthetically active radiation {PAR) in sodium lamps can reach approximately
1.7-1.8 umal [ 1. Sodium lamps have relatively high electrical efficiency as compared to
the earlier generation of lamps used for light supplementation. Additionally, sodium lamps
are characterized by a long working life and a broad light spectrum, making them suitable
for many plant species [12]. On the other hand, HPS lamps have many disadvantages.
They lack the possibility to adjust the spectral composition. They also emit a large amount
of yvellow light and a small amount of blue light, which causes plant stems to elongate
and decreases the quality of seedlings [13]; however, despite the above-mentioned defects,
these lamps were used for a long time as artificial light sources, until the appearance of
LED systems [14,15].

In greenhouse crops, light-emitting diodes (LEDs) are becoming a popular source
for assimilative lighting because they are much more efficient than HPS lamps and reach
an average of 2.5 umol ]! or more [16]. The effectiveness and efficiency of LED lamps
depend on their spectral efficiency [17]. Proper plant development depends, among other
things, on the light intensity and its spectral composition [18]. LED lamps have a spectral
composition adapted to the requirements of plants, high-efficiency, and a low operating
temperature. They are small in size and energy-efficient, with a long life expectancy and
minimal heat emissions [19]. The spectra of LED lamps are usually close to the absorption
spectrum of chlorophylls, emitting red and blue light in different proportions. According to
Bagdonaviciené et al. [20], blue LED light at 470 nm used as a supplement to high-pressure
sodium (HPS) lamps, showing very positive effects on the photosynthesis efficiency of
pepper seedlings grown during winter in a greenhouse. According to Liu etal. [2], blue light
also seems to be an important factor for cherry tomato plant growth. The spectral quality
also affects the anatomical structure of the plant leaves, among other factors, by influencing
the arrangement of the palisade and sponge cells, which affects the photosynthetic efficiency
of the plants [21,22]. According to Zheng et al. [22], in many plant species, blue light (B)
and red light with blue (RB), as compared to red light (R) and white light (W), affect the
growth of the palisade parenchyma, which is correlated with the quantum yield of leaf
photosynthesis (pPSIT). HPS and LED lighting affect the photosynthesis and vield [23].
We hypothesized that the adaptation of chloroplasts of pepper leaves to supplementary
lighting provided by HPS or LED would invelve changes in the distribution of chlorophylls
and carotenoids. Carotencids can absorb light energy and transfer it to the chlorophylls,
which may dissipate excess light energy, acting as antioxidants | 24,25]. Artificial irradiation
influences the carotenoid content in leaves and fruits [23,26]. As reported by Li et al. [27],
mixed R and B light alters plant photomorphogenesis and photosynthesis, mainly by
affecting the leaf anatomy, stoichiometry of photosystems [ and 11, photosynthetic electron
transport, and the expression and activity of key Calvin cycle enzymes. [t was found
that when pepper seedlings were illuminated with mixed RB (red-blue) light, the leaves
were thicker and the photosynthetic electron transport efficiency and photosynthetic rate
increased compared to plants illuminated with white light; therefore, using LED lamps
with a higher proportion of blue light can increase the supplementary light efficiency.
The leaf anatomy is dependent on the above-mentioned physiological and morphological

changes. Proving the beneficial effects of illuminating pepper seedlings with LED lamps
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compared to sodium lamps may promote their use in commercial seedling production,
among other outcomes. Pepper is a vegetlable of greal economic importance. Investigating
the responses of pepper plants at the seedling stage to light from LED lamps, in terms
of changes in the leaf anatomy and photochemical efficiency compared to plants grown
under traditional sodium lamps, will allow the introduction of new, more energy-efficient
solutions for the horticultural production of pepper plants.

The aim of the study was to evaluate the effects of supplementary lighting of pep-
per seedlings with HPS and LED lamps on the growth, photochemical efficiency, and
anatomical structure of the leaves.

2. Results and Discussion
2.1. Plant Growth

Supplemental lighting affected the growth of plants and the development of leaves,
depending on both the type of light source (HPS or LED) and on the cultivars. *Aifos’ plants
growing under LED lighting conditions were significantly taller and had more leaves than
those grown under HPS lighting. There was no significant effect of the lighting type an the
seedling height or number of leaves in the ‘Palermo’ cultivar, On the other hand, *Aifos’
seedlings were shorter than the 'Palermo’ plants, while those grown under HPS lighting
also had fewer leaves (Figures | and 2).

HHPS WLED

[y
L

[EY
=
|

No. of leaves
45 ]

Aifos' Palermo'

Figure 1. Effects of supplementary lighting with HI'S and LED lamps on the numbers of leaves of
pepper seedlings, depending on the cultivar. The mean values marked with the same letters do not
differ significantly according to the Tukey HSD test at & = 0.05. The bars represent means + SE
(Standard Error).

B HPS mLED

50

Seedling height {cm)

o
I

Aifos' Palermo'

Figure 2. Effects of supplementary lighting with HIPS and LED lamps on seedling height, depending
on the cultivar. The mean values marked with the same letters do not differ significantly according
to the Tukey HSD test at « = (.05, The bars represent means + SE (Standard Error).
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2.2. Photosynthetic Efficiency

SPAL index wvalues are proportional to the amount of chlorophyll contained in a
leaf [25]. The seedlings of both pepper cultivars grown under LED lamps were charac-
terized by higher chlorophyll contents in the leaves than those grown under HPS lamps.
The leaves of *Aifos’ plants were characterized by higher SPAD index values than those of
Talermo’ plants (Figure 3). This may have been because the spectra of LED lamps, which
emit red and blue light, are more similar to the absorption spectra of chlorophyll molecules
than those of HPS [29-31].

®HPS mLED

SPAD index

Aifos' Palermo!’

Figure 3. Effects of supplementary lighting with HPS and LED [amps on the chlorophyll index values
in pepper leaves, depending on the cultivar (averages of four measurement dates). The mean values
marked with the same letters do not differ significantly according to the Tukey HSD test at o = 0.05,
The bars represent means & 5B (Standard Errar).

Inadequate lighting (the use of inappropriate supplemental lighting) can lead to
decreases in photosynthesis intensity, and consequently in growth and vield. Signals of
chlorophyll a fluorescence (ChiF) can be used to study the photosynthetic performance
under varying growth conditions [23,32].

The values of chlorophyll a fluorescence parameters such as photosystem 11 (PSI1),
actual quantum efficiency (@PSII), and PSII maximum photochemical efficiency (Fv/Fm)
values in pepper seedlings were significantly lower in pepper plants grown under LED
lighting as compared to those grown under HPS (Table 1). This suggests that these pa-
rameters were not sensitive to light spectrum changes in our experiment. This could be
explained by the results found in the stuides by Kalaji et al. [23,34], where it was reported
that these two above-mentioned parameters are nol sensitive to unfavorable growth condi-
tions (stressors). We believe that more advanced measurement protocols should be applied
in future experiments, e.g., the application of rapid light curves [35].
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Table 1. Effects of supplementary lighting with sodium and LED lamps on the photosynthetic actvity
of pepper seedling leaves according to the cultivar (averages of four measurement dates),

Chlorophyil Fluorescence Farameters Cultivar HI'S LE
“Aitos .78 a 0.74 be
pPsIl Palermo’ (.77 ab 0.72¢
Average L77 A 1738
“Afos 153 a (1R85
Fv /Fm ‘Palermo’ (.82 ab {180 &
Average (LE2 A 0.80 6
‘Adfos’ 441 be A4l a (45%)
P inst. Palermo’ iBle 4.97 b (304)
Average 4118 30 A (38T
“Adfios’ (.21 ab 19 b
Dl RC Palermao’ 023 a 0238
Average (22 A 20 A
‘Aifos’ 73,108 ab 14715
Area Talermo’ 725,554 ab 97771 b
Average 749331 A Teh 243 A

The mean values marked with the same letters do not ditfer significantly according to the Tukey HS12 tost at
o =005, The amall letters indicate the differences in the interaction of cultivar « famp tvpe, the capital letbers
indicate the differences in the lamp type,

Generally, the performance index (P1) is a very sensitive parameter, providing quanti-
tative information about the overall condition of plants and their vitality. Kalaji et al. [32]
revealed that the P1is a very good biophysical indicator when measured under stress con-
ditions. The use of integrative parameters such as the performance index (P1) can be more
useful than a complex of specific biophysical parameters that require a deeper understand-
ing of photochemical processes in order to interpret the data correctly. The Performance
Indexjnstruments (P1) is taken directly from the instrument and almost exactly corresponds
to the Performance Indexapsorption (Plaps). If; however, it is recalculated by selecting Fo
as F 50y, then Plap, = Plinst. (where Fo is the minimal chlorophyll fluorescence at time
zero or 50 us). In our work, changes of this parameter showed that the application of LEDs
caused significant and positive effects on the photosynthetic efficiency levels of both tested
cultivars (increases of ca. 45% and 30% for *Aifos’ and ‘Palermo’ cultivars, respectively)
{Table 1), Better photosynthetic efficiency was also partially shown in the case of cv. ‘Aifos’,
as shown by the positive trend that LEDs caused in the Area parameter, indicating an
increase in the size of the reduced plastoquinone pool. In the same cultivar, a trend of less
heat dissipation was also observed (lower Dlo/RC). The above results suggest that LEDs
increase the photosynthetic efficiency of plants by enhancing the light absorption, trapping,
and electron transport and reducing primary acceptors of photosystem 1. Additionally, as
it can minimize the loss of absorbed light energy (less heat dissipation), the use of light
quanta is more efficient,

Hoffmann et al. [31] showed that blue light can initiate plant responses and induce
morphological and physiological changes in leaf characteristics, which also develop un-
der high irradiance conditions; however, further investigations are required to prove
the physiological mechanisms of the differences induced by different supplementary
lighting systems.

2.3, Leaf Chavacteristic

The cultivars of pepper showed very similar leaf anatomies under HPS lighting, while
LED lighting caused changes in leaf anatomy (Figure 4). Regardless of the cultivar and
lighting, the leaves show a well-developed palisade and a spongy mesophyll. The calcium
oxalate crvstals were observed in vacuoles of mesophyli cells in all treatments {Figure 4),
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Figure 4. Effects of different lighting systems on the anatomies of the Capsicum leaves (cv, "Affos' or
Palerme’): (A) Aifos” TTPS; (B) Palermao” HPS; (C) " Aifos” LED; (D) ‘Palerme’ LED, Abbreviations:
ad—adaxial epidermis; ab—abaxial epidermis; pp—palisade parenchyma; sp—spongy parenchyma;
stomata—black arrow; calcium oxalate crystals—asterisk. Scale bar—100 pm,

The micrascopic measurements revealed significant variations in the anatomy of the
analyzed leaves (Table 2, Figure 4). The leaf thickness and cell size were significantly
different between light treatments, Plants grown under LED lighting (LED) had thicker
leaves than those grown under sodium lighting (HPS), with the thicknesses ranging from
264.05 pm to 276.05 um for LED and from 193.05 um to 195.09 wm for HPS, respectively.
The changes in leaf thickness in the LED treatment were mainly due to changes in the cell
size of the palisade parenchyma cells and the thickness of the spongy mesophyll, since
the number of cell layers was not significantly affected by the light treatment. Similar
enhanced leaf and palisade parenchyma thickness values under LED lighting conditions
were observed in ornamental plants [22,32]. Reduced or no blue light results in reduced
leaf thickness, while elevated blue to red levels increase the palisade and spongy mesophyll
thicknesses [22]. According to Shengxin et al. [*6], thicker leaves and a thicker palisade
parenchyma layer result in better light absorption, and consequently higher photosynthetic
vield. The LED-treated leaves showed a greater number of stomata in the adaxial epidermis
compared to the HFPS leaf surface (Table 2, Figure 4). A higher stomatal density, which
regulates COs flux to the mesophyll, might also improve the photosynthetic efficiency [37].

Table 2. Analyzed leaf traits depending on the type of supplementary lighting and cultivar.

Analyzed Traits ‘Aifos" HPS ‘Palermo’ HPS ‘Aifos" LED ‘Palermo’ LED
T"‘“li'm“';‘l']k““ﬂ*-‘* 19500 = 134 b 193,05 + 120 b 26405 = BYa 27674 £ 132 2
Murnber of 1 | 1 1

palisade cell layers

Length of palisade

parenchyma cells 5E2=63b 6372k aL18+ 524 1M+ 1l1a
{pem)

Wiclth of palisade

parenchyima cells 7+01b 227+ 040 325+ 122h 03+ 192a
(i)

Mumber of spongy

cell layers 3 3 L H
Thickness of

cpangy loyer (um)  12902£62b 1225+ 43b 18002 + 1244 1606 + 26 a

Length of spongy

parenchyma cells A5.25 = 55D FATT L 8ab 4045 £ 2500 10366 £32a

()




Plasibs 2021, 10, 1975 Tof 14
Table 2. Cont,
Analyzed Traits ‘Aifos’ HI'S ‘Palermo” HI'S ‘Aitos” LED ‘Palermo’ LELY
Width of spongy
parenchyma cells N3 =52b 323+ B36b R7AT £ 47 a a4+ 630
{pem]

Stomata number in

adaxial epicermis 2+05a O+00b d4Lba Fdba

Stomata number in 1
abaxial epidermis 4+ 06b 44060 4+00b 6tlla

Mean values marked with the same letters ane not signibeantly different according to Tukey's HSD test at o = (105,
Values are means + S0 of 3 plants per treatment,

2.4, Mesophyll Parenclnyma and Chloroplast Ultrastructure of Pepper Leaves

The mesophyll parenchyma of the pepper plants showed significant differences with
different light treatments, although significant differences were not observed between the
cultivars (Figure 5). Mesophyll cells under LED lighting contained larger chloroplasts
and more chloroplasts rich in starch grains than those growing under sodium lamps.
The shape of chloroplasts grown under LED lighting was similar to that under HPS light;
however, the chloroplasts in plants grown under LED lighting were enlarged and possessed
thicker grana than those grown under sodium light treatment. Moreover, in chloroplasts
in LED-grown leaves, a few small plastoglobules were observed. In this study, the denser
arrangement of thylakoids in plants grown under LED lighting may have contributed to
the increase in chlorophyll o content, since this molecule is crucial for grana formation and
stabilization |38-40].

As the chlorophyll content directly influences the photosynthetic potential [41], the
increased number of chloroplasts with thicker grana in the mesophyll of LED-grown leaves
may have contributed to the higher photosynthetic performance of this treatment. This is
consistent with the results of a study on cucumber leaves and cotton leaves grown under
blue LED lighting, which also showed a greater number of chloroplasts and increased
integrity of the chloroplast ultrastructure, with a clearly visible lamellar structure [42,43].
During the LED response, modifications of the thylakeid membrane system in pepper
plants were accompanied by starch accumulation, which may indicate a low level of
stress in those plants or indicate higher photosynthetic activity. The increased daily starch
turnover resulting from induced activity of a- and [f-amylases (the main starch-degrading
enzymes) was unequivocally related to stress conditions [44]. Additionally, the appearance
of small plastogiobules in chloroplasts under LED lighting might indicate a low level of
oxidative stress, since an increased number of these structures in chloroplasts is connected
with reactive oxygen species accumulation [15].

2.5, Fluarescence of Chlovophll and Cavolenoids

Images in the first column (Figure 6) show the distribution of chlorophyll (false red
color) and carotenoid (false green color) fluorescence signals in the upper section of the
chloroplasts. The red spots probably represent granum structures [41]. Independently
of the cultivar and source of additional light, chlorophyll and carotenoid signals occur
in the grana, as well as bebween them. It seems that under LED lighting conditions, the
fluorescent signals for chlorophyll and carotenoids are stronger than under HFS sodium
lighting conditions, as can be seen by comparing the images in the second column,
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Figure 5. The effects of different lighting svstems on the mesophyll parenchyma and chloroplast ulbrastructures in
pepper leaves (ov “Aifos’ or Palermo’): (A-C) “Aifos” TIPS; (D=F) ‘Palermo’ HPS; (G-T) “Aifos’ LED; (J-L) ‘Palermo’
LED. Abbreviations: pe—peroxisome; white arrow—plastoglobule; sg—starch granule; g—ranum; HPS—sodium lamp;
LED—light-emitting lamp. (A,B,D.E.G.H,].K) 5cale bar—2 um. (C.F.LL} Scale bar—{.5 pm.

The fluorescence of chlorophyll always exceeds that of the carotenoids when starting
from the ‘bottom’ of chloroplasts and moving to the “top” (Figure 6, line graphs). The
bottom of the chloroplast is defined as its site (often flat), which is directed toward the cell
wall, while the top (usually convex shape) is directed toward the central vacuole (Figure 6).
Compared to LED lighting, the increase in chlorophyll fluorescence was significantly
greater than for carotenoids under HPS lighting conditions. Several studies have shown
the positive effect of blue light on chlorophyll content [46—19].
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2 4 z-axis (Em)

Figure 6. Fluorescence of chlorophyll and carotenoids (false red and green colours, respectively) in chloroplasts of pepper
leaves (cv, "Aifos’ or Palermo’). Sun light was supplemented with sodium lamps (FIPS) or diode (LED) actinic light, First
(eft) colummn; fluorescence of chlorophyll and carctenocids (merged images) in single median optical sections (xy mode of
scanning) through groups of chloroplasts. Motice that grana structures are represented by red discs. The second colummn
represents median optical sections along z-axis of chloroplasts: fucrescence of chlorophyll and carotenoids—merged images.
Last two columans: Aucrescence of chlorophyll or carotencids iz shown separately. Line graphs show changes in Anorescence
intenzity (y-axis, normalized) of chlorophyll (red line) and carotenoids (green line) along z-axis (pm) of chloroplasts starting
from their bottom side (value 0) to the top (value 4) of the organelles. Notice that Auorescence of chlorophyll always exceeds
that of carotenoids when starting from the bottom of chlomoplasts to their top. Abbreviations: star—starch granule. Scale

bars—2 pum.

We found that for LED lighting, red and green channels overlap better (see Figure ¢,
second column), As a result, vellow light appears, indicating better colocalization of
chlorophylls and carotenoids. In addition, the chlorophyll distribution (red channel) is
more evenly balanced within chloroplasts grown under LED lighting. Changes in the
distribution of chlorophylls and carotenoids under HPS or LED supplementary lighting
may reflect adaptation of the photosynthetic apparatus toward different light spectra.
These phenomena require further investigation, as the greenhouse environment may
reduce the effects of specific spectra on the distribution of the photosynthetic pigments
within chloroplasts.
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3. Materials and Methods
3.1, Plamt Matertals and Growth Conditions

This study was conducted in a greenhouse located 21% E, 51°15° N during the winter
cycles of 2018 and 2020. The cultivation of bell pepper cultivars with fleshy, block-type,
and red fruit is of the greatest importance in the cultivation of peppers under covers,
although cultivars with very sweet and elongated fruit are also becoming increasingly
important. Two red-fruited, sweel pepper cultivars were studied, namely “Aifos F1' (Bayer
Crop Science—Seminis), with block-type fruit and soft flesh, and ‘Palermo F1' (Rijk Zwaan),
with elongated fruit and thinner flesh. Two-week-old pepper seedlings were planted into
rockwool cubes on 5 December in both years, Half of the plants were supplemented with
light from HPS lamps (Gavita GAN 400 W Figure 51 in the Supplementary Materials) and
the other half with Green Power LED lamps (DR /W-LB, 195 W, Figure 52 in the Supple-
mentary Materials) (Philips). The LED lamp characteristics were as follows: 87.5% red light
in the wavelength range of 630 to 660 nm, with the highest proportion at 660 nm, and 12.5%
blue light in the range of 440 to 460 nm, The daily light exposure equalled 16 h, In the
experimental greenhouse where pepper seedlings were grown, the PAR (photosynthetically
active radiation) light level was ~170 pmol m~2 57! (PPFD—photosynthetic photon flux
density). The lighting lamps switched off automatically when the solar radiation was
higher than 250 W m 2. The average daily solar radiation during the seedling growth
period was around 186.9 ] em ™. In the growing compartment of the greenhouse, the
temperature was maintained at 22 *C during the day and 20 °C at night, with RH kept
over a range of approximately 60-70% and CO; at an average concentration of 500 ppm,
The nutrient solution for the supply of seedlings contained the following components in
mg-dm=3: N-NO3-195, P-57, K-273, Mg-47, Ca-187, Fe-2, Mn-0.6, B-0.3, Cu-0.15, Zn-0.3,
Mo-0.05. The average pH and EC were respectively about 5.5 and 2.8 d5 m . The study
adopted a completely randomized design. Equally sized plots containing 10 plants of
each cultivar were drawn in the experimental compartment, with three replications of 10
plants in each combination. The test material consisted of 120 plants, each in identical
rockwool cubes,

3.2. Morphological Characteristics

Measurements of plant height and leaf rumber per plant were taken weekly on five
randomly selected plants from each repetition, after 7, 14, 21, and 28 days of cultivation.
The plant height and leaf number results are given for each plant based on averages from
the measurements taken.

3.3. Chlorophndl Fluorescence Analysis

Every week, the relative contents of chlorophyll a + b in the fully mature leaves
were measured (using a Minolta SPAD-502 apparatus). Measurements were taken from 5
randomly selected plants from the combinations. The results were averaged from the five-
unit measurements taken from the examined leaves. The chosen chlorophyll Quorescence
was measured under ambient light and after dark adaptation with special leaf clips on the
same leaves (spots) of pepper plants using the following equipment:

A FMS-2 Field-Portable Pulse-Modulated Chlorophyll Fluorescence Monitoring Sys-
tem (Hansatech Instruments Lid., King's Lynn, Norfolk, England). Measurcments
were taken under ambient light. The saturating light source used was a built-in
halogen lamp. The pulse intensity was equal to 8000 pmol-m™2 s~ and the pulse
duration was 1 s. The following parameters were measured: Fs—steady-state fluores-
cence vield; Fm'—light-adapied fluorescence maximum; $PSIl—quantum efficiency
of PSII;

B.  APocket PEA fluorimeter (Hansatech Instruments Ltd., King's Lynn, Norfolk, Eng-
land) was used to measure prompt fluorescence, obtaining measurements of the
maximum efficiency of the plant’s photosynthetic rate after 30 min of dark adaption
of the leaves (using special clips). The following parameters were analyzed, where
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Fv/Fm is the maximum efficiency of the PSII photochemistry (Fv/Fm) and the
performance index (Pl) is displayed as Py, or Ply.. The latter is calculated on the
basis of the following formula:

RC  dpo W,
ABS 1 by 1- U,

Flaps = (1)
where RC is the reaction center; ABS is the absorption; dpy = Fy/Fy, which is the
maximum quantum yie]cl of the primary photochemical reactions (att = (1), which
proves the probability of trapping the energy of absorbed photons (i.e., excitons
migrating along an antenna) by P'SII reaction centers; 1, is the probability (at | = 0)
of electron transport outside Q4 . i.e., that an RC trapped exciton moves an electron
into the electron transport chain outside Q4 ™.

3.4, Light and Transmission Electron Microscope

For the anatomical observations, after the 28th day of cultivation, ten fragments from
1t fully expanded leaves (counting from the tip) collected from 3 seedlings of pepper
from two cultivars grown in the greenhouses under different lighting systems were fixed
for 3 hin Kamovsky [50] medium, then afterwards treated with 1% osmium tetraoxide
for 3 h, dehydrated in an ethanol series containing propylene oxide and embedded in
cpoxy resin (Serva, Heidelberg, Germany). After being embedded in resin, leaf samples
were then cut on a Jung microtome (RM 2065) into semithin sections (3 um) and stained
with 1% toluidine blue prior to examination under a light microscope {Olympus-Provis),
Taking five leaves for each ecotype, the total thickness, number, thicknesses of the palisade
and spongy cell lavers, sizes of the parenchyma and spongy cells, and stomata number
per 600 um of leaf surface were measured with the Olympus-Provis cellSens Standard
program at 10x magnification. Statistical analysis was performed in STATGRAPIHICS
Plus 5.1, For parametric tests, ANOVA was used. For chloroplast analysis, ultra-thin (50 nm
thick) leaf sections were taken from epoxy-resin-embedded samples using a Leica UCT
ultramicrotome (Leica Microsystems, Nussloch, Germany) and collected on formvar-coated
grids, which were short-stained with uranyl acetate and lead citrate and examined under
an FEI 268D 'Morgagni' (FEI Comp., Hillsboro, OR, USA) transmission electron microscope
(TEM) equipped with a 10 MFPix Olympus-515 "Morada’ digital camera (Olympus-5I5,
Minster, Germany). Digital images were saved as jpg files and were adjusted uvsing
Photoshop C5 8.0 {Adobe Systems, 5an Francisco, CA, USA) software using non-destructive
tools [contrast or levels) if necessary.

3.5. Confocal Laser Scanning Microscope

A confocal laser scanning microscope (Leica TCS SP5I, Leica Microsystems CMS,
Wetzlar, Germany) was used to examine groups of chloroplasts located in palisade cells
of the mesophyll of pepper leaves. Fluorescence imaging of chlorophyll and carotenoids
was performed on freshly prepared cross-sections through the leaf, which were prepared
using razor blades. Tiny slices were embedded in distilled water. Carotenoid and chloro-
phyll fluorescence was excited at 488/633 nm and recorded at 520-580/660-705 nm at
room temperature, Sequential scanning was performed in order to avoid bleed-through
fluorescent signals between channels. In total, 29 images were acquired at intervals of
(.18 pm along the z-axis. All image series were deconvoluted to remove background noise
and improve image quality. To show the distribution of the chlorophyll and carotenoids,
red and green colors were digitally separated. The intensity levels of chlorophyll and
carotenoid fluorescence were recorded separately in the central parts (the region of interest
was a circle measuring 1 pm in dimeter) of chloroplasts while avoiding the starch granules.
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3.6. Statistical Analysis

Statistical analysis was performed using two-way analysis of variance (ANOWVA),
Detailed comparison of the means was performed using Tukey’s test at a significance level
of o= (.05,

4. Conclusions

Regarding pepper seedling growth, our study revealed that LEDs delivered a better
blue-to-red (R/B) ratio than HPS lamps. This better supplemental lighting (LEDs) indirectly
enhanced plant growth by increasing the height of the seedlings and the number of leaves;
however, we found that this effect is cultivar-dependent.

We believe that behind the above-mentioned growth enhancement were many anatom-
ical and physiological changes that resulted in better photosynthetic performance and
biomass production, such as thicker leaves, longer palisade parenchyma cells, larger
mesophyll cells, increased chloroplast and chlorophyll contents, and better photosynth-
etic efficiency.

We recommend the use of the performance index (PI) parameter to monitor the
physiological statuses of plants while testing new supplemental lighting. Further studies
should investigate the responses of plants to sunlight alone and also to a combination of
sunlight and different artificial light sources with different R/B ratios.

Supplementary Materials: The following are available online at hitps:/ S wwwmdplcom Sarticle/ 10
A3 S plants 10101975/ 51, Figure 51: The spectrum of HI'S lamps measured during cultivabion with
the Gigahertz-Optik apparatus, Figure 52: The spectrum of LED lamps measured during cultivation
with the Gigahertz-Optik apparatus.
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Photosynthetic Efficiency and Anatomical Structure of Pepper Leaf (Capsicum annuum L) Transplants
Grown under High-Pressure Sodium (HPS) and Light-Emitting Diode (LED) Supplementary Lighting
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Supplementary Figure 51. The spectrum of HPS lamps measured during cultivation with the
Gigahertz-Optik apparatus
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Abstract: High electrical conductivity (BC) in cultivation systems with the recirculating nutrient
solutions can affect plant growth and development. This study aimed to investigate the effect
of salicylic acid (SA)} on the selected physiological and biochemical parameters of sweet pepper
(Capsicen annunn L) growing aeroponically at standard and high concentrations of nutritive solutions.
Four experimental variants were tested: (1) plants cultivated under low EC conditions, (2) plants
cultivated under low EC conditions and treated with foliar SA, (3) plants cultivated under high EC
conditions, {4) plants cultivated under high EC conditions and treated with SA on leaves and roots,
The obtained results revealed that exogenous 5A, regardless of EC, reduced the formation of fruits
with calchium deficiency symptoms. Furthermore, SA helps plants to cope with high EC nutrient
stress through an increase in leaf SPAD index, mastimum Hght-adapted chlorophyll fuorescence and
P51 viability, Exogenous 5A reduced the number of soluble proteins both under low and high EC;
however, increased Hy Oy content induced a defence mechanism reflected by the upregulation of
antioxidant eneyme aclivity. The results of the study provide valuable information on the role of SA
in the alleviation of the harmful effect of salinity under agroponic cultivation.

Keywords: osmofic stress; physiological disorder; reactive oxygen species (ROS); photosynthetic activity

1. Introduction

Sweet pepper (Capsicunr annunm L) is economically important for the worldwide
vegetable industry. World production of pepper in 2020 was over 36 million tonnes and
is still growing: European production was over 3.5 million tonnes, while in Poland, the
annual harvest is approximately 159,000 tonnes [1-3]. Pepper fruits are a source of natural
pigments and antioxidants, including vitamin C, flavonoids, phenolic acids, as well as
carotenoids. Given the nutraceutical and anticancer properties of pepper compounds,
they are important preventive factors against many diseases, e.g., cardiovascular disease,
type Il diabetes, and other aging-associated disorders |4-6]. Global demand for food, es-
1::|En:'ia||l].-r high-qua]it’y products, is increasing rapidly. However, agricultural areas and
water resources are decreasing, mainly due to climate change. That is why any agronomic
treatments with elicitors, including salicylic acid (SA), can positively influence the yield-
ing of many species and reduce negative environmental impacts. However, appropriate
concentrations and methods of elicitor application need to be determined to improve the
effectiveness of this practice under different growing conditions [7,8].

A significant problem for pepper culfivation is the sensitivity of plants to environmen-
tal stresses, such as drought, salinity, oxygen deficit, low /high temperature, or excessive
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radiation. Various unfavourable factors decrease yield and lead to the formation of non-
commercial fruits. In the case of peppers, a major problem is a physiological disorder
caused by a calcium deficiency in the pericarp cells, known as dry pepper fruit rot, or
BER (blossom-end rot). BER significantly affects crop producton also in tomatoes and
watermelons [9]. It is often associated with caleium deficiency in the whole plant or in the
fruit only. Calcium is an essential plant macronutrient. The plants evolved a mechanism
involving interactions between the cell wall and the cytoplasm, where Ca*t acks as an agent.
The regulation of Ca?t ions concentration in the cytoplasm, apoplast, and organelles of the
cell is used by the plant as a signalling mechanism [10]. In addition, calcium stabilizes cell
membrane components and pectins in the cell wall. Water uptake and transport play a
crucial role in the uptake and distribution of calcium, which is supplied to the fruit mainly
through the xylem [11]. Various abiotic stresses can cause a physiological BER disorder in
fruits, through reduced calcium uptake by the roots and disturbed regulation of cellular
calcium distribution,

In hydroponic and aeroponic cultivation, especially when the nutrient solution is
recirculated, a common problem is an increase in the concentration of ions in the nutri-
ent solution. Such manipulation can evoke abiotic stress. More specifically, higher ion
concentration limits nutrient uptake and reduces crop production by increasing osmaotic
pressure [12]. In pepper, high electrical conductivity (EC) of nutrients in the medium
was shown to reduce plant growth and net leaf photosynthesis [13]. According to Pérez-
Vazquez et al. [14], EC of 3 dS m ! or higher improves nutraceutical quality but decreases
bell pepper yield.

According to Hagassou et al. [?], abiotic stress induces the production of reactive
oxyvgen species (ROS) in the plant, leading to membrane breakdown and loss of cellular
turgor. As reported by Rekhter et al. [15] and Ding and Ding [16], plant hormones (phyto-
hormones) play an important role in the plant’s response to biotic and abiotic stresses.

It was found that the treatment of pepper plants with salicylic acid (SA) reduced
oxidative damage caused by salinity stress [17] and increased pepper fruit yield and
quality [12]. SA is a plant hormone that controls growth and promotes seedlings’ root
formation, delays leaf senescence, induces flowering, and interacts with abscisic acid and
jasmonates. In addition, it has a positive effect on photosynthesis [19]. Exogenous SA
affects various processes, including stomatal closure, ion uptake and transport [20], cell
membrane permeability, and intensity of photosynthesis, as well as plant growth [21].
Many studies indicated the positive effects of this hormone in stimulating plant growth
under abiotic stress conditions, Furthermore, SA has been found to act as a key signalling
muolecule under drought, high temperature, and salinity stress conditions [22,23]. Its activity
is essential for basal immunity and systemic acquired resistance [24,25] and, by regulating
gene expression, SA leads to the synthesis of proteins affecting a number of metabolic
processes [26]. However, the specific mechanism of action of SA is still not well understood.
Additionally, 5A may interact with several different stress-linked compounds, and so, its
role in the regulation of plant responses is much more complex [27,25].

The aim of this study was to evaluate the effect of exogenous SA on fruit growth and
quality of pepper cultivated in aeroponic conditions under standard and high nutrient solutions,

2. Materials and Methods
2.1. Location of Research

The study was conducted in the experimental greenhouses of the Warsaw University
ol Life Sciences in the Department of Vegetable and Medicinal Plants in the Institute of
Horticultural Science (longitude 217 E, latitude 51°15' N).

2.2, Plant Material and Growing Conditions
221, 5A Concentration Optimized tor Foliar and Root Treatment

In the first part, a test experiment was carried out to determine the appropriate concen-
tration of 5A for spray treatment (foliar) and by watering {root treatment). For this purpose,
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pepper (Palermo F1° cultivar) seeds, the same that was used in further studies, were sown on
25 August 2020 inte 25 mm x 25 mm = 4 mm rockwool plugs soaked in nutrient solution with
an EC of 1.4 dS m ! and covered with expanded clay. Pepper seedlings were transplanted
14 davs after sowing (DAS) into 100 mm = 100 mm x 65 mm rockwool seedling cubes soaked
in nutrient solution with EC 25 dS m™?, pH 5.5. The concentration of nutrients (mg L™
was as follows: N-NDw-195, P-57, K-273, Mg-47, Ca-187, Fe-2, Mn-0.6, B-0.3, Cu-0.15, Zn-0.3,
Mo-0.05. The day/night temperature averaged 22 *C,/20 °C, RH (relative humidity) was
60=70%, and the average COy concentration was 500 ppm.

Pepper plants were spraved with SA (foliar) at four concentrations (1; 2; 5; 10 mmaol
5A}, while the control plants were sprayed with water only (0 SA-f), 5A was also applied at
four concentrations (100; 150; 500; 1000 ppm SA) to the roots with a nutrient solution, and
the control plants were watered with nutrient solution without salicylic acid (0 SA-r). There
were 10 plants in each combination and 3 plants for each replicate. The first treatment of
plants with salicvlic acid was carried out on 21 DAS, followed by 24 and 27 DAS. Solutions
for spray (1; 2; 5; 10 mmol SA) were supplemented with Tween 20 (0.05% (x4, while for
root application, 100; 150; 500; T000 ppm SA was provided with the standard nutrient
solution for pepper seedlings. Each plant was watered with SA-supplemented nutrient
solution at the appropriate concentration for each combination as the plants in the control
when a reduction of approximately 35% WC (water content) in the rockwool pot was
recorded. In each combination, 30 DAS plants were tested. The height of the plant and
the diameter of the shoot at 1 em above the root neck were measured, The number of
leaves and the fresh weight (d =0.1 g) of the plant (leaves and stems) were also determined,
The SPAD index of the relative chlorophyll content of the leaves was measured with a
Minolta SPAD-502 apparatus. Based on the results obtained in this part, SA concentrations
appropriate for pepper for foliar and root application were selected for further studies.

2.2.2. Aeroponic Growing System

Studies on the effect of 5A on pepper fruit growth and quality under standard and
high EC medium conditions in aeroponic cultivabion were carried out on two terms. The
sweet pepper cultivar ‘Palermo F1' from Rijk Zwaan, with elongated and red-coloured
fruit, was used for the study. Seed sowing on the first date (Term 1) was carried ouf
on 7 April 2021 and on the second date (Term 2} on 14 July 2021, The seedling quilting
treatment was performed on 14 DAS on both test terms. Seedlings were produced in
50 mm x 50 mm x 65 mm rockwool cubes and plants were fed with a standard nutrient
solution for pepper seedlings with EC 2.5 dSm ! pH 5.5. The concentration of nutrients
and culbvation conditions were the same as in the section 54 concenfration oprira:i:fd_,rbr

foliar and roof treatment.

Pepper seedlings were planted into the aeroponic system on both date 1 and date 2, on
day 28 after sowing the seeds (28 DAS). The same method of pepper cultivation was used on
both experimental dates. In the experimental growing chamber, microclimatic conditions
were computer-controlled. The temperature was maintained at 20-23 *C during the day
and 17-19 °C at night. Relative humidity was approximately 70-75%. The experiment was
completed with 70 DAS on both terms (date 1-16 June 2021, date 2-22 September 2021),
Plants with a properly developed root system, 4-5 fully developed leaves, free from
diseases and pests were selected. The pepper plants were placed in openwork pots,
which were then inserted into holes made on the top of special bottomless containers of
0.28 m » 0.36 m % 0.27 m in size. The containers had a capillary fed into the side wall
ending in an atomizing nozzle, so that when the fertilization computer was activated, the
nutrient solution was sprayed onto the plant roots. The nutrient solution then flowed down
to the bottom of the bed and on to the collection container, where, when topped up with
a new nuitrient solution, it fed back into the pepper’s root system. The containers were
kept out of the sunlight and, in addition, were all covered with double-sided black and
white plastic sheeting (Photo 51, Graph 51). Flants were grown in the growing chamber at
a density of 2.5 plants per 1 m? of growing area.
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2.3. Experimental Design and Treatments

The experimental design was completely randomized. The treatments included four
different EC combinations and different treatments of the plants with S5A,
Combinations tested:

(1) Low EC—plants were fed a standard nutrient solution for peppers with an EC of
33dSm™Y;

(2) Low EC + SA-f—plants were fed with a standard nutrient solution as in combination
(1) and treated with foliar SA (SA-f);

(3) High EC—plants were fed with a nutrient solution 2 x concentrated compared to
Low EC, withan FC of 7 dSm L;

(4) High EC + SA-f + SA-r—plants were supplied with a nutrient solution as in the High
EC combination {3), treated with foliar SA (SA-f) as in the combination (2), and SA
was also applied to the roots (5A-r).

There were 20 plants in each of the four independent beds, fed with the nutrient
solution in an aeroponic growing svstem. The nutrient concentration of the solution, EC,
and pH were controlled and maintained at a uniform level suitable for the combination.
Plants were cut and managed on two shoots. Immediately after planting the peppers into
the aeroponic system, the plants were fed with a standard nutrient solution for peppers
with the compaosition (mg L1y N-NOs-195, P-57, K-273, Mg-47, Ca-187, Fe-2, Mn-0.6,
B-0.3, Cu-0.15, Zn-0.3, Mo-0,05. The EC of the standard medium feeding the plants in the
aeroponic system was 3.3 d5 m L, and the pH was 6.2, The following fertilizers were used
to prepare the concentrated media: Ca(NOz)s » 4H20; KNO5: MgS0y = TH, 0, KHoPO.,
K550 = 2H;0, HNOs, and Superba/Micromix from Yara International ASA,

Subsequently, on 35 DAS (0 DAT—0 days after treatment with high EC), the nutrient
solution in the two combinations tested was changed, increasing the EC by adding twice as
much concentrated nutrient solution as in the standard one. The EC of the nutrient solution
in the combinations labelled High EC was about 7 d5 m~1 (High EC and High EC + 5A-f
+ 5A-r). In the High EC + SA-f + 5A-r combination, 100 ppm SA was added to the nutrient
solution. The nutrient solution in each bed was circulated in a closed system (nutrient
solution recirculation), the nutrient solution taken up by the plants was replenished daily
with a new nutrient solution to a volume of 90 L~ /bed, while once a week, the entire
nutrient solution in each bed was replaced with a new nutrient solution. Plants in the
combinations Low EC + SA-f and High EC + SA-f + S5A-r (38 DAS) were sprayed with SA
at a concentration of 5 mmol every 3 days (38-68 DAS). All plants were cut and managed
on two fruiting shoots. The shoots left on the plant were wrapped with twine tied to wires
stretched on each side of the bed. The first pruning treatient, clearing the plants of side
shoots, oldest leaves, and excess Aowers and fruit sets, was carried out on 42 DAS, and was
repeated weekly thereafter, throughout the growing season, up to 70 DAS. During pruning,
buds were removed from the plants, so that there was 1 bud in each internode. An equal
number of buds were left on each plant and, for proper fruit nutrition, 2 leaves were left
per bud. Eighl test plants per combination were randomly selected for all analvses. All
removed leaves, side shoots, and fruit set from the test plants were weighed on laboratory
scales (d = 0.001 g). The results obtained were used to calculate the total plant weight
produced during the 70 DAS period, At the termination of the experiment (70 DAS), the
test plants were weighed, The green parts of the test plants (leaves and shoots), all fruit
sets, and roots were wetghed separately,

2.4, Evaluated Parameters
2.4.1. Morphological Characteristics

Morphological measurements were taken once a week for five weeks, The first plant
measurements were laken on 35 DAS (0 DAT), followed by 42 DAS (7 DAT), 49 DAS
(14 DAT), 56 DAS (21 DAT), and 63 DAS (28 DAT), Total plant height was measured and the
number of fully developed leaves was counted. Up to 70 DAS (35 DAT), the number and
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weight of pepper fruit set, and fruit set from the BER, as well as total plant mass produced
{leaves, shoots and fruit) and root mass were determined. The ratio of plant weight to
pepper oot weight depending on the combination was calculated.

24.2. Chlorophy!l Fluorescence and Chlorophyll Content (SPALD)

The effect of SA on the photosynthetic activity of peppers under high EC nutrient solu-
tion conditions was studied by measuring the chlorophyll # fluorescence of pepper leaves
and the SPAD leaf greenness index, which is correlated with leaf chlorophyll content [29].
Measurements were made on three test plants, on the upper (5th) and lower (10th) fully
developed leaf, counting from the top of the fruiting shoot of the plant,

Chlorophyll & luorescence was measured with an PMS-2 fluorimeter (Hansatech In-
struments Ltd., King's Lynn, Norfolk, England), Measurements were made in the current
light. The saturating light source used was a built-in halogen lamp. The pulse intensity
was 8000 pmol m™2 571, and the pulse duration was 1 s, The following parameters were
measured: Ps—steady-state fluorescence yield; Fin'—light-adapted fluorescence maximnurm;
DPSI—PSI quantum yield. At the same locations on the pepper leaf after 30 min of leaf
acclimatization to darkness by applying special clips, the leaves were illuminated with
red light (3500 pmol m—2 1), and the fluorescence of chlorophyll & was measured using
a Pocket PEA chlorophyll fluorimeter (Hansatech Instruiments Ltd., Pentney, UK). After
leaf adaptation to darkness, the following chlorophyll Auorescence parameters were mea-
sured: Fv/Fm—maximum photochemical yield of PSII and PI (performance index) plant
vitality concerning photosystem 1 and 11 [30,31]. The results of chlorophyll fluorescence
measurements from the 5th and 10th leaves of the test plant were averaged,

SPAL chlorophyll content was measured using a Minolta SPAD 502 Plus portable
meter (Konica Minolta Sensing, Inc., Osaka, Japan), at the same locations on the leaves
as chlorophyll fluorescence. Five individual measurements were taken for each leaf and
the results were averaged. Measurements were taken on each experimental date: 42 DAS,
49 DAS, b DAS, 63 DDAS, 70 DAS.

2.4.3. Soluble Protein and HyQ; Content

Soluble protein content was determined using the Bradford method [32] and expressed
in mg per g of fresh weight (FW}.

The modified methodology of Wilmowicz et al. was used for HaO; analysis [33],
Material for the study was collected on 42 DAS and 63 DAS from 5 test plants from each
combination (pooled sample). Leaves were taken from the plants directly into bags made
of aluminium foil, immediately placed in liquid nitrogen, and then frozen at —81 °C.

Pepper leaves (200 mg) were homogenized with 1 mL of 1% trichloroacetic acid,
The homogenates were then centrif‘uged, the supernatants were transferred to new tubes
and adjusted to pH 7.5 (with KOH). The samples were then centrifuged, and 1 mL of
supernatant was mixed with 250 LL 3-{dimethylamino)-benzoic acid (198 mM) in 0.5 M
buffer phosphate (pH 6.5), 230 pL 3-methyl-2-benzothiazolinone hydrazone (0,456 mM)
and 20 uL peroxidase (0.25 U), Absorbance (590 nm) was measured and the total H; O,
content was expressed as umol HyO; per gram of fresh weight (pmol g=! FW),

2.4.4, Assays of Antioxidant Enzymes

Extracts for measuring enzymatic activity were prepared by [reezing the pepper leaves
in liquid nitrogen. An amount of 0.2 g of material was weighed on an analytical scale
{d = 0.001 g} and then, ground with 1 mL extraction buffer (50 mM potassium phosphate
buffer, pH 7.6, 0.1 mM Na-EDTA). The homogenate was centrifuged at 15,000 rpm for
15 min and the supernatant was used for analyses.

Total SOD activity (U mg_l protein) was investigated by monitoring the superoxide
radical-induced nitro tetrazolium blue {NBT) reduction at 560 nm according to the method
described by Giannopolitis and Ries [34], with some modifications. An amount of 1 mL
of the reaction mixture contained 50 mM potassium phosphate buffer, pH 7.8, 6.5 mM
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methionine, 50 uM NBT, 20 uM riboflavin, 10 uM EDTA, and 55 ul. enzyme extract. This
mixture was mixed and then incubated in the light for 15 min,

Total CAT activity (U mg ! protein) was determined according to the Gath method [35].
For this purpose, .2 mL of protein extract was incubated in 1.0 mL of the substrate
(65 pmoles per mL hydrogen peroxide in 60 mmol /L sodium potassium phosphate buffer,
pH 7.4) at 37 °C for 60 s. Serum catalase activity was linear up to 100 kU /1. If the catalase
activity exceeded 100 kU/1, the serum was diluted with phosphate buffer (2- to 1-fold)
and the test was repeated. Under these conditions, one unit of catalase degraded 1 pmole
of hydrogen peroxide /1 min, The enzymatic reaction was stopped by adding 1.0 mL of
8.5 mole /1 3-amino-1,2 4-triazole. The hydrogen peroxide content of the reaction mixture
was determined by polarographic analysis and used for calculations, The enzymatic re-
action was stopped with 1.0 mL of 32.4 mmol/L ammonium molybdate and the yellow
complex of molybdate and hydrogen peroxide was measured at 405 nm against blank.

2.5. Statistical Analysis

Statistical analysis was performed using one-factor and two-factor analysis of variance,
ANOVA (Statistica, version 13, Warsaw, Poland). A detailed comparison of means was
performed using the Tukey test at a significance level of & = 0,05,

3. Results
3.1. 5A Concentration for Foliar and Root Treatment

The 5A concentrations used in the study for foliar and root treatment of peppers were
selected based on the results of the conducted test (Supplementary Material, Tables $1 and 52).
Pepper plants sprayed with SA at concentrations of 0 to 10 mmol L—! were shorter, had fewer
leaves, and had a lower SPAD index value than the control. Spraying peppers at the seedling
stage with 5A, regardless of the concentration used for the test, resulted in a significant
reduction in plant height and a number of leaves compared to the control (Table S1). SA at
a concentration of 10 mmol L™! was toxic to peppers since they had stunted growth, the
lowest weight, and few chlorotic leaves, which correlated with the lowest SPAD index values,
Based on the results, a concentration of 5 mmol L 1, the highest tested 5A concentration
tolerated by peppers, was selected for further studies using SA as a foliar sprav on pepper
plants (Table S1).

Tests for pepper tolerance to the root 5A application showed that this 5A at concentra-
tions of 150 ppm and lower reduced plant growth, leaf number and weight, shoot diameter,
and SPAD index compared to the control. In contrast, the treatment of roots with SA
at a concentration of 1000 ppm was toxic to peppers (Table 52). Based on the results, a
concentration of 100 ppm 5A was selected for further studies with the use of 5A for root
treatment in pepper cultivation.

3.2. SPAD Index

The high EC of the nutrient solution used in 35 DAS in aeroponic pepper cultivation
resulted in a lower SPAD index value in pepper leaves compared to the control (Figure 1),
Plants from the control and the Low EC + 5A-f and High EC + 5A-f + 5A-r combinations
had a higher relative chlorophyll content in the leaves than those grown at the high EC af
the nutrient solution (High EC). High EC of the nutrient solution had a lower effect on the
SPAD index, especially in the leaves of younger peppers. Foliar application of 5A and, at
the same time, root application of 5A at High EC of the nutrient solution resulted in an
inhibition of the SPAD index value reduction (Figure 1).
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Figure 1. Effect of high EC nutrient solution and SA treatment in aeroponic cultivation on SPAD index
in pepper leaves {average of two terms £ SE). * Mean values marked with the same letters do not
differ significantly according to the Tukey HED test at oo = (L05. Lowercase letters indicate differences
in the interaction of leaves ¥ treatment, capital letters indicate differences between trealments (mean
of two terms),

3.3, Morphological Characteristics

In the aeroponic method of cultivation, the application of a high EC nutrient solution
on 35 DAS proved to be a stress factor for peppers. On the subsequent days of treatment
with the high EC nutrient solution, after 21 DAT and after 28 DAT, a reduction in plant
height and leaf number was observed (Figures 2 and 3). In contrast, spraying plants with
5A in the combination with the high EC nutrient solution and the simultaneous addition
of 5A to the nutrient solution (High EC4+SA-f+5A-r) did not reduce the negative effect of
the high EC nutrient solution on plant height and leaf number (Figures 2 and 3). Plants
cultivated under High EC and High EC + SA-f + 5A-r combination were shorter and had
fewer leaves than plants grown in the other experimental combinations. Peppers growing
at Low EC were the highest and had most of the leaves (Figures 2 and 3).
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Figure 2. Effect of high EC nutrient solution and SA treatment in acroponic cultivation on the
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Figure 3. Effect of high EC nutrient solution and SA treatment in aeroponic cultivation on the
number of leaves in the following days after treating {DAT) pepper plant with high EC {average of
two terms £ SE). * Means with different letters indicate a statistically significant difference according
to the Tukey HSD test at & = (L05.



Agranomy 2023, 13, 774

Hof15

The total weight of fruit sets produced in peppers after 70 DAS using the high EC
stress of 35 DAS was the highest in the Low EC and High EC combinations (Table 1). There
was no effect of the applied high EC of the nutrient solution in the aeroponic cultivation
of peppers on the reduction of fruit set weight after 35 DAT compared to the control. In
contrast, spraying of peppers grown with the standard nutrient solution (Low EC) with
SA at a concentration of 5 mmol L%, resulted in a reduction in the total fruit set weight in
pepper plants on 70 DAS.

Table 1. Effect of high EC nutrient solution and SA treatment in aeroponic cultivation on biometric
characteristics of the pepper plant (average of two terms + 5E),

Combinations of EC Medium and 5A Treatment

Paramete Me 1 Dat T
arameter CASUTEITEN L] Lo BC Low BC + SA-f High EC ngtiji-:—rbﬁ I
= ] Term | 42175+ 51.45a° H2504+ 18394 42135 + 40622 362 50+ 23,36 ab
Tatal "“l:""}!"l‘_f:l:fr fruits Thtin S 71375 £ 2003 a FI2.50 + 139 b PHI25 + 462 a A52.5(1 £ 23,36 ab
B/ hizan 568,75 1 4266 A 4875 L 4571 566,25 | 4660 A S07.50 L 40,69 AB
A e N Py ] Term | 375 £ 061k 325 + (.47 0k 625 +0.70 3 5.75 = (137 ab
bl “E‘{j‘ ",”I“’ :’ s Term 1 675 + 036 b 835 4 1167 ab 9.25 4 0704 875 — .37 abs
Mo plant) Mean 525 + 046 B B.75 4 (LA0 AR 7054 62 A 735 ¢ (A6 AR
Migas wiight of Bt ek Tierm 1. 1300 £ 454 6521 + 543 b a7 A+ 463 b 6304 T 5 b
! Term 2 0574 =2 164 THET £ B19D T6.8% = 356 b 457 = 40k
Mean W38 + Zod A T + 4958 7RIS 4305 H MA] 371 B
= TR Term | 42375 4+ 3043 a 14663 + 5247 h B7.5 -+ 4B5] b 0,00 4 0.03 «
gy ”‘;"{Eﬁﬂi;““‘ Bh Torm 2 WA TS & 2904 2 17162 + 5247 b 1125 + 48 51 be 25,00 + 0.00¢
EfFS Mean 436,25 4 HET0 A 15913 £ 35,99 B 10000 4+ 33.30 BC 12,50 + 3300
Lo Term 1 ATE L0434 168 —043b L35 + D64 be 000 4 0.00 ¢
MNumbsee I:i]sfln'nl‘:l:li:l““h BER Term2 475 + 037 a 1RS = (48 b 235 + 06d be 1.0 + 0.0 ¢
Sl Mean 425 + 028 A 23R+ 0358 175 = (.46 BC 050 £ 013 C
S st Fruit with BER in total w::ight of Term 1 184 4+ 3955 ** 1440 =11.24 b 1250 + 12280 be LU =+ 0.0 e
st Fruits Term 2 16304+ 1852 1290 + 674b 1150 4+ 7.26 be BI04 D4c
(2] Mean 17.50 + 4.94 A 1370 + 654 B 1210 + 7.16 BC 650 1 050 C
Tiakal we-ighh:f !'.||..'IFI.l Teerm 1. 122750 = 65040 WEY.ZS & 42 59 ab YA RE S FIT] b Yah 15 = 4558 b
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(heanies, shosts: and set Froks) Term L 112375 £ 51,37 a YIS £ LT h HRLEYE 7117 ab Y5115 1 43300
i/ plant) Mean 07378 4 B1IT A 82250+ 4T 46D #7063 = G116 AB 81125 + 4877 B
Weight 6f focls Tierm 1. .75+ 105 TS L Ta 35705 4 3135k AR £ 10.21 ab
g Term 2 SITI+ 892a S5+ T4 W75 4350 45500 + 10,21 ab
Bpl Ml 47475 + K30 A 46225 — 1998 A 33225 £ 2H B0 B AE300 + 259 AR
. i , Teerm 1. 2 b 1.7+ 002¢ 420 04 a 215 cilivh
Bl Rroit ity oo i R Term 2 203 L 006 ab LEl _ 001 b 27310154 210 _ 006 ab
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* Means with different letters indicate a statisdcally sipnificant difference accovding to the Tukey [SD testat o =
0,05, Lowvercase letbers indicate differences in the interaction of crop term » treatment, capital letbers indicabe
differonces betweon reatments (mean of bvo terms). ™ data after Bliss transformation.

The number of fruit sets was lowest in the control and highest at high EC nutrient
solution (Table 1). The mean weight of the pepper fruit set was highest in the control. The
applied high EC of the nutrient solution {(High EC) and the SA foliar (Low EC + S5A-f} and
foliar treatment with the simultaneous root treatment (High EC + SA-f + SA-r) reduced the
average weight of pepper fruit set produced up to 70 DAS (Table 1). In contrast, the weight
and number of fruits sets with BER symptoms were the highest in the control with standard
Low EC of the nutrient solution. The foliar application of 5A to the plants growing at Low
EC of the nutrient selution up to 70 DAS, reduced the weight and number of fruit sets with
BER. Additionally, the application of High EC of nutrient solution without 5A resulted in
lower weight and number of fruit sets with BER than in the control, Application of High
EC and foliar and root application of 5A at 5 mmol and 100 ppm, respectively, had the
strongest effect on the reduction of the weight and number of fruit sets with BER, compared
to the control. Foliar SA spraying of peppers grown at low nutrient EC decreased the
number (by more than 40%) and weight (by about 60%) of fruit sets with BER symptoms
compared to plants grown at low nutrient EC. At the same time, foliar and root application
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of SA in plants grown at a high nutrient EC decreased the number (by about 70%) and
weight {by more than 80%) of fruit sets with BER symptoms compared to plants supplied
with a high nutrient EC (Table 1).

Peppers grown aeroponically at the low EC of the nutrient solution produced the
highest mass of leaves, shoots, and fruit sets. The lowest values of these parameters were
observed for plants from the High EC + SA-f + SA-r combination. It was found that the
high EC of the nutrient solution had a negative effect on plant weight. Measurements made
after 70 DAS showed that the root weight of plants growing under Low EC was the highest.
The foliar application of 5A in combination with the Low EC nutrient solution reduced
the weight of leaves, shoots, and set fruits, but not root weight. When 5A was applied by
spray and to the roots in the stress combination (High EC + SA-f + SA-r), an increase in
root weight was observed compared to the High EC combination. Total plant and root
weights were highest in the Low EC and Low EC + 5A-f combination and lowest in the
High EC combination. The ratio of total aboveground weight (leaves, shools, and fruit
set) to roots was highest in the High EC combination and lowest in the Low EC + SA-f
combination [Table 1].

3.4, Chlorophyll a Fluorescence

The use of high EC of the nutrient sclution in pepper cultivation reduced chlorophyll
@ fluorescence parameters of pepper leaves such as Fs, Fm, and PI compared to the con-
trol and the other combinations (Table 2), On the other hand, when the nutrient solution
was characterized by high EC and SA was applied to the leaves and roots, an increase in
maximum light-adapted fluorescence Fimn® and overall PSIT—PI viability was observed, com-
pared to plants untreated with SA (Table 2). SA-treated plants growing under optimal EC
conditions also showed an increase in maximum light-adapted fluorescence Fin” compared
to non-treated plants. The statistical analysis showed no signiticant differences between
the combinations for the quantum yield of PSII—&PS1 and the maximum photochemical
vield of PSII—Fv /Fm (Table 2).

Table 2. Effect of high EC nutrient solution and SA treatment in acroponic cultivation on chosen
parameters of chlorophyll a fluorescence of pepper leaves (average of bwo terms + SE),

Combination
Fs 48466 & 555 a° 49366 & 257 a 4333 +£450b 486000 = 5.09ab
Fm' 176300 &£ L6%c 200333 £ 2368 164967 £ 047d 1835333 £ 1.24 b
TSI (.72 4 0.00 a 072+ 0.03a 074 +£0.02a 0.71 £001 4
Fv/Fm (LE0 = (.00 a 080+ 001 a 079 +003a 0.81 + 000 a
" 495 L (L17a 475+ 04%a 423 £ LikiDb 467 £058a

* Means with different lowercese letters in the same row mdicate a statisncally significant difference according to
the Tukey test (p < 0.05),

3.5. Content of Soluble Protein and Hz Oy, the Activily of SOD and CAT

In order to precisely investigate the redox homeostasis in pepper leaves in response to
different treatment combinations, the Ha0s content and activity of antioxidant enzymes:
50D and CAT were determined. [n the first step, the soluble protein level was analysed and
it was observed that it had a higher value when EC increased. The simultaneous treatment
with SA to both low and high-EC-treated plants negatively influenced protein content. The
foliar application of SA to the plants cultivated under low EC reduced protein level up to
14.58 mg g~ FW (Figure 44),
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Figure 4. Effect of high EC nutrient solution and SA treatment in aeroponic cultivation on protein
content (A), HyOy level (B), activity of superoxide dismutase (S00) (C) and catalase (CAT) () in
pepper plants (average of two terms & Sk). * Means with different letters indicate a statistically
significant difference acenrding to the Tukey HSD test at o = (L5

The activity of one enzyme responsible for Ha (3 formation-S0D-fluctnated among
different treatments. When EC was higher, the activity of the enzyme decreased. In
turn, SA application upregulated 50D activity regardless of the EC value. The maximum
activity was observed when leaves were subjected to the simultaneous action of low EC
and exogenous SA (Figure 4C). The next step of analyses focused on the determination of
the H;O; compound in pepper leaves. As Figure 4B shows, a gradual increase in H;O;
content was observed when EC was higher. Strong accumulation of H;O; was noted in
plants cultivated under high EC and treated with SA. Then, it reached 0.9 pmol mg™1 FW,
However, foliar SA spraying on leaves under low EC did not evoke such stromg stimulatory
effect. One of the antioxidative enzymes dismutating HzOs is CAT; thus, its activity was
also determined. A similar tendency for this parameter was observed as the HaOx content,
The increasing salt concentration of nutrients upregulated CAT up to ~45 pmol mg—1 FW.
Moreover, exogenous SA acoelerated the activity of the enzyme, especially when it was
applied to plants cultivated under high EC. Under these conditions, CAT activity was the
highest reaching 60 U mg ! protein (Figure 4D).

4. Discussion
4.1. Selection of a Proper SA Concentration for Foliar and Root Treatment in Peppers

Based on the obtained results, it can be concluded that 5 mmol L™t SA is the most
effective for foliar application to pepper plants, since a higher concentration (10 mmol L)
of this compound evoked toxic effects. Un the other hand, 100 ppm 5A applied with a
nutrient solution in hydro or aeroponic cultivation is recommended for root treatments.
A higher concentration of SA (150 ppm} affected plant growth and development and was
even toxic for pepper (1000 ppm). There were several reports concerning the positive
role of SA in the regulation of the development of this species in hvdroponic cultivation,
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Ibrahim et al. [18] sprayed pepper leaves with SA at concentrations of 0, 0.5, 1.0, and
1.5 ¢ L1 on the 20th, 40th, and 60th day after transplanting and showed that the foliar
application increased vegetative growth rate compared to the control. According to this
study, the application of SA at a concentration of 1.5 g L~! enhanced not only growth but
also fruit quality and vield. Canakei [38] treated roots of pepper seedlings with ditferent
SA concentrations (0; 0.3; 1.5; 5; and 10 mmol) and selected 1.5 mmol SA as optimal for
growth improvement.

4.2. Effect of 5A on the Morphology, SPAD Index, and Chloropindl Fluorescence of Pepper
Cultivated under Different EC

A study by Vicente and Plasencia [27] proves that the regulatory role of SA depends
on the concentration, the plant growth conditions, and the stage of development. [t was
experimentally confirmed that high concentrations of SA (>1 mM) have a negative effect
on plant development and growth. In the present study, there was no positive effect of
toliar SA on plant growth, number of leaves, or plant and root weight of peppers grown
under standard EC conditions in aeroponic cultivation. In contrast, Souri and Tohidloo [37]
showed that foliar application of 54 increased plant height and leaf area in tomatoes, while
Yildirim and Dursun [38] observed higher growth, yield, and better quality of fruits in this
species. On the other hand, Kowalska and Smolen [39] reported no etfect of salicylic acid
on tomato fruit vield. MNevertheless, the most important result obtained in this study was
that plants sprayed with SA formed fewer fruits with calcium deficiency symptoms (BER),
which is the limiting factor for pepper productivity. Thus, this valuable data can be used to
obtain high-quality products in aeroponic cultivation,

The application of a high concentration of the nutrient solution (7 dS m 1) to pep-
pers on 35 IXAS under acroponic conditions induced oxidative stress. According to Ak-
tas et al. [40] and Ahmadi and Souri [41], high EC (5 dS m™!) induced by NaCl, negatively
affects pepper growth parameters. Salt stress is one of the main factors affecting plant
growth and vield [42], which was confirmed by the obtained results. The exogenous SA
applied as a spray and to the roots of plants growing under high EC nutrient reduced the
weight and number of BERs, affected the increase in root weight of peppers, increased leat
SPAD values, maximum light-adapted fluorescence Fm' and overall FSII—F1 viability com-
pared to non-treated plants [43]. Studies by Tahjib-Ul-Arif et al. [44] and Oliveira et al. [45]
showed thal exogenous SA had a significant effect on cherry tlomato fruit production. The
authors revealed that SA optimizes plant uptake of nutrients, increases photosynthetic
activity and biochemical processes, with consequent positive effects on plant growth and
development under salt stress conditions, It cannet be ruled out that the SA-dependent
regulation of crucial processes such as photosynthesis might contribute to the improvement
of plant vitality and further better resistance to physiological disorders, such as BER. It is
highly possible given the findings of Huang et al. [40], who showed that SA-treatment of
Dendrobium gfficinale cultivated under stress conditions upregulated chlorophyll fluores-
cence parameters, including maximum photochemical PSIT vield (Fv/Fm), which allowed
the plant to adapt to the stress. Additionally, exogenous SA increased chlorophyll content
under drought conditions [47] and salinity [42]. Osama et al, [43] suggested that the reg-
ulatory role of 5A is connected to the prevention of the reduction of auxin and cytokinin
levels, which leads to better cell division of the root apical meristem, thus contributing to
the improvement of plant growth and vield. Furthermore, SA can alleviate salt stress by
increasing water and nutrient absorption, membrane protection, as it can also interact with
ROS signalling pathways and reduce oxidative stress [49],

4.3. 5A-Dependent Effect on the Soluble Protein and H; O3 Content, SOD and CAT Activity in
Pepper Cultivated under Different EC

l‘?aliﬂit:«rJ simi!arl}r to other stresses, stimulates the synthesis of proteins protecting
plant tissues, which is a part of the defence mechanism induced in the plant to deal with
adverse environments. That is why, as it was presented here, leaves of pepper cultivated
under higher salt concentrations accumulate proteing. These findings are in line with
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the results of Agamy et al. [50]. They show that salinity positively regulated soluble
protein content in tomato leaves (~37%), even more, when 5A was applied. Similarly,
Ahmed et al. [51] suggested that the simultaneous action of salinity and SA increased
proteins by about 5%. However, the study showed the opposite effect evoked by this
plant hormone. Regardless of salt concentration, 5A downregulated protein levels in
pepper leaves, This is in accordance with previous studies of Shahba et al. [52] and EI-
Tayeb |53, indicating that SA reduced protein content under salt stress in tomato and barley.
Collectively, 5A treatment could exert various effects against stress in a species-dependent
manner. Furthermore, it cannot be excluded that SA action in the alleviation of salinity
stress could be related to the modulation of protein activity even more than their content.
S0, to better understand this phenomenon, the next analyses focused on the enzyme activity,
Abiotic stress causes oxidative stress reflected by an imbalance in ROS generation and their
scavenging, e.g., by antioxidant enzymes, such as 50D and CAT. It was not surprising that
the content of HyOz, as one of the relatively stable ROS, increased under higher salinity,
At the same time, SOD activity decreased. On the contrary, SOD activity was found to
be upregulated under salt stress in tomato and wheat [534,55]. Based on the presented
observations, it may be assumed that HzOs could be formed in the 50D-independent
pathway during salinity in pepper. The obtained results indicate that the production of
Hz (O is stimulated by exogenous SA in pepper leaves, particularly when it was applied
to the leaves and roots. Farhadi and Ghassemi-Golezani [56] observed an accumulation
of HyO; under salt stress in Mentha puleginom, but exogenous SA reversed this effect. A
similar trend was noted by Alsahli et al. [55] in wheat; however, 75 mM SA upregulated
H;0; content. Concentration-dependent effect of exogenous SA can explain the extensive
H;0; production in pepper leaves. Moreover, a strong accumulation of HzOy in the leaves
subjected to salinity and double SA application to leaves and roots might be related to its
transport from the place of application to the leaves since this molecule has the ability to
diffuse across membranes [57]. Such a scenario is possible, given the enzymatic activity
of CAT responsible for HyO; detoxification. A high level of this kind of ROS is correlated
with increasing CAT activity in every experimental variant sugzesting that this enzyme is
activated by salinity and exogenous 5A and could detoxify such high amounts of H;O; and
helps the plant to alleviate stress and survive. The positive role of SA in salinity-evoked
antioxidant responses was reported in tomato [58] and rice [59].

The effect of SA treatment of peppers both at low EC and under stress conditions
caused by high EC of the nutrient solution in the aeroponic growing syslem was positive,
Stress conditions cause disorders in plant metabolism, resulting in an increased production
of ROS, This results in the activation of signalling cascades, leading to acclimatization to
the affected conditions [6U]. ROS could interact with SA during the stress response, Slight
increases in ROS concentrations are thought to induce defence mechanisms, while very high
concentrations induce death by cell damage [60,61]. One example of a known signalling
function of ROS is the involvement of HzO; in the regulation of stomatal movements [52,63],
which could increase Ca transport in xylem tissues and, consequently, reduce the occurrence
of BER in SA-treated plants, as was shown in SA-treated peppers.

5. Conclusions

The use of SA in aeroponic cultivation affects the growth and development of peppers.
Peppers cultivated in a high concentration of the nutrient solution (EC of about 7dS m—1)
showed symptoms of oxidative stress. 5A reduced the number and weight of fruit set
with calcium deficiency symptoms. The results of the study indicate that the effect of SA
in the alleviation of salinity stress in pepper is related to increasing the leaf SPAD index,
a maximum light-adapted fluorescence—Fm’ and overall PSII viability—T1 Oxidative
balance 15 distupted by high EC, while exogenous SA activates CAT, which detoxifies high
amounts of ROS and helps the plant to alleviate stress.
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Supplementary Materials: The following supporting information can be downloaded at: hitps://
wiww.mdploom /article /103390 /agronomy 13030779 /51, Table 51. Effect of SA foliar spraying on
chosen pepper plant parameters depending on acid concentration (mean £ SD}; Table S2. Effect
of SA root-applied on chosen pepper plant parameters depending on acid concentration {average
of two terms £ 51); Table 53, Effect of solution with different EC and SA treatment in hydroponic
cultivation on height and number of leaves (average of two teems £ SD); Photo 51, (A) Cultivation of
peppers inan acroponic system, where upside-down containers with nozeles for spraving nutrient
golution (one for each plant) onto the roots were covered with black and white film, and a container
for nutrient sulution was installed at the beginning of each bed, which was automatically pumpesd
intw the nozgles and fed to the plants (B). A sweet pepper plant cut into two fruiting shoots; Graph 51.
Diagram of the conduct of the experiment. Four growing beds, one individual agroponic system for
each combination (20 plants each). Randomly selected test plants for physiological and biochemical
measurements are marked (See Photo 51},
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SUPPLEMENTARY

Table S1. Effect of SA foliar spraying on chosen pepper plant parameters depending on acid
concentration (mean £ SID)

Paramatar: Concentration of salicylic acid
08A 1 mumol 2 mmcl 3 mmol 10 mmod

Plant height 28 A7+ 0 472* 25.00+ 0008 AT+ 047 1T87+047d 1200+ 0.00=
{cm)

" Shoot diameter 5.00 + 0.00d 1467+054a 12.00 = 0.00b 10.00 £ 0.00c S.00+0.00d
(o)

humber of laaves 2533+ 0472 1333 +047b 1967+0472 1667+ 047d 16T+ 047e
(e

Plant waight 60,00 = .00k 30,00 = 0.01zb SO0 0.01a 6000 = 0.01he 40.00+0.00d

(=
EPAD valoa 30.50 = 5.00zb 5614+ 5 00z 4752 +43b 4807+ 3.03h 3500%+207:

* Means with different lowercase letters in the zame row mdicate a statistically sipmificant difference accordimg to the Tuley
test {p = 0L05).

Table 52. Effect of SA root-applied on chosen pepper plant parameters depending on acid
concentration (average of two terms + SD).

Parameters Concentration of salicvhic amd

0sa 100 ppm 130 ppm 500 ppm 1000 ppm
Plant height 28467 & 0.472% 2933 L0472 2567T+£04Th 2067 L0947 1333+ 0474
{icmn)
Shoot .00+ 0.la 067 +0.002 367 +0.00b 331+ 0.0k 167+ .00
dizmeter
{momy
MNumber of 2333+0472 2031+04Th 1500+ 000 11.00 = 0.00d 600+ 0.00=
leaves (Mo}
Plant weight 60.00+0.001a 30.00 £ 0.003a 30,00+ 0.00b 30.00 4+ 0.0020 0004 0.000e
(=
SPAD value 498624 80z 44 46 & 5.00b 398942 58 305007594 12292 T4a

*Weans with different lowercase letters in the same row indicate a statistically significant difference according to the Tukey
rest (p = 0.03).



Table S3. Effect of solution with different EC and SA treatment in hvdroponic cultivation on
height and number of leaves (average of two terms + SD).

Combinations
Plant parameters Mleazurament dates
LowEC Low ECHEA £ High EC High EC 5Af
_ +3A-T

Plant heizht 0DAT 35.00+122a* 33.25£1.30a 35750873 33.50 % 1.09a
{ern) TDAT 4475+ 10% 4529+ 1.30= 4750+ 2.60=2 450112
14 DAT 6250+ 180a G300+ 1 4la 6050=1.12a 61.50+320a

21 DAT T3.00+245z 7300 4+ 1 .00zh T125+1483b G825 £ 335k

2EDAT 9335+1.0% B9125+2.77a 8175265 5l.504.13b

Mumber of laaves 0 DAT 12.00+070= 11.75 +0.83= 1150050 1150+ |.12=
TDAT 13.00=122a 13.00+0.71a 1350 =050 1350=087a

14 DAT 1650+ 050a 1650+ 0502 1675 =0483a 1675 =0 43a

21 DAT 18.00+123a 18.00£1 232 172520502 1750 £ 0.83a

18 DAT 1225+ 083 18.00+0.71zb 1750 =043k 16.75 £ 0.50b

*Means with different lowercase letters n the same row indicate 2 statistically significant diffsrence according to the Tukey
test (p = 0L03).

=

A See Graph 81 B

Phota S1. (A) Cultivation of peppers in an aeroponic system where upside-down containers with nozzles for
spraying nutrient solotion (one for each plant) onto the roots were covered with black and white film and a
container for notrient solution was installed at the beginning of each bed which was aptomatically pumped into
the nozzies and fed to the plants (B) A sweet pepper plant cut into two fruiting shoots.
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Abstract: The aim of this study was to investigate the effects of spraving plants with 0.03% salicvlic
acid (5A), 0.7% caleium nitrate (Ca), and 0003% salicylic acid together with 0.7% caleium nitrate
(54 + Ca) on plant growth, yield, and fruit quality of peppers grown in a mineral wool substrate, The
control plants were sprayed with water (C). Two red-fruited sweet pepper cullivars were used in
the study: “Aifos’, and ‘FPalerme’, which produce fruits characterized by different shapes. Biometric
measurements of the plants showed a higher growth rate of pepper plants when 54 and Ca were
applied foliarly compared to the control. Plants treated simultanecusly with SA and Ca were
characterized by the highest steacdy-state fluorescence vield [Fs]. The relative chlorophyll content
of pepper leaves was also higher in plants sprayed with 5A, Ca, and 5A + Ca than in plants in the
control, The analysis of pepper yield showed in both cultivars the effect of foliar treatment of plants
with SA and Ca and SA + Ca on inereazing pepper resistance to the ocourrence of Ca defidency on
pepper fruit (Blossom end rot), Pepper fruits harvested from plants treated with 5A, Ca, and 54 + Ca
had more juicy flesh,

Keywords: CIE Lab; physiological disorder BER: chlorophyll a fluorescence; SPAD index;
sensury qua]it:,.'

1. Introduction

The genus Capsicum includes 40 plant species [1], among which are vegetables and
spice plants, including sweet pepper (Capsicunt annuum L.). After the potato and tomato,
peppers are the third most economically important vegetable in the Solanaceae family [2].
The cultivated varieties of pepper differ in fruit shape (block, conical, oblong fruit), fruit
size and color, and pericarp wall thickness, among others, In commercial production, the
most popular sweet pepper varieties are those with fleshy block-type fruit colored red.
They are used primarily for fresh consumption but also in processing and for dried or
frozen foods [3]. Pepper fruits have a high value in terms of health benefits. They contzain
bioactive compounds, including phenols, carotenoids, and antioxidants such as f-carotene,
or provitamin A, and vitamin C [4-6]. The vitamin C content of pepper fruit depends on a
number of factors, including cultivar, cultivation method, weather conditions, and fruit
maturity. Its content in ripe fruit of sweet pepper varieties varies between 62 and 150 mg
in 100 g of fresh weight. However, there are known varieties whose fruit contains up to
350 mg of ascorbic acid in 100 g of fresh weight [7].

Demand for fresh, good-quality pepper fruits is high throughout the year. Peppers
require adequate temperature and plenty of light for proper yield [8]. Such conditions
for growing peppers throughout the year can be achieved under covers. Commercial
pepper production in temperate climale countries is carried out both in plastic tunnels
using conventional, soil-based cultivation and also in year-round greenhouses using soil-
less cultivation technology, including hydroponics [9]. Soilless culture systems (SCS) are
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increasingly being used for vegetable cultivation in the high-tech greenhouse production
industry. Soilless cultivation is often referred to as "hydroponics’, Soilless cultivation using
different growing media (substrates), such as rockwool, perlite, and coconut, is the most
commonly used SCS in the world for the production of fruit and vegetables, including
peppers. This technology of greenhouse pepper production in mineral wool is very popular
in the Netherlands [10-13].

The guality of fruit is influenced by a number of cultivation factors. An undesirable
phenomenon is the Blossom end rot (BER) physiclogical disorder, the symptoms of which
are located on the fruit, reducing the marketable yield of peppers [14]. The causes of BER
are related, among other things, to water stress, which reduces Ca transport in the plant.
Too low concentration of Ca in the fruit, particularly at the top of the Fruit, results in dry,
brown spots, a characteristic of BER. The symptoms of this disorder can cover up to hall
of the fruit surface. Most often, the onset of the spots is a darkening of the tissues at the
top of the fruit resulting from cell death, The appearance of BER symptoms is the result
of cell membrane rupture and irregular softening of cell walls due to enzymatic processes
of pectin chain breakdown, which is caused by Ca deficiency in the fruit [15]. Calcium
is an essential plant nutrient, mainly used for cell wall construction, and cell signaling
response, cell membrane stability, and selectivity [16]. Ca® ions can bind strongly with
organic acids (e.g., in vacuoles), limiting Ca mobility [17]. Calcium is relatively immobile
in the phloem. Therefore, the contribution of phloem transport to Ca distribulion may be
limited [18]. Calcium uptake by the root system is transported via the xylem to various
tissues and organs [19].

Among the exogenous substances that reduce the adverse effects of various abiotic and
biotic stresses in plants, calcium has proven to be effective. Calcium is used not only as
an essential nutrient for plant growth but also as a component actively involved in various
metabolic processes and as an intracellular messenger for many signal transductions such
as abscisic acid (ABA) and reactive oxygen species (ROS) et al. [20,21]. Nowadays, foliar
fertilization is widely used as a treatment to complement root fertilization [22] and provide
plants with nutrients with limited mobility, such as Ca or micronutrients, among others [23,24].

Salicylic arid is a natural growth regulator of vascular plants that influences plant
physiclogical and metabolic processes, including photosynthesis, transpiration, and trans-
port |25-28|. Foliar application of salicylic acid can reduce the negative effects of stresses
and increase the yield of susceptible vegetable species [29]. The first observations on the
involvement of SA in plant resistance were made by Raymond T, White in 1979 [30], The use
of acetylsalicylic acid in virus-susceptible tobacco (Nicotiana Inbacum ev. Xanthinc) resulted
in the development of resistance to TMV-—tobacco mosaic virus [31]. In tobacco with a
virus-resistance gene, an increase in endogenous SA levels was found following virus
infection, and, at the same time, an accumulation of pathogenesis-related PR (Pathogenesis-
Related) proleins was found [32]. S5A also has funclions in plant development, ranging
from seed germination to fruiting, DINA repair, and a variety of abiotic stress tolerance
mechanisms [33,34]. However, different vegetable species and cultivars respond very
differently to exogenous salicylic acid [35].

Due to the occurrence of high temperatures under covers, especially in summer,
peppers are exposed to abiotic stress. The main effect of this stress is a high proportion
of non-marketable pepper fruits with BER symptoms. For many years, numerous studies
have been conducted on effective ways to reduce the occurrence of calcium deficiency
symptoms in peppers and other vegetable species, However, there are few reports on the
effect of salicylic acid in reducing BER in peppers grown hydroponically. Hydroponic
cultivation of peppers in the greenhouse in an inert substrate is increasingly used due to
the high efficiency of irrigation and plant nutrition. On the other hand, problems with
physiological disorders occurring in the cultivation result in reduced vield quality. The aim
of this study was to evaluate the effects of both calcium nitrate and salicylic acid on the
growth, yvield, and quality of pepper fruit grown hydroponically.
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2. Materials and Methods
2.1. Location of Research

The research was conducted at the Greenhouse Experimental Centre of the Warsaw
University of Life Sciences [longitude 21° E, latitude 51°15' N] in the cultivation chambers
of the Department of Vegetable and Medicinal Plants.

2.2. Plant Material and Experimental Conditions

Two red-fruited sweet pepper cultivars were selected for the study: *Aifos'—with
block fruit Seminis brand by Bayer, and ‘Palermo’—with elongated pointed fruit by Rijk
Zwaan. The “Aifos” cultivar is characterized by rapid and strong growth, with no tendency
to spread. The fruit is 3-4 chambered, red, block type, resistant to cracking, with a long and
strong stalk. The flesh thickness of ‘Aifos’ pepper fruit reaches 10 mm, and the average
fruit weight is 220 g. Plants of the "Palermo’ cultivar have a strong root system and a loose
habit. The Talermo’ [ruit is elongated, of the Dulce Italiano type, and has a high sugar
content. The skin of the fruit of this culbvar is very fine, smaooth, and shiny. The average
weight of a ‘Palermo’ fruitis 125 g,

The studies were conducted in two vears—2019 (term 1) and 2020 (term 2}, [n term 1 and
equally in term 2, pepper seedlings were planted on 13 May, and cultivation was completed
on 15 October. On both dates, the peppers were grown hydroponically in a mineral wool
substrate, To prepare the pepper seedlings, seeds of both cultivars were sown into mineral
wool plugs on 1 March and 7 March 2019, and 2 March and 6 March 2020, The mineral wool
plugs used for sowing seeds were soaked in a nutrient solution before sowing, The plugs
were pre-snaked in a nutrient solution with an EC (electrical conductivity) of approximately
1.4dSm~* and ph 5.5. The seedling nutrient solution contained the following components in
mg-dm 3 N-NOs-195, P-57, K-273, Mg-47, Ca-187, Fe-2, Mn-016, B-0.3, Cu-0.15, Zn-0.3, Mo-
0.05. After sowing, the seeds were covered with vermiculite and placed in an air-conditioning
chamber (Sharma Scientific Co., Delhi, India) at 28 °C day/night (D/N} until the seeds
germinated 7 days after sowing (DAS). The pepper seedling plugs (14 DAS) were then
placed in Grodan Delta mineral wool cubes by Grodan (measuring 10 cm % 10 ¢m x 6.5 cm),
soaked in nutrient solution with EC 2.8 dS-m ! and pH 5.5. The ready pepper seedlings
were planted into mineral wool growing mats on 28 DAS. Grotop Master cultivation mats
by Grodan were used in the experiment (measuring 100 cm % 20 cm % 10 emy). There were
8§ beds in the cultivation chamber, each bed about 9 m long and about 1 m wide. There were
9 cultivation mats of mineral wool and 3 pepper plants per mat (Figure 54). Fach plant was
cut into two shoots. The plant density in the chamber was 2.5 plants per 1 m* of growing
area, The nutrient solution was dosed to each plant with a single capillary. The nutrient
solution was dosed by computer in amounts based on the light conditions and the age of the
plants. The nutrient solution concentrated 100 times in tanks A and B was prepared from
single fertilizers. The composition of the basic nutrient solution for pepper cultivation was in
mg-dm‘it-. M-NO3-230, P-57, K-330, Mg-55, Ca-180, Fe-2.5, Mn-0.8, B-0.33, Cu-0.15, Zn-0.33,
Mo-0.05. The parameters of the capillary nutrient solution averaged over the growing period
were EC from 2.9 to 3.2 dS'm ! and pH 5.5-5.5.

Microclimate parameters were controlled with the Hortimax system. In the cultivation
chamber, the average day temperature in term 1 was 25.5 "C and 20.9 °C at night, and in
term 2, it was 25.8°C and 20.8 °C, respectively. Very often, during the vegetation period of
the plants in each of the cultivation dates studied, the average day temperature was close
to 30 °C, and the night temperature was 25 “C. The reason for such high temperatures in
the greenhouse was high solar radiation, The radiation sum in term 1 during the growing
season of the plants was 192.11 k] /cm?, while in term 2 it was 209.41 k] /cm?. The daily
radiation totals averaged 1231 J/cm? in term 1 and 1342 J/cm? in term 2 (Figures 51-53).

The pepper plants were cut into two shoots, removing the side shoots during the treat-
ment, In the main branching of the pepper plants, the first fruit bud was removed. The two
strongest shoots were then brought out, and each was wrapped with polypropylene string
tied to two wires stretched in parallel at a height of about 3 m above the cultivation bed. Fach
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pepper shoot was tied with string to a different wire, forming a "V’ plant guidance system.
Plants were cut, and excess vegetative parts (e.g., leaves, side shoots) and generative parts
(lowers, fruit set) were removed in such a way that one node contained 1 leaf, 1 set, and a
side shoot with 1 leal (1 fruil and 2 leaves), Pruning of the peppers started on 18 DA ({the day
after planting) and was carried out every two weeks, depending on the growth of the plants.

Yellow sticky traps from Horiver and Swirski-Mite Plus sachets from Koppert con-
taining the predatory mite species Amblyseius swirskii were used for plant protection and
pest monitoring,

2.3. Experiential Factors

The research investigated the effect of foliar treatments on plants of bwo pepper
cultivars with individual treatment of salicylic acid (SA), individual treatment of calcium
nitrate (Ca), and simultaneous treatment of salicylic acid in combination with calcium
nitrate (5A + Ca). The control consisted of plants sprayed with water {C). The experiment
was designed using the randomized block method. There were four replicates for each
combination, with six plants in each combination.

Plants were sprayed once a week between 7 DAT and 151 DAT In the {5A) combina-
tion, plants were sprayed with individual treatment of salicylic acid at a concentration of
0.03% [34-36]; in the (Ca) combination, plants were spraved with individual treatment of
calcium nitrate at a concentration of 0.7% [37], and in the (SA + Ca) combination plants
were sprayed with salicylic acid together with calcium nitrate at a concentration of 0.03%,
and 0.7%, respectively. Control plants were sprayed with water (C).

2.4, Evaluated Parameters
2.4.1. Biometric Measurements of Plants

In each combination, six representative test plants were selected and measured once a
week between 7 DAT and 158 DAP to determine the plant height and the number of fully
developed leaves per pepper plant. Plant height was measured with a tape measure from
the root neck to the top of the plant. The number of leaves per plant was reported as the
sum of the fully developed leaves located on the two shoots of the plant,

2.4.2. Photosynthetic Activity of Pepper Plants

Twice during the cultivation period, on 31 DAP and 102 DA, modulated chlorophyll
a fluorescence of pepper leaves was measured on pepper test plants using an FMS-2
fluorimeter (Hansatech Instruments Ltd., King's Lynn, Morfolk, England). Active, fully
mature leaves that were at bwo developmental stages were selected for measurement: a
vounger, fully developed 5th leaf, counting from the top of the plant, and an older 10th
leaf, counting from the top of the plant. Steady-state fluorescence yield [Fs], ight-adapted
fluorescence maximum [Fm'] and photosystem Ll quantum yield [®FP511] were measured
on these leaves, At the same locations on the leaf, after the leaf had been adapted to
darkness for 30 min using special clips, the maximum quantum yield of PST [Fv/Fm] and
the PSII lifetime index [PI] were measured using a Handy PEA fluorometer (Hansatech
Instruments Lid., King's Lynn, Norfolk, England). The relative chlorophyll content of the
leaves was then measured at these locations. The measurement was made with a Minolta
SPAD-502 Plus chlorophyll meter, and the result was given as an SPAD index. The result
was the average of 5 unit measurements taken on one leaf, each at several millimeters apart,
avoiding the locations of the conductive bundles in the leaf,

2.4.3. Pepper Fruit Yield

Pepper fruits were harvested at harvest maturity as discolored [ruits and fully colored
fruits. Harvesting started at 56 DAR and fruits were harvested as they matured every
10 days or so, up to 158 DAP, both in term 1 and term 2. Harvested fruits were weighed
and counted, The weight and number of fruits of total vield (TY), marketable vield (MY),
and fruit with BER symptoms were determined.
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244, Dry Matter Content and Color Measurement of the Fruit

Five fruits from each combination were randomly selected for analysis at two time points
{54 DAP and 140 DAP). The fruits, without seeds and seed sepals, were cut into small cubes
of approximately 4 mm = 4 mm, and representative samples for analysis were taken in
triplicate from the fruit samples cut and mixed. The dry matter content of the pepper fruits
was determined using the dry-weight method at 105 *C (SUP-65W laboratory dryer, Wamed,
Warsaw, Poland). Fruit skin color at each date was measured on three randomly selected fruits
from each combination using a MiniScan XE FLUS D/8-5 portable color spectrophotometer
on the CIE L*a*b* system scale, where L*—lightness [from 0 to 100 units], a*—intensity of red
[a* = 0] or green [a* = 0], b*—intensity of yellow [b* = 0] or blue [b* < U].

245, Sensory Evaluation of Pepper Fruit Quality

Sensory quality testing of pepper fruits was performed in the Sensory Analysis Lab-
oratory of the Department of Vegetable and Medicinal Plants, which complies with the
standards PN-EN IS0 8589:2010/ A1:2014-07 [38]. The quantitative descriptive analysis
method QDA (Quantitative Description Analysis) was used for the evaluation according to
the procedure included in the PN-150 standard [39—41]. The evaluation was carried out
immediately after harvesting the fully colored fruits on two dates: 84 DAP and 140 DAT,
both in term 1 and term 2. On each measurement date, 5 fruits from each combination
were randomly selected for analysis, Each sample consisted of 3 elongated sticks of pepper
fruit pericarp (approximately 50 mm x 40 mm in size). The evaluation team consisted of
18 trained individuals,

The gualitative characteristics of odor, texture, and flavor of pepper fruits harvested
from plants from all tested combinations were evaluated. The overall impression relating
to sensory quality was also assessed as a separate differentiator. The consumer evaluation
concerned general desirability and taste desirability. Tt was carried out by the same team of
18 people as the profile sensory evaluation, marking on a linear seale of 0 to 10 contractual
units [e.u.], with boundary markings: scale minimum—very undesirable; maximum—very
desirable. The sensory quality attributes of the pepper fruits were evaluated, and their
definitions are presented in Table 1.

Table 1. Pepper fruits sengory descriptors and definitions.

Quality Descriptor Definition Anchoring Points
Crdor Odor of fresh pepper fruit Odaor characteristic of fresh pepper fruit Mone—very intensive
Skin hardness Degree of force needed to bite the skin Soft—very hard
Flesh fibronsness Mouthfeel of flesh homogeneity Smooth—very fibrous
Texture Flesh firmness Degree of force needed for chewing the flesh Soft—companies
Flesh juiciness Armount of liquidisrf;]hu:.:; when the sample Mot very jidey
Typical pepper Aavor Flavor characteristic of fresh sweet pepper fruit Mone—very intensive
Sour taste Basic taste Mot very intensive
Flasiaic Sweet laste Basic laste Mol very intensive
and tasbe Bitter taste Basic taste Not very intensive
descriptors Pzl e Flavor which gi:r:lstﬁ: i;?_lpgf:sim of burning None—very intensive
Off-flavor Untypical flaver of pepper fruit MNone—very intensive
Overall quality General sensory quality impression Low-quality—high-quality fruit

Owerall quality

Owerall desirability and
overall taste desirability

Cwverall consumer qualiky

Highly undesirable—highly
desirable
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2.5. Statistical Analysis

Statistical analysis was performed using one-factor, two-factor, and three-factor analy-
sis of variance, ANOVA (Statistica, version 13, Warsaw, Poland). A detailed comparison of
means was performed using the Tukey test at a significance level of o = 0.05.

When developing the results of the sensory quality evaluation of the peppers, the
ANALSENS ver. 6 program was used to prepare the tests, record individual evaluations,
and statistically process the results,

3. Results
3.1. Biometric Measurements of Plaits

The results of the biometric measurements showed the effect of the treatment of
peppers with individual treatments of SA and Ca on plant growth and the number of leaves
in peppers. Weekly pepper shoot length growth depended on plant treatment and cultivar.
Spraying peppers with individual treatment of calcium nitrate influenced higher weekly
shoot growth of peppers compared to control plants sprayed with water (Table 2).

Table 1. Ettect of salicylic acid and calcium treatment of pepper plants on weekly growth of the stem,
height of the plant, and number of leaves depending on cultivar [=5E].

» Cult Term Treatment
arameter ultivar of Growing SA Ca SA+Ca Contral
T term 1 197+19%ns  203+177ns  1924+177ns 168+ 169ns*
1 term 2 197 4+199ns 205+ 1.76ns 182+ 1.77ns 168+ 1.69ns
Weekly growth Average 198+ 142NS 204+ 125NS 182+ 125NS 168+ L20NS
of stem [cm]| o , term 1 225+ 205 ns 253+ 217 ns 23.1 + 1.89 ns 20.7 + 1.55 n=
e term 2 246+23ns  253+217ns  231+189ns 207+ 155ns
Average 23.5 £ 1.57 NS 253+ 153 N5 231 £ LM NS 2008 £ 11D NS
Average 217 =212AB 2284199 A 20,6 & 1.85 AR 8.8 + 164 B
e term 1 1429+ 621ns 1399+ 600ns 135.6+£524ns 1335+ 515ns
Attos term 2 1424 +63%ns 1391+ 613ns  1340+527ns 1317 +515ns
Height of plant Average 1427 + 446 NS 1395+ 429N5 1348+ 372N5 1326 + 365 NS
[em] — term 1 1728 £624ns 1705+ 637ns 17084587 ns 15924612 ns
il borm 2 1715+628ns 1675+637ns 1697 +595ns 1581 + 6.18 ns
Average 1721 £ 443 NS 1690 £451 NS 1702 £ 419 NS 1586 + 4,36 NS
Average 1574+ 025A 1543+£319AB 152542597 AB 14564 293B
Aifos” term 1 E+102a 30.7+097a 273+ 0.82 ab 274+ 079 ab
T term 2 83+ 1.07ab  279+057ab 244 082b  245+078b
Mo, 6f leavies Average 2954+075A  2925+069A  258+0598B 259 +0.57B
[No. /plant] o , term 1 390+135a F9£102a 35341354b 327+ 100k
LT term 2 3%0+123ab 34941.0%ab  324+092bc 2084 1.02 ¢
Average IF5E0894 3R4E074AB 3394+066BC MIE£074C
Averagze I35 L 062 A 2B L0054 A 29910498 286 E£0498

* Means with different letters indicate a statistically significant difference according to the Tukey TISD test at
¢ = .05, Abbreviations: ns, not significant; N5, not significant. Small letters reler to the combination term = treal-
ment, and capital letters relate to treatment (for each cultivar—bvo-factor analysis of variance, and for the averages
of the cultivars—three-factor analysis of variance),

The Palermo’ plants had longer weekly shoot growth than the “Aifos” plants. Plants
sprayed with individual treatment of SA were more than 11 cm higher on 158 DAP than
plants in the control. Spraying peppers with salicylic acid and SA + Ca influenced higher
weekly shoot growth of peppers compared to control plants. Plants treated with foliar
individual treatment of SA, individual treatment of Ca, and SA + Ca were higher than
control plants. Peppers treated with both individual treatments of SA and Ca had more
leaves than plants in the control (Table 2). Plants of the 'Palermo’ cultivar were higher
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than those of the "Aifos’ cultivar, reaching an average height of about 172 cm by 158 DAL,
while plants of the “Aifos’ cultivar reached about 143 cm (Table 2). Plants treated with
individual treatment of SA and individual treatment of Ca had a higher number of leaves
per plant than the control and plants treated simultaneously with 5A and Ca (5A + Ca).
The parameters of plant height and number of leaves reached higher values for the cultivar
‘Palermo’ than for “Aifos’ (Table 2; Figure 55).

3.2, Photosynthetic Activity of Peppers

The highest steady-state Auorescence yield was found in plants treated simultaneously
with SA and Ca—S5A + Ca combination (Table 3). The highest value of the Fs parameter of
chlorophyll a fluorescence was found in younger 5th leaves, counting from the top of the
plant in the cultivar 'Palermo’, and the lowest in older 10th leaves, counting from the top
of the pepper shoot in the cultivar "Aifos’. It was found that plants sprayed simultaneously
with SA and Ca had a lower quantum yield of photosystem II than plants from the other
combinations. The highest maximum P51l quantum vield was found in plants treated with
individual treatment of Ca compared to the control and plants treated with individual
treatment of 5A. The PSI viability index was also higher in plants treated with individual
treatment of Ca than in control plants. Young 5th leaves had the highest FI in the *Aifos’
cultivar in the combination sprayed with individual treatment of SA. Older 10th leaves,
counting from the top of the pepper shoot, had the lowest Pl in ‘Palermo’ plants in the
combination where Ca was applied together with SA (SA + Ca) (Table 3). The relative
chlorophyll content of pepper leaves was significantly higher in plants sprayed with
individual treatment of SA, ndividual treatment of Ca, and SA + Ca than in the control.
The results indicate that the SPAD index values were higher in the 10th leaves than in the
5th leaves (Table 2). In the "Aifos’ plants treated with individual treatment of 54 in the
10th leaves, counting from the shoot apex, the relative chlorophyll content was the highest.
However, in the cultivar ‘Palermo’, in plants sprayed together with SA and Ca, the 5th
leaves, counting from the shoot apex, obtained a higher SPAD index than the 5th leaves in
the control (Table 3). Noe differences were found between cultivars for the parameters Fm,
@PSII, Fv/Fm, and SPAD (Figure 56).

Table 3. Effect of salicylic acid and calcium treatment of pepper plants on selected chlorophyll
a fluorescence parameters and chlorophyll index of leaves depending on coltivar [mean of two
terms + SE|.

. Treatiment
Parameter Cultivar Leaf Stage SA Ca SA +Ca Ceintsol

o Sth 5128+ 184bc 5822 +248abc 6279+ 354ab 5238 +£257bc*
R 10th 4786 + 2406 ¢ 4957 = 333 be 40 +526a 549.9 + 27.8 abc

Average 4957+ 1398 5389+ 2158 6464 =318 A 5369 + 190 B

Fs Pal ; Sth 6066 £ 24.1 ns 568.8 = 27.7 ns 7556+ 322 ns 5349 & 5.6 ns

alermo 10th R825+351ns 5712+369ns  5746+320ns 5533+ 343ns
Average 5945+ 213NS 5699 4231 NS 66514+ 200NS 5441 £209 NS

Average 5452 + 134 B 5545+ 1588 655.7 £ 167 A 5405+ 1418
e Sth 20260 +£633ns 29020 £ 1100 ns 21470 £ 76.0ns 20314 £ 86.0ns
Hos 10th 2445+ 100.0ns 21664+ 1216ns 23036+ 81.1ns 21314 £ 90905
: Average 20353 £ 509N5 253424+ 601 NS 22353 L 504 NS5 20814 £ 629 N5
r "l , Sth 23188 +805ns 21880+ 94.0ns 24381 +1400ns 20909 + 104.3 ns
iy 10th 22517 + 866ns 22879+ 1120 ns 21622+995ns 21222+ 1030 ns
Average 22852 £ 593N 22379 £ 734NS 23001 £559 NS 2106.6 + 66.3 NS
Average 21602 £ 406 NS 23861 £ 42NS 22627+ 43.0NS  2094.0 4+ 457 NS
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Table 3. Cont.
F : Treatment
Parameter  Cultivar Lieal Stage SA Ca SA +Ca Control
. Sth 0.74 4 0,00 abe 0,73 £ 0.02 abe 0.69 & D02 ¢ (.74 + 0.01 abe
El 10th 0.76 + 0.02 ab 076 + 0.0 a 0.70 + 0.02 be 0.74 + 0.01 abe
Average 0.75 4 0.00 A 075+ 001 A 070 + 0.02 B 074+ 0,01 A
Psll
i Sth 0,73 £ 0.01 ns 0.73 £ 0,01 ns .71 + 0.01 ns (L.75 =+ 0.00 ns
AT 10th 0,74 £ 0.01 ns 0.74 £ (L01 ns (L73 £ 0.02 ns (.75 + 0.02 ns
Average .73 £ 0.01 NS 0.74 £ 0.01 NS 0.72 £ 0.01 N5 0,75 + 0.00 NG
Average 0.74 £ 0.001 A 075 £ 0.003 A 071 £ 0018 0.75 £ 0.001 A
b Sth 081 £ 0008 abe 082 + 0.007 ab {180 = 0.006 ¢ {L.81 £ 0,002 be
o 10th 081 + 0.003 abe 0.82 4+ 0,003 a 081 £ 0008 abe (.81 4 0008 be
."'weragw.‘ 081 4+ 0.001 8 A2 =+ 0L00DE A 081 =003 B 81 £ 00058
Fv/E RN A S 1 A e Ao (LEVE, a—
Y Pal - Sth 50 £ (LS ns (LE1 = (L2 ns (LA = (LOO] ns (L&D 2= (L1006 ns
alermao 10th 0,80 + 0.001 ns 081 = 0007 ns 080 = (LO05 ns 0.80 + 0.04 ns
Average 080+ 0002 AB 081 +0.002 A 0.80 + 0.005B 0.80 + 0,002 B
Average 0.81 4+ 0.006 B 0.82 £ 0.001 A 0.80 + 0,003 B 0.80 & 0.004 B
P ae Sth 77+ 0.33a 7.6+ .36 ab 7.3+ 040 ab 7.0 +0.30 ab
Hos 10th 6.9 4 047 ab 7.3 4 0.35ab 6.8 = 0.26 ab 5.2+ 0.33 b
Average 734025 AB 744025 A 7.1 £ 0.24 AB 66+0238B
o Pal , 5th 67+ 024ns 6.7 = L28 ns 6.2 = (128 ns .4+ 0.29 ns
e 10th 62 £0.25ns 6.5 % 033 ns 5.8 % 0.21 ns 6.2 % 0.37 ns
Average 64+ 017 A .6+ 0.22 A 6.0+ 0,18 A 63022 A
Average 6.9 =015 AB 704+ 017 A 654 0.15 AB 64+ 0168
el Sth 654 + L1l c [ T o L 587 101¢ e 139 ¢
Afos 10ith 7224229a 714 +0.75a 70.8 + 230 ab 66.7 + 0.93 be
m'uragu 658 £ .78 NS 678 £ 0.74 NS HhE £ (1,90 N5 A8.2 £ 0.72 NS
SPAD
Pal \ 5th 63.2 £ 098 el B0 &+ 1.01 ed B6.1 = 1:21 be 60241134
I 10th 709+ 093 a 70.7 +0.98 a 59.8 &+ 0.80 ab 860+ 2.25 be
Average 67.0 + (L84 NS 673 + 0,82 NS 656 + 173 NS 67.9 + .81 N5
Average 679 4+ 057 A 676 L0554 681 +£075A 6424+ 054B

* hdeans with different letters indicate a statistically significant difference according to the Tukey TISD test at
e = U.05, Abbreviations: ns, not significant; NS, net significant. Small letters refer to combination leaf skage x treat-
ment, and capital letters relate to treatment (for each cultivar—two-factor analysis of variance, and for the averages
of the cultivars—three-tactor analysis of variance),

3.3. Pepper Yields

Total pepper fruit yield and marketable yield did not differ significantly between
plants treated with individual treatment of SA and individual treatment of Ca or SA + Ca
treatment compared to the control, although in term 1, the marketable yield in the 'Aifos’
cultivar treated with individual treatment of SA was significantly higher than in the control.
In term 2, there was also such a trend, but the difference was not statistically significant
(Table 4). Plants in the control showed a higher fruit weight affected by BER than plants in
which both individual treatment of 5A and individual treatment of Ca were applied weekly
and in combination where plants were sprayed simultaneously with 5A + Ca. The average
weight of marketable pepper fruit was higher in plants sprayed with individual treatment
of SA and individual treatment of Ca than in the control (Table 4). The marketable yield
of the cultivar ‘Palermo’ was lower than that of the cultivar "Aifos’, especially in term
1. A higher fruit weight with BER was found in this cultivar compared to the cultivar
‘Aifos’ (Table 4). The number of fruits in total vield was higher in control plants than in
plants treated with individual treatment of SA or individual treatment of Ca. In marketable
yield, there were ne significant differences in fruit number between combinations. The
number of fruits in total yield in the cultivar " Aifos" was lower than in the cultivar ‘Talermo’
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{Table 5). In term 1, the cultivar "Aifos’ in total vield, on average of the combinations tested,
produced about 18,5 fruits per plant during the growing season, and in term 2, it produced,
on average, 16.9 fruits per plant. The cultivar ‘Palermo’, on the other hand, produced 43.7
and 46.4 fruits per plant, respectively (Table ). For marketable yield in term 1, the cultivar
‘Palermo’ had more marketable fruit in combination with individual treatment of 54 and
individual treatment of Ca than in the control (Table 5). For fruit with BER occurrence,
plants spraved with individual treatment of 5A and individual treatment of Ca, and in the
SA + Ca combination, had less fruit with BER than the control. The cultivar ‘FPalermao’ had
more fruit with BER symptoms than the cultivar *Aifos’ (Table 5). Total yield did not differ
significantly between cultivars, while for the average weight of fruit and marketable yield
parameter, lower values were found for the ‘Palermo’ cultivar compared to *Aifos’, The
cultivar ‘Palermo’ had higher values for the following parameters: number of fruits TY,
number of fruits MY, number of fruits with BER, and weight of fruits with BER (Figure 57).

Table 4. Effect of salicylic acid and calcium treatment of pepper plants on total and marketable yield,
fruit with BER, and average weight of fruit depending on cultivar [£5E].

o . Term Treatment
arameter Cultivar of Growing SA Ca Ca +SA Control
‘Aifos” Term 1 30 £115ns 25— 1.49ns 2.5 £ 1.56ns 25x083ns*
05 Term 2 INE0Mns 29 £ 203 ns 32+ 0.36ns 31 £ 0.81 ns
Total yield Average 3.0+ LI3NS 2.7 £ 1L.77 NS 28+ LO0 NS 28+ 1L.46 NS
Ikg/ plant] - , Term 1 28 +128ab 2.7 4 0.95 ab 23£030b 21+101b
ol Term 2 31+214ab 2.6+ 541 ab 38+221ab 42+139a
Average 29 + 207 NS 27 £336NS 3.0 + 301 NS 32+ 392N5
Average 30+ 111 NS 27 £ 1.79NS 29 + 169 NS 30+ 2.02NS
Ao Term 1 23+ 1.10 ab 2.0 + 1.71 ab 1.7 + 1.49 ab 1.4 4 1.06 b
i Term 2 25+0.72a 24+ 175ab 24 +1.65ab 2.3+ 0.59 ab
Mafhit?b'r Average 24+ 110NS  22+196NS  20+211NS 1.8+ 1.72 N5
WL
ki b ) ) Term 1 1.0+ 0.76 abe 1.0 + .36 abc 0.7 +0.72 be 03+043¢
[kg/plant] Palerma Term 2 1.5+ 172ab 1.3 = 2.58 abc 21+123a 214+ 1L0a
Average 13+ 164 NS 1.1 +2.00 NS 1.4 + 269 NS 12+321 NS
Average 1.8 + 1,63 NS 1.7 £ 1.79 NS 1.7+ 1.79 NS 1.5+ 1.87 NS
o Term 1 04 +052ab 054077b 0.8 £ 023 ab 114056 a
) 1R Term 2 05£071b 06+ 036 b 0.8 +075ab 0.9 + 0.38 ab
FI:UE:':ER Average (L6 & 0.86 B 0.6+ 0.64 B 0.8 + 1.06 AB 1.0 4 0.61 A
wit -~
Folant ; : Term 1 1.8 £0.57 ns 1.7 = (188 ns 1.6+ 0.54 ns 18 £ (L.78ns
I/ plant] Palermo Term 2 18 +£0.71 ns 1.4+ 181 ns 17+ 0.82ns 2.2 4 0.63 ns
Average 1.7 + 0.78 NS 1.5 + 1.60 NS 1.6 + 0.76 NS 20 4 0.94 NS
Average 1.2 4 1.39 NS 1.1+ 143 NS 1.2+ 108 NS 15+ 128 NS
i Term | 2330+ 24ns 23746060 22301 E659ns 1787 £ 1147 ns
; e Term 2 2267 4 149 ns 23485 4 1030 ns 284 4 567 ns 1741 + 394 ns
FE!&E]I fo Average 2200+ 1000NS 2361 +£0996 NS 2207+ 1472 NS 1785+ 1520 NS
marketable fruit
L] B Term 1 1446+ 7.18ns 1449+ 708ns 1315429 ns 926+ 1204 ns
e Term 2 1488 + 3.58ns 1403 4+ 10.44ns 13244 923ns 931 4 262 ns
Average 146.7 £ 482 A 142644524 1319+ 1294 AB 9284758
Average 1883+ 1375 NS 1894 + 1453 NS 1763 £ 1266 NS 1357 + 1345 NS

* beans with different letters inclicale a slatistically significant difference according Lo the Tukey HSLI Lest al
e o L05, Abbreviations: ne, not significant; IS, not sigrnaficant. Small latters refer to the combination term @ troat-
ment, and capital letters relate to freatment (for each culivar—two-factor analysis of variance, and for the averages
of the cultivars—three-factor analysis of variance),



Agronomy 2024, 14, 329

10 of 20

Table 5. Effect of salicylic acid and caleium treatment of pepper plants on number of fruit in lotal and
marketable yvield and fruit with BER depending on cultivar [£5E].

P ¢ . Term Treatment
T Culgivae of Growing SA Ca SA +Ca Control
i Term 1 1954 0.62ab 164+ 086ab 1704+ 107ab 2124+ 028a°
Ll Term 2 150 + 034 ab 1254 203b 19.6 = 00.36 ab 195 4 0.81 ab
Total yield Average 177+ 082 4B 1444+ 179B  1834+097AB  204+1594 A
[No./plant] e Term 1 419+378ab 396+ 17hab 4201 041ab 513 +£200ab
AT Term 2 40.1 £ 214 ab 30541 b 492 4+ 2.21 ab 51,2 % 1.39a
Average 410+210B 373+ 4338  456+210AB 5621327 A
A'l.'emge 203 =317 NS 259 4+ 348 NS 3200 = 3,39 NS FHI3 = 440 NS
‘ Aifad’ Term 1 121 £ 0.5 ns 11.2 = (LE1l ns 102 £ 0.91 ns 0.8+ 047 ns
Hos Term 2 125 4 0.21 ns 984152 ns 1314+084ns 123+ 046ns
Mm‘k‘flfab"f Average 123+ 042NS 97+ 133NS 116+ LO7NS 110+ 0.66 NS
Adeld
l\hf:“ : , Term 1 1234 1L14ab 121+ 047ab 110+ 082ab 47 +027b
Mo /plant] Talermao
Term 2 166+ 161ab 147+313ab 209+ 185a 22542594
Average 144+179N5 134+241N5 1594+23N5 136+ 371NS
Average BALX09ONS 1L6E134NS 138+ 129NS 123+ L8NS
i Term 1 7.3+ 0.73ab 524087 b 684 0.27b 115+ 061a
Lo Term 2 334 0.53b 424027k 6.5+ (.57 b 7.2 40,39 ab
Fruit Average 53£0980 47 £071B 67 £047AB 931 093A
ln‘;']ﬂ:' E‘{Ef” Palerma’ Term 1 206+249bc  275+135bc 31+ 109bc 466+ 207a
i SUING Term 2 2354+ 061 ¢ 204 + 253 ¢ WI+0T7be 387 +203ab
Mverage Zhh+ 2200 239+ 244 B 297+ 1118 426H 4+ 2558 A
Auemge 1ol £ 2.75 NS 143+ 257 NS 182 +£ 277 NS 260+ 4,13 N5

* Means with different letters indicate a statistically significant difference according ta the Tukey HETY test at
oe = (.05, Abbreyiations: ns, not significent; W3, not significant. Small letters refer to the combingtion term = treat-
mient, aned capital letters relate to reatment (for sach cultivar—two-factor analysis of varance, and for the averages
ol the cultivars—three-factor analysis of variance),

3.4 Dry Matter Content and Color Evaluation of the Fruit

Ihere was no effect of spraying plants with individual treatment of SA and individual
treatment of Ca on the dry matter content of pepper fruits (Table &), "Aifos’ fruit, on
average from the combinations and cullivation dates tested, contained 5.4% dry matter, and
‘Palermo’ fruit contained 10.2% dry matter, respectively. CIE Lab color parameters such
as L*—lightness and a* intensity of red for pepper fruits did not depend on the applied
plant sprays of individual treatment of SA and individual treatment of Ca. However,
the parameter b*, characterizing the intensity of yellow [b* > 0], showed lower values
in fruit from the individual treatment of Ca-sprayved plants compared to the control and
individual treatment of SA and Ca + SA combinations (Table 6). The parameters of fruit
length, diameter of fruit, and thickness of pericarp of pepper fruits did not depend on
the treatment applied. Significant differences occurred between cultivars (Table 51). No
differences were found between cultivars for the parameter L*, while the values of the
parameters a* and b* for ‘Palermo’ were lower than for "Aifos’ (Figure 56). The dry matter
content of the pepper fruits differed between cultivars, Fruits of the 'Palermo’ cultivar had
a higher dry matter content than those of the “Aifos’ cultivar (Figure 57),
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Table 6. Effect of salicylic acid and calcium treatment of pepper plants on dry weight content and
CIE Lab color of fruit depending on cullivar [£5E],

P ) Term Treatment
T Gl of Growing SA Ca SA +Ca Control
i Term 1 78 +017b 8.7 £ 0.24 ab 9.6 + (1,08 ab B4 +0.09ab*
0% Term 2 8.1 40,13 ab 794+ 025b BO9 4 0.09a 504003k
B weight Average 8040138 831023 AB 8.8+ 008 A 824+001B
[%] o : Term 1 132+ 163a 10.1 £ (.05 ab 81+136b 95+ (.03 ab
LTIV Term 2 9.8 + 0.05 ab 814+014b 114 £ 0.28 ab 11.2 £ 0.03 ab
Average 1N5+L106N5 91+ 040N5 9.8 £ (.97 NS 10.3 £ 0.36 N5
Average Q8 == (074 MS B7 =+ 027 NS 93+ (51 NS 9.3 + 0.3 NS
‘ Aifas” [erm 1 3441+ 123ab 32.0 £ (b97 ab 320 £ 1.10 ab 323063 ab
o Term 2 31.8+093a 282+ 194b M4+113a 309+ 1,12 ab
L Average 3295 L 087 AR 29914 132F  33IMEL082A 3151 £ 072 AB
[lightness] o Term | 3254 131ns  433+492ns  433&120ns 2684 1.39ns
ermo Term 2 203+ 118ns  246+28%ns 283+ 262ns 354 + 267 ns
Average 3071 + 1L.O3NS 3288+ 411 NS 2848+ 1.55NS 3157 +2.15NS
Average 3184£072NS 314+ 218NS 312+ 108NS 3154+ 1.13NS
‘ Aifos’ Term 1 31.5 £ 0.87 od 34 £ 164 abe 335 £ 085 ab 304 + 055 bed
tos Term 2 294+ 1.0dabe 284+ 1.28d 3424 117a 297 + (.60 abed
: a* Average 3030788 291+ 1.07 B 33.9+0.76 A 30.0 £ 043 B
intensiey
ofred] pal , Term 1 3.74206ms 2174 68lns 2944 303ns 258 4+ 1.69ns
il Term 2 %4+3.62ns 2724 116ns 2724 261ns 300 + 2.75 ns
Average 8.7+ 238 NS 247 +322 NS 282 + 201 NS 2.1 £ 1HINS
Average 254 1.26 N5 70+ 17RNS 31 127 NS 201 £ 0.96 NS
 Aifos” Term 1 194 + 1.05 ab 18.6 = 1.73 ab 18.2 += 1.02 ab 159 4+ .71 ab
N i Term 2 15.8 + 0.81 ab 162 +084b WE+103a 17.1 & 146 ab
; bt Average 174+ 088NS 1734097 NS 197 4 (085 NS 166 = (.9 NS
nbensiky
afyelicn] T Term 1 .5 4 1.64 ab 10.7 + 390 b 15.4 + 0.90 ab 13.6 + 1.26 ab
: H e Term 2 1324197 b 163+ LiM ab 16.1 £ 1.74 ab 2254 191a
Average 164+ 178NS  1394+205NS 158+ 105NS 185+ L.09NS
Average 169+ D9ONS 156+ 120NS 178+ 082NS 176 + LOYNS

* beans with different ietters inchcate 2 statistically significant difference according to the Tukey LTSI test at
m= (L05, Abbreviations: ns not significant; M5, not significant. Small letters refer to the combination berm » treat-
menit, and capital letters relate Lo treatment (for each cultivar—two-factor analysis of variance, and for the averages
of the cultivars—three-factor analysis of variance).

3.5. Bensory Analysis of the Fruit

The results of the sensory analysis showed that pepper fruits of both individual
treatment of SA and individual treatment of Ca and untreated cultivars did not differ
significantly with respect to most of the tested attributes of fruit odor, texture, and taste
in term 1 and term 2. The off-flavor parameter was scored 0 by the evaluators (Table 7).
Pepper fruits harvested from plants treated with the individual treatment of 54, individual
treatment of Ca, and SA + Ca-treated plants had more juicy flesh compared to the control,
while the least bitter flaver was found in fruits from the SA + Ca combination. No sig-
nificant differences were observed in the overall preferenrce of the fruits tested according
to treatment and cultivation date (Figure 1). Fruoits of the “Palermo’ cultivar were rated
significantly higher for swect taste and overall quality than those of the “Aifos’ cultivar. For
the other evaluated parameters, the 'Aifos’ fruit achieved higher values compared to the
‘Palermo’ fruit (Figure 2},
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Figure 1. Overall sensory preference of pepper fraits according to plant treatment and cultivation
date | = 5E]. * Means with different letters indicate a stalisically significant difference according to
the Tukey HSL test at « = (.05, Small letters refer to combination cultivar  treatment, and capital
letbers relate to breatment.

Odour of fresh pepper

Skin hardness

Flesh fibrousness

—jifos
= Palermo
Pungent flavour Flesh juiciness
Bitter taste Flesh firmness
Sweet taste Typical pepper taste

Sour taste

Figore 2. The results of sensory analysis concerning odor, texture, taste, and overall quality for
pepper fruits normalized Lo the values of the *Aifos’ cultivar as radar plols compared Lo the Palermo’
cultivar [average of lwo terms].

Table 7. Effect of salicylic acid and calcinm treatment of pepper plants on the result of sensory
analysis on the attributes of odor, texture, and taste of fruits depending on the cultivar [£5E].

Attributes TFetin Treatment
of Odor, Texture, Cultivar of Growing SA Ca SA +Ca Conirol
and Taste
P— Term 1 56+ 047 ns 4.4 +0.44 ns 4.7 £ 047 ns 46+ (053ns*
Aifos Term 2 59 + (.38 ns 47 £ 044 ns 524 049 ns 434+ 053ns
5d e Avura.gu G == 031 A 46+0318 49 = 34 AB 45=0388
ir ris=It ¥ g
R BT Pal i Term 1 456+ 052ns 4.2 + .68 ns 4.7 + D68 ns 55+ 048 ns
Fmo Term 2 39 + 050 ns 4.5 4 068 ns 5.7 4 0,60 ns 5.2 + (.54 ns
Average 4.0 %036 NS 4.4 4+ 048 NS 51+046NS 54+ 036 NS
Average 49+ 025 NS 45+ 029 NS S0+ 028NS 494026 NS
— Term | 58 + (.54 ns 6.0 + 0.45 ns 5.8 4 0.61 ns 5.6 +0.33 ns
Adfos Term 2 6l £ (L55 ns 6.3 £ 045 ns f.2 + (LaE ns 53+ 032ns
Average 6.1 +0.38 NS 6.2 4+ 0.32 NS 60+ 045NS 55+ 023NS
k. :
Sinherdess B o Term | 58+05ns  45+049ns  45+076ns 49+ 068ns
alermo Term 2 52 4 (156 nis 45 4049 ns 5.6 + (.72 ns 540 £ 070 ns
Average 5.4 + 0.40 NS 4.7 £ 0.35 NS 50+053NS 5.0+ 049 NS
g'lu.-'emge 57027 NS 544+ 025NMS 54+ 0.3 NS 5.2 4+ (.26 NS
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Table 7. Cont.
Attributes Term Treatment
of Odor, Texture, Cultivar of Growing SA Ca SA 4+ Ca Control
and Taste
Aifos’ Term 1 59+ (144 ns 57 £ (.45 ns 6.8+ 0.54 ns 6.2 + (.39 ns
s Term 2 6.0 + (L45 ns G0 + 045 ns 6.3+ 049 ns 549 4+ (.39 ns
Average 6.0 £ (0L32 NS 59+ 03NS A6+037TNS 61 +027NS
Flesh fibronsm
= e o , Term | 56 % .25 ns 5.5+ 047 ns 43+ 045ns 53 £ 052 ns
R Term 2 544027 ns BE - M7 ns 5.1+ 0.43ns 4.6+ (155 ns
Average 5.6 4+ (L18 NS 574+033NS 474032NS 50+ 038NS
Average 57 4 (L19 NS 5.7 + 123 NS S6+028NS 55+ 024 NS
—— Torm 1 5.6 4 046 ns 6.0 & 0.45 ns £.8 + 01,56 ns 6.0 £ 0.35 ns
itos Term 2 6.0 4 (1L.45 ng .3 £ 045 ns A 4 [1L.58 s 5.7 +035ns
N— Average 5.9+ (134 NS 62+034NS  67+040NS 59+ (025NS
250 umcngss
} il . Term 1 59+ 045 ns 5.6 +0.54ns 3.6+ 037 ns 3.9 + (.44 ns
AR Term 2 55+ 047 ns 5.9 +0.54 ns 43+038ns 4.0 + 047 ns
Average 5741033 A SET 039 A 39+£0278 400328
A&-‘crﬂge 5.7 £ 0.23 AB 59025 A 53 030 AB 500238
ipy Term 1 6.5 + (.52 ng f.6 £ 049 ns 5.9 = .58 ns 7.2 4 0.44 ns
Aifos Torm 2 724+ 045 ns 6.9 + 0.49 ns 64+050ns 69 +04dns
Average 6.8 + (.35 NS 6.8 + (.34 NS 5.7 £ 03NS 7.0 4 0.31 NS
Flesh fir
eatl Hrmness it Term 1 36+037ab  35£030ab  22+023b 25+ 0.33b
alerme Term 2 33+ 038ab 38+ 030a 27+ 0.24ab 24+ 03 ab
Average 354027 A 37021 A 25+ 0178 25+0.22B
Average 504030 NS 524+ 028NS  45+4033NS 49+ 035NS
s Aifas’ Term 1 67 £ 036 ns 6.3 £ 0.34 ns 6.0+ 018 ns 6.2 =033 ns
ihos Term 2 7.0 £ (L37 ns h.h 1034 ns (.3 £+ LA ns 2.9 £+ (L300 ns
i | Average 70+£026 A 65+024 AB 62 +0.14 AB 61+021B
ypical pe T taste
Lo I Tore1 67 £047ns  60+036ns  67+037ns  69+030ns
s Term 2 62 + 044 ns f.3 + 0136 ns 7.5+ 036 ns 6.7 + (1.36 ns
ﬁwm‘at,;e 64 £ .33 NS a2+ 026 NS 724027 NS 7.9 4 124 NS
Avi:ragu fh £ 021 NS f.3 4+ 018 NS fih = 0.16 NS 4.4+ 017 NS
+ Aifos’ Term 1 35+ 045ns 354+052ns 4.3 + D56 ng 34 + 049 ng
Al Term 2 41+ 045ns 385+ 052 ns 46+ 061 ns 33+ 048 ns
Average 38+ 032 NS ITL0ITNS 444041 NS 3I3L0INS
Sour tast
o alerme Term 1 17402508  16+033ns  22+04ns  30+05ns
dernn Term 2 16+ 026ns 1.9 < 0.33 ns 7H 4044 ns 26 4 045 ns
Average 1.7 +0.18 NS 1.8+ 024 NS 25+032NS 28037 NS
Average 26+ 023 NS 27+025N5 34+029N5  30+£026N5
Adfo Term 1 394 051 ns 364+ 053ns 364+ 057 ns 43 + 050 ns
oS Term 2 3.5 4 046 ns 3.9 4+ 053 ns 38 + 0.56 ne 4.0 + 050 ns
Average 37 £ 035 NS JALO038NS 3EL040NS 42+036N5
Sweetk baste
it — Term 1 67+050ns  65+057ns  59+04dns  58+054ns
HIREHI0 Term 2 6.6+ 047 ns .8 + (.57 ns B4 4 0.49 ns 5.8 4+ 0.62 ns
ﬂvnrag@ 67+ .35 NS A7 4 D40 NS 6.1 =+ (.33 NS 5.9 141 NS
Average 53 % (L31 NS 52+ 033NS 49+ 030NS 49+ (28NS
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Table 7. Cont.
Attributes Term Treatment
of Odor, Texture, Cultivar of Growing SA Ca SA 4+ Ca Control
and Taste
Aifos’ Term 1 0.5+ (L28 ns (.7 £ 0.28 ns 0.1+ 0.07 ns (.8 £ (.28 ns
LALe Term 2 03 + 010 ns 0.7 + (.28 ns 0.2 + [L08 ns 018 + (.28 ns
Average 0340168 0.7 + 0.20 AB 02+ 006 B 0.9 4020 A
PR — Term 1 03+031ns  05+032ns  00+005ns 0.1 +0.07ns
R Term 2 0.6 + (.41 ns 0.5 £ 032 ns 0.1 4 0.05 ns 0.1 4+ 0.07 ns
Average 0.7 4 (.26 NS 0.5+ 022 NS 0.1+ 0.04NS (.24 005 NS
Average 0.4 + (.16 AB 0.6+ 0.15 A 01+ 04 B 5+ 0.12 AB
—— Torm 1 114 039ns 0.9 + 0.25 ns 0.9 4+ 035 ns 0.5+ 017 ns
1hos Term 2 1.4 + (1L44 ng (1.9 4+ (.25 ns 1.1 + .39 ns (L5 + (1L16 ns
- Average 1.3+ 030 NS 0.9 4 0,18 NS 11+ 026NS e+ 012NS
Pu.ngmt VoT
e . Term 1 04 +0.17ns 0.5 +0.19 ns 0.8+ 0.27 ns 0.8 + (.30 ns
IR Term 2 05+ 016 ns 1.0+ 0.19 ns 1.0+ 0,29 ns 1.0 + 0.32 ns
Average (L5 £+ (L12 NS e+ 013 M5 1.0+ 0,19 NS LO £ 0.22 NS
Average 0.4 + (.16 NS 0.7 £ 011 NS 10+ 016 NS 07+ 0.12NS
s Aifos’ Term 1 6.9 = (L19 ns 6.9 4 (.28 ns F3+D2ns 72+ 023ns
L Term 2 734018 ns 7.2 + (.28 ns 7.4 4 0.26 ns £.94+023 ns
i e Average 7.1 £ (L13 NS 7.1 +0.20 NS 7A+0I8NS 714016 NS
TR it =
AR T, Term 1 70+027ns  66+£025ns  64+043ns  68+034ns
alerme Term 2 6.5+ 0.26 ns 6.9 +0.24 ns 72+ 024ns 64 + 033 ns
Average 6.7 + L19 NS 6.5 + 018 NS A+ 026 NS 6.7+ 0.24 NS
Average 6.9+ 0,16 NS 6.9 4+ 0.14 NS TOL0I12ZNS 69+ 012NS

* beans with different letters indicate a statistically significent diffevence according ta the Tukey TI5D test at
i = 005, Abbreviations: ns, hot sighificant, NS, Aot sighificant. Stall letters refer to the combitation bedm = neat-
ment, and capital letters velate to reatment (for each cultivar—two-factor analysis of variance, and for the averages
of the cultivars—three-factor analysis of variance},

4. Discussion
4+.1. Biometric Measurements of Plants and Yielding Peppers

Peppers are an economically important vegetable that is the subject of much research,
including efforts to improve cultivation efficiency and fruit quality. Hydroponic cultivation
of peppers in inert substrates is not as popular as traditional soil cultivation. This method of
cultivation affers the possibility of monitoring and controlling the fertilization and irrigation
of plants, Mineral nutrients in the form of foliar fertilization are used to supplement
standard fertilization, optimizing the growth and yield of grown plants under stress
conditions. Mineral nutrients can affect plant growth and yield, causing changes in plant
chemistry, morphology, and anatomy. Consequently, this can trigger or enhance the
mechanisms responsible for the plant’s resistance to pests and diseases or abiotic stresses.
The calcium ion is one of the essential nutrients affecting plant growth and development
and higher fruit yield and quality [42]. The study found that spraying peppers with calcium
nitrate affected higher weekly shoot growth and number of leaves compared to control,
water-sprayed plants. Also, SA-treated plants had greater weekly shoot length increments
and gained higher shoots and more leaves during the growing season than the control.
Total pepper fruit yield and marketable yield were not significantly different between plants
treated with the individual treatment of SA and individual treatment of Ca or SA + Ca
treated plants compared to the control. However, there were significantly fewer fruits
with BER in plants sprayed with both individual treatment of SA 0.03% and individual
treatment of Ca 0.7% and in the combination where plants were sprayed simultaneously
with SA 0.03% + Ca 0.7% compared to the control. It was also found that the treatment of
plants with individual treatments of 5A and Ca influenced higher marketable fruit weight
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in both pepper cultivars grown hydroponically. The cultivars tested differed significantly
in growth rate, yield, and fruit susceptibility to BER. The cultivar ‘Palermo’ had more fruit
with BER symptoms than the cultivar "Aifos”. "Palermo” had a lower average fruit weight
than "Aifos',

Calcium is mainly involved in the formation of the plant cell wall and is also a signal-
ing molecule that regulates a wide range of physiological and pathological responses [43].
Ca transport to aboveground plant organs depends on several factors, such as Ca®* concen-
tration in xylem sap, balanced mineral nutrition, waler uptake and water potential of the
plant, transpiration, and growth rate [44]. Excessive Ca accumulation can occur in organs
with a high transpiration rate {i.e., leaves) [17], while organs with a low transpiration rate
(e.g., fruits) can respond to local Ca deficiencies [16,44]. Studies by El-Tohama et al, [45]
and Buczkowska et al, [35] showed positive effects of Ca nutrition on pepper fruit vield.

Salicylic acid, on the other hand, is a natural phenolic acid, an endogenous growth
regulator, and has many regulatory functions in plant metabolism [46]. The role of 5A in
plant growth has been the subject of much less research than has been the case of other
plant hormenes, Most publications on the subject do not consider 5A, or its role is partially
described [47-4%]. Salicylic acid controls plant performance, including advanced growth,
nutrient uptake, protein synthesis, and cell division and differentiation, which is associated
with increased vield [50,51]. The effect of exogenous 5A on growth depends on the plant
species, developmental stage, and SA concentration. Growth-stimulating effects of 5A have
been reported for soybean [52], wheat [53], maize [54], and chamomile [55]. The results
indicate that exogenous SA concentrations =1 mM 5A are too high for most plants, but this
depends on the plant species. Too high a concentration of 5A has a negative effect on plant
development and growth [52,54,56]. In contrast, the use of optimal 5A concentrations has
been shown to have a positive effect on plants. Depending on the experimental conditions,
5A clearly stimulated growth under both normal and different abiotic stress conditions in
different plant species [57-59].

A study by Sourd and Tohidloo [60] showed that salicylic acid applied through the
roots has a beneficial effect on tomato seedling growth under saline conditions. Similar
results are presented in a study by Arfan et al. [61], where SA application to the roots
improved tomato and wheat growth under saline conditions.

The method of foliar spraying of plants plays a key role in improving the growth and
vield of vegetable plants by increasing plant’s nutrient uptake and efficiency [23,62]. The
obtained results are confirmed by studies on the growth of plants treated with foliar 5A in
other species of the same genus Capsicum [63,64], as well as in Lycopersicum esculenlun [65],
Chrysanthennum morifolium [66], Carica papaya [67], Oryza sativa [68], Triticum aestivim [69,70],
and Zea mays [71]. The results of the use of salicylic acid in traditional pepper cultivation are
also promising [64,72,73]. The beneticial effects of salicylic acid on plants are also confirmed
by studies conducted by Elwan et al. [64], where applicalion at low concentrations [10 & M|
resulted in an increase in fresh and dry leaf weight, number of fruits, average fruit weight,
and fruit vield of pepper.

4.2, Photosynthetic Activity of Peppers

The leaf is the most important organ of the plant, ie., the so-called main source
of food for the plant in which photosynthesis takes place. The foliar application of Ca
closes the stomata and protects the leaves from unfavorable weather conditions [74,75]. In
contrast, the application of salicylic acid atfects a wide variety of plant processes, including
stomatal closure, ion uptake and transport [76], membrane permeability, and the rate of
photosynthesis and growth [77].

The study found that the highest steady-state Huorescence yields [Fs] were obtained
by pepper plants treated simultaneously with SA [0.03% ] and individual treatment of Ca
[0.7%]. Plants treated with individual treatment of Ca had the highest maximum P51
quantum yield [Fv/Fm] and the highest PSIT viability index [PI] mﬁpamd to the control
and plants treated with individual treatment of SA, The relative chlorophyll content of
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pepper leaves was significantly higher in plants treated with individual treatment of SA,
individual treatment of Ca, and 5A + Ca-treated plants than in the control.

Salicylic acid regulates ionic balance, photosynthetic activity, and KOS detoxification,
which ensure normal physiological and biochemical behavior [78-20]. Similar SA prop-
erties have been observed in winter wheat [21], green pepper [82], bamboo shoots [23],
and cucumber [84], confirming the results obtained in the study. Exogenous application of
5A increased the photosynthetic rate in various crops such as thyme [25], radish [86], and
maize [27], Graham and McDonald [58] observed a decrease in Fv/Fm under high lemper-
atures. A decrease in this parameter may indicate active protection of the plant from the
sun [39]. Baker and Rosengvist [20] concluded in their study that a decrease in Fv/Fm may
inhibit the rate of photosynthesis and also affect plant growth and development. In contrast,
the PI vitality index PSII shows the ability of plants to adapt to stress conditions [91], 5A is
involved in improving the rate of photosynthesis through K+ uptake [22] and the ability to
increase rubisco activity [93], increasing ATP content and maintaining an optimal K* /Na*
ratio in plants [94]. Thus, the application of exogenous SA can enhance photosynthesis,
which is a major factor controlling plant growth and yield [25]. The application of SA
affects the decomposition and removal of ROS, while antioxidant enzymes reduce the
destructive effects of ROS on cell membranes, photosynthetic pigments, proteins, and other
macromolecules, affecting the metabolic activity of plants and improving the growth and
vield of A, livfifolivm by maintaining membrane stability and photosymthetic pigments,
improving photosynthetic and respiratory activity of the plant [95].

4.3, Dy Matter Content, Fruil Color Evaluation, and Sensory Analysis of Fruit
There was no effect of spraying plants with individual treatment of SA at a concentra-

tion of 0.03% and individual treatment of Ca at a concentration of 0.7% on the dry matter
content of pepper fruit. The color parameters L* and a* in pepper fruits did not depend on
the application of individual treatment of SA and individual treatment of Ca. In contrast,
parameter b* showed lower values in fruits from Ca-spraved plants compared to the control
and plants sprayed with individual treatment of 5A and SA + Ca combination. The change
in the green color of peppers is linked to the exchange of chloroplast for chromoplast,
during which the conversion of pigment content in sweet peppers increases with aging [97].
Confirming the results obtained, a study by Dobon-Sudrez et al, [98] showed that pre-
harvest SA treatments did not affect the ripening process of pepper fruits on the plant.
Pepper fruits from plants sprayed with individual treatment of SA, individual treatment
of Ca, and SA + Ca treatments had more juicy flesh compared to the control, while the
least bitter taste was found in fruits from the SA + Ca combination. A study conducted by
Javaheri et al. [29] showed that foliar application of salicylic acid significantly improved
tomato fruit quality.

5, Conclusions

Foliar application of individual treatment of salicylic acid at a concentration of 0.3%.
and individual treatment of Ca inthe form of a solution of calcium nitrate at a concentration
of 0.7% has a beneficial effect on the growth and yield of peppers in hydroponic cultivation
and on the quality of pepper fruit. Pepper plants treated with both 5A and Ca alone
and with both individual treatment of SA and individual treatment of Ca showed less
BER on fruit than plants in the control. Research on the foliar application of individual
treatment of SA and Ca together with 5A in greenhouse peppers grown in mineral wool
substrate requires further investigation with other combinations of solution concentrations
and frequency of application per plant,

Supplementary Materials: The following supporting information can be downloaded at: hitps
£ fwwwmdpi.com/article / 103390 agronomy 148205829 /51, Figure 51: Average daily air tempera-
ture al the cultivation chamber on consecutive growing days according Lo the date [Term 1.—2019,
Term 2.—2020}; Figure S2: Average night-time air temperature at the cultivation chamber on consec-
utive growing davs according to the date [Term 1.—2019, Term 2.—2020]; Figure 53: Dynamics of
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daily radiation totals on successive growing days according to term [Term 1.—2019, Term 2.—2020};
Figure 54: The pepper plants grown on mineral wool growing mats fed by dropping fertigation
system; Figure 55: Fruit of the ‘Palermo’ and ‘Aifos’ cultivars, whole and in cross-section; Table 51:
Effect of calcium and salicylic acid treatment of pepper plants on diameter and length of fruit and
thickness of pericarp depending on cultivar [mean of two terms + SE|; Figure S6: Results of plant
biometric measurements, photosynthetic activity of peppers, and evaluation of fruit color normalized
to ‘Aifos” as radar plots compared to ‘Palermo’ [average of bwo years]; Figure 57: Results of plant
yield measurements normalized to “Aifos” as radar plots compared to Talermo’ [Tyield—total vield,
M. yield—marketable yield, DW—Dhry Weight of fruit].
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Figure 54. The pepper plants grown on mineral wool growing mats fed by dropping fertigation
system.
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Figure 55. Fruit of the Palermo’ and 'Aifos’ cultivars, whole and in cross-section.

Table S1. Effect of salicylic add and calcium treatment of pepper plants on diameter and length of
fruit and thickness of pericarp depending on cultivar [mean of two terms + SE]

Parameter Cultivar Treatment
S4A Ca SA+Ca Control

Langth ¢ Afos 853=18dc 002+274c B13+197¢ BR9=348¢
vk Bl Palermo 7342:1138a 276 =637ab MNe0=797 b 1964=1021%

Average 159822254 15641047 A 1466=1545 4 1427=1643 A
Dhiamster of Affos 91421803 M01=125a 8891502 8832281
frut [rmm)] Palerma 511=031% 49221120 &75:0850 474248k

Averape 713=587 A 699 =587 A BR2:6054 67826134
Thickness of Aifos 63=045ab 73=032a 67=021ab 62 =049 she
peticarp Palermeo 532039k 51=034be E0=044be 42 +047 ¢
fmm]. Aweraps 580334 62=040A 59+0354A 520444

*Weans with different letters indicate a statistically significant difference according to the Tukey H5SD test at o = 005, Values
with the prefix = represent standard deviation: Abbreviations: ns, not significamt. Small letters refer to combination cultivar =
treatment interaction, capital letters ralate to treatment
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Figure 56. Results of plant biometric measurements, photosynthetic activity of peppers and evaluation

of fruit colour normalised to 'Aifos’ as radar plots compared to Palermo’ [average of two years]
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Abstract: The aim of this study was to investigate the effect of foliar application of cal-
cium and salicylic acid on improving the physicochemical quality, sensory quality and
antioxidant potential of pepper fruits grown hydroponically in mineral wool substrate.
Two sweet pepper varieties with red fruit type were used: block Aifos and elongated
Palermao. Fruit quality was tested from four plant treatment combinations: (1) water (con-
trol), (2) calcium nitrate 0.7% (Ca), (3) salicylic acid 0.03% (SA), (4) calcium nitrate and
salicylic acid combined (Ca+5A). Fruits of both varieties showed high concentrations of
health-promoting constituents, including potassium, phosphorus, vitamin C (over 47 mg
100 g1 of FW (fresh weight)), and carotenoids, with capsanthin being the most abundant
{more than 1226 pg 100 g_i of FW). The results of the SENSOTY evaluation demonstrated
that the attributes tested scores above 7 out of 10, indicating a high sensory quality. The
antipxidant activity of pepper fruits was determined by three different methods: DFFH
{method for measuring the antioxidant activity of DPPH), ABTS (method for measuring the
antioxidant activity of ABTS) and TPC (total polvphenol content) and averaged more than
B, 789 RSC (radical scavenging capacity) and almost 54 mg CE (catechin) 100 E;_l of Fw
for both cultivars, respectively. Fruit quality results were analysed using PCA (principal
compaonent analysis). The first two principal components (PC1 and PC2) explained almost
54% of the variation, highlighting the strong correlations of PC1 with dry matter content,
soluble sugars, potassium, acidity and sensory characteristics of pepper fruit such as skin
hardness and flesh firmness. The application of SA to peppers resulted in an increase in the
carotenoid content of the fruit. Furthermore, a notable positive correlation was detected
between total sugars and the sugar/acid ratio when Ca+5A was combined in both cultivars,
Palermo fruit showed better quality parameters and higher antioxidant activity, making
this sweet pepper variety particularly valuable in a health-promoting context.

Keywords: mineral substrate; commercial yield; abiotic stress; BER; carotenoids; sugars

1. Introduction

Peppers are a very popular ingredient, both as a vegetable and as a spice. Pepper fruits
are characterised by their high degree of flavour and health-promoting properties [1,2].
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The incorporation of pepper fruits in the diet is strongly recommended due to the presence
of bivactive compounds in these fruits that act as antioxidants [3]. Pepper fruits are an
excellent source of antioxidants such as polyphenolic compounds, carotenoids, vitamins C,
A, B, flavonoeids and are rich in minerals, making them an important source of nutrients
in the human diet [&-5]. Their solvent extracts exhibil potent antifungal, anlibacterial
and chemotherapeutic activities |[7]. A diversity of morphological characteristics, fruit
size, and quality are observed among the numerous varieties of pepper. The quality and
chemical composition of pepper fruits are also influenced by agronomic and environ-
mental factors [6]. Red and orange pepper fruits are valued for the presence of carotene
and capsanthin, while f-cryptoxanthin, zeaxanthin, lutein and B-caratene are responsible
for the yellowish—~orange colour of peppers [2]. In contrast, green peppers represent a
significant source of chlorophylls [2]. The researchers have observed that the levels of
ascorbic acid, along with the colouring and ripening of the fruit, have either decreased or
remained unchanged in some pepper varieties, while in other varieties there has been an
increase. In contrast, provitamin A content increased with progressive fruit colouration
in most pepper cultivars, with the exception of yellow cultivars. Brown peppers showed
the highest provitamin A activity of 10-15% RDA (retinol activity equivalents) per 100 g1
of FW, compared to other varieties with different fruit colours [10]. The properties of hot
and semi-spicy peppers are mainly due to the presence of capsaicinoids in their fruits, a
complex of alkaloids that give them their characteristic spicy taste and biological activity.
Capsaicinoids are mainly accumulated in the cells of the placental epidermis and in the seed
sepals of the fruit [11], Sweet peppers are distinguished by their high vitamin C content
and the absence of large amounts of capsaicinoids, including capsaicin. The concentration
of these substances in sweel pepper fruit is below 0.02% of dry weight [12,13]. The interest
in natural antioxidants in food and other biological materials is due to their safety, as
well as their potential nutritional and therapeutic value. Bioactive compounds, including
pnlyphenﬂls, carotenoids (x-carotene, B-carotene, chnp:ml;- and latein) and vitamins A, B,
C and E, which are present in fruits and vegetables, have been found to exhibit protective
effects against cellular oxidation [14,15]. The regular consumption of these bioactive com-
pounds with food in adequate quantities represents an important factor in the prevention
of noncommunicable diseases, including cancer and cardiovascular disease [16-19]. The
growing interest in natural antioxidants has prompted a surge in research activity aimed
at assessing the antioxidant properties of plant-based products [20-22]. The antioxidant
capacity of foods depends on the synergistic action of various antioxidant compounds. In
addition to other reasons, the determination of the antioxidant capacity of foods in vitro
demands a combination of more than one analytical method [23]. The determination
of antioxidant activity frequently employs methods that involve the scavenging of free,
stable radicals, such as the use of ABTS+ and DIPT'H [24,25], Tt is frequently the case that
antioxidant potential is also expressed in terms of total polyphenol content [26].

In addition to varietal traits, environmental factors also affect the nutritional profile
of pepper fruit. Growing vegetables under cover allows for a high yield with stable
quality. Nowadays, the majority of greenhouse cultivation is based on soilless technology,
which is characterised by high efficiency and the use of a variety of substrates [27,25].
The sopilless cultivation system (SCS) is regarded as a particularly promising solution,
combining increased crop vield with minimal impact on the supporting ecosystem [29,30],
Soilless cultivation techniques are an effective solution in cases of water scarcity and low
soil fertility [21]. Furthermore, they support plant growth under abiotic stress conditions,
primarily salinity and drought [32]. However, soilless cultivation requires control of the root
system in a reduced root zone volume, in comparison to the techniques employed in soil-
based cultivation [33]. In hydroponic cultivation of key vegetable species such as tomatoes,
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peppers and cucumbers, mineral wool is the substrate most often used [34,35]. This inert
substrate allows for control of root system parameters and high predictable vields [36,37].
On the other hand, physiological disorders are a common problem in greenhouse pepper
production, which often employs the hydroponic method. These are usually caused by
various types of abiotic stresses. A disorder known as dry rot, abbreviated blossom-end
rot (BER), is a common cause of reduced quality in pepper fruit. The occurrence of BER
is attributable to various factors. One such factor is water stress, which has the effect of
inhibiting calcium transport in the plant [38-40].

Caleium is a crucial nutrient for plants, promoting optimal growth and develop-
ment. Tt is essential for maintaining cell wall stability and integrity and improving fruit
quality [41-43]. It is involved in intercellular signalling, affecting plant metabolism and
cell growth [44], Caleium is considered a secondary messenger molecule that balances the
presence of stored intracellular Ca. In response to a variety of stimuli, calcium levels are
elevated. When plants are subjected to stress, intracellular signalling events are triggered in
the cell. Calcium signalling begins with sensors that recognise elevated calcium ion levels
and activate protein kinases. The activated kinases regulate a number of genes, which in
turn lead to phenotypic responses associated with stress tolerance [39,45]

The majority of the research concentrates on the utilisation of formulations in agricul-
tural crops with the objective of reducing the incidence of adverse stress effects in plants.
This includes the use of salicylic acid in the cultivation of certain vegetable species. Salicylic
acid (5A) is one of the phenolic compounds produced by plants from the hydroxyl group
or derivatives. Plant phenols are commonly described as specialised metabolites that
perform vital functions, including the biosynthesis of lignin and allelopathic compounds
that regulate plant responses to external stimuli [46], thermoregulation [47] and defence
signalling activity in plants [46]. 5A also stimulates morphological, physiological and
biochemical pathwavs of general plant defence [48,49]. By inducing disease tolerance in
piants {Arabidopsis, Nicobtinna benfhaniana and tomato), SA also conkrols ion uptake and
antioxidant defence [50]. According to Sobezak et al, [51], foliar application of salicylic acid
to pepper plants at a concentration of 0.03% positively influences the growth and yield of
peppers in hydroponic cultivation and on pepper fruit quality. The treatment of pepper
plants with SA resulted in a reduced proportion of fruit manifesting symptoms of BER [51].
Additionally, the application of SA in aeroponic cultivation has been observed to promote
favourable growth and development in pepper plants. Peppers grown at high nutrient
solution concentrations (EC {electrical conductivity) about 7 d5 m 1) showed symptoms of
oxidative stress. The application of SA was found to reduce both the number and weight of
fruits showing symptoms of calcium deficiency. The results obtained by Sobczak et al. [52
confirm the effect of SA in alleviating high substrate EC stress in pepper, increasing the
photosynthetic activity of pepper leaves by increasing, among other things, overall PSII-PI
viability and leaf SPAD index. According to Sobczak et al. [52], high EC disrupts the
oxidative balance, while exogenous SA activates CAT (catalase), which detoxifies large
amounts of ROS (reactive oxygen species) and alleviates the stress response. Furthermore,
Amin et al. [53] report that spraying pepper plants with salicylic acid has the effect of
significantly increasing peroxidase activity while maintaining catalase activity at a level
comparable to that of the untreated control. SA applied before harvest induced a significant
increase in polvphenol oxidase and peroxidase activity in pepper fruit [53]. As reported by
Jiankang et al. [54], pre- and post-harvest application of SA resulted in better control over
the pathogens affecting pears and cherries. This was achieved by inducing the defence
immune system [54] and stimulating the activity of antioxidant enzymes [55]. At present,
there is a considerable volume of research examining the efficacy of employing diverse
eustressors in crop cultivation, the way they are applied, the impact of concentration levels
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or the amount of doses [56-58]. In order to reduce the negative effects of stresses occurring
in pepper cultivation, effective solutions are constantly being sought for commaodity sub-
production, including those involving soilless cultivation techniques. At the same time, a
great deal of attention is paid to factors increasing the quality of vegetables, espedally with
regard to health-promoting components, Therefore, the aim of this study was to evaluate
the effectiveness of foliar application of calcdum (Ca) to sweet pepper plants in comparison
to treatment with an SA solution and a simultaneous application of Ca and 54, in order
to determine the impact on the phvsicochemical guality, sensory quality and antioxidant
capacity of sweet pepper fruits grown hydroponically.

2. Materials and Methods
2.1. Location of Research

The research was carried out at the Greenhouse Experimental Centre of Warsaw Uni-
versity of Life Sciences (21° E, 51°15' N), within the cultivation chambers of the Department
of Vegetable and Medicinal Plants. The greenhouse is covered with glass (ridge height:
6,70 m, sidewall height of 3.50 m).

2.2, Plant Malkerial and Experfinental Desien

Two sweet pepper varieties with red fruit were selected for the study: Aifos Fl
{Seminis, Bayer) block type and Palermo F1 (Rijk Zwaan) Dulce ltaliano type. The study
was conducted in 2019 (term 1) and 2020 {term 2), using a hydroponic system with mineral
wool substrate for the cultivation of peppers. Pepper seedlings were planted on growing
mats in the experimental chamber on 13 May in both 2019 and 2020 (0 DAP-day after
planting). The seedlings were planted on 28 DAS (days after sowing) into Grotop Master
mats (Grodan), with three plants per mat, at a density of 2.5 plﬂntsfmz (1.2 x 0.55 m).
Flants were cullivated on two shools and a nutrient solution of a specific composition
was supplied by capillaries. The average daytime temperature was 25.5-25.8 *C and
nighttime temperature was 20.8-20.9 °C, The radiation totals were 192.11 k] cm -2 iterm 1)
and 209.41 k] em™2 (term 2). The cultivation details are outlined in Sobczak et al. [51].

Experimental Factors

Aifos and Palermo pepper plants were sprayed once a week between 7 and 151 DAP
{day after planting). The following treatments were applied to the plants: (1) control plants
were sprayed with water (control), (2) calcium nitrate at a concentration of (.7% (Ca),
{3) salicylic acid at a concentration of 0.03% (SA) and (4) calcium nitrate in a combination
with with salicylic acid at a concentration of 0.7% and 0.03% (Ca+SA), respectively. Oleate
85 EC (rapeseed oil) Danmar was used as a surfactant. Tests for each cultivar and combi-
nation (Ca; 5A; Ca+5A and control) were performed in 4 replicates. A repetition was a
randomly selected experimental plot with two mineral wool growing mats, i.e., 6 plants.
The experiment was conducted on both dates using the randomised block method.

2.3. Evaluated Parameters

I'hysicochemical analyses of the fruit, evaluation of the antioxidant activity of the fruit
and sensory evaluation of the fruit were carried out immediately after fruit harvest, during
term 1 and term 2 on two occasions: 84 DAP (5 August) and 140 DAP (30 September).
Fruits that had reached physiological maturity and full colouration were harvested for
subsequent analysis. Five fruits from each combination were randomly selected for physico-
chemical analyses. Fruits without seeds or seed sepals were cut into cubes of approximately
4 mm x 4 mm. Following the preparation of the mixed fruit sample, triplicate samples
were then taken for analysis.
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2.3.1. Physicochemical Analysis of the Fruit

Dry matier content (DW)

The dry matter content of the fruit was determined using the dryer-weight method at
105 “C, as described in detail by Sobczak et al. [51].

Ascorbic acid (AA)

Total vitamin C content was determined in accordance with the method of Odriozola-
Serrano et al. [59] and Grobelna et al. [60], Ascorbic acid content was determined by
high-performance liquid chromatography (HPLC) with the use of the UV-vis SPD-10A VP
detector (Shimadzu, Kyoto, Japan), LC-10AT pump (Shimadzu, Kyoto, Japan), CTO-10AS5
VF oven (Shimadzu, Kyoto, Japan), DEGASSEX model D-4400 (Shimadzu, Kyoto, Japan)
degasser by Shimadzu, using the software for collecting LC Solution data (Shimadau, Kyoto,
Japan, version 1.21 5P1). An OnyxMonolithic C18 colummn, 100 x 4.6 mm (Phenomenex)
was used. The mobile phase was the H3PPOy solution. The results were recorded at 254 nm.
The content of L-ascorbic acid is expressed as milligram content per 100 g sample.

Total Seluble Solids (TSS)

In order to determine the concentration of dissolved components in the cell juice, the
juice was extracted [rom finely chopped pepper fruits. Subsequently, the sugar extract
content was measured using an Atago refractometer, with the result expressed in “Brix.
The TSS/TA ratio was calculated by dividing the TSS score by the TA (total acidity) score,

Total sugars (TS}

The total sugar content of the tested fruits was determined using the Luff-Schoorl
method |[60]. The ratio of the total sugar content to the acidity of the pepper fruits was
determined as the quotient TS TA.

Total acidity (TA)

The acidity of the pepper fruits was determined by a tiration potentiometric
method [61].

Nifrates

Nitrate concentration (NO3) was determined spectrophotometrically using a FlAstar
instrument (Foss Tecator AB, Hoeganaes, Sweden) at 440 nm, and P concentration using a
colorimetric assay. K and Ca concentrations were determined using the flame method.

Carotenoids

The content of B-carotene, B-cryptoxanthin, lutein, ascorbic acid, neoxanthin, zeax-
anthin, violaxanthin and capsanthin in fruits was quantified by HPLC using a Shimadzu
LC-20 system (Kyoto, Japan). To prepare the samples, 2 g of NazSOy per 100 g ! was added
to each pepper fruit sample and then homogenised. Then, 5 g of this homogenised material
was taken, a pinch of quartz sand was added and ground in a mortar with acetone at a
temperature of 4 *C. The extract was transferred to 50 mL volumetric flasks and made
up with the same acetone. The supernatant obtained after centrifugation (1500 rpm) was
filtered using a 25 mm filter with a pore size of 0.22 um (Supelco IsoDisc™ PTFE syringe
filter) into vials. The vials were placed on a thermostatted tray (4 °C) and 5 uL was applied
o a column (Phenomeney, Kinetex 2.6 pm, C18, 100 mm x 4.6 mm) thermostatted at 40 °C
using an autosampler. Methanol in isocratic elution was used as the mobile phase, Data for
B-carotene were collected at 450 nm, 430 nm for chlorophyll a and 470 nm for chlorophyll b.

2.3.2. Evaluation of Antioxidant Potential

Preparation of fruit extracts

The extracts were prepared from the pericarp pulp with peel. They were obtained by
ultrasonic-assisted extraction with methanol (25 mL 1 g"l of raw material), for a period
of 60 min. The extraction process was performed at room temperature. The extracts were
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filtered through a tissue paper filter and then centrifuged. The filtrate was collected in a
clean tube. The samples were stored at 4 °C until the point of analysis.

DPPH Assay

The assay involved the colorimetric measurement of the extent to which a known
amount of DPPH (2,2-diphenyl-1-picrylhydrazyl) was reduced by the extract. DFPH is a
stable cation radical that has an unpaired electron on the valence shell, It forms a nitrogen
bridge on one of the nitrogen atoms. When reacting with the test substance, it releases a
h}rdmgen atom, tran.*:furming into the reduced form of DPPH. This reaction is accompanied
by a colour change of the solution from violet to pale yellow, which is quantitatively
measured spectrophotometrically at 517 nm. The result is given in % DPFPH inhibition [62].

Freparation of DPPH radical solution

First, 0.012 ¢ of DPPH was weighed and quantitatively transferred to a 100 mL
volumetric flask. It was then made up to the mark with pure methanol and the reagent was
dissolved using an ultrasonic bath for approximately 60 min. The reagent was stored in a
dark glass bottle,

Preparation of reagent blank

We added 1 mL of distilled water to 3 mL of methanel and 1 mL of DPPH selution.
The whole mixture was mixed well and, 10 min after the last component was added, the
absorbance was measured at A = 517 nm.

Preparation of test solutions

We took 0.5 mL of extract and transferred it to a 10 mL volumetric flask and made it
up to 10 mL with methanol. Then, (.2 mL of test sample, 1 mL, 3 mL of methanol and 1 mL
of DPPH radical solution were measured into the tube. Ten minutes after the last reagent
was added, the absorbance of the mixture against methanol was measured at A = 517 nm,

The percentage of DPPH inhibition was calculated according to the formula:

Yo DPPH = [{AB — AA)/AB] = 100

where

AN is beorbance of test solution (t = 100 min);

AB is absorbance of the blank (t = 0 min) [53);

The antioxidant activity of the tested extracts was given as the percentage of DPPH
radical scavenging capacity (RSC, ).

ABTS Assay

Assessment of antioxidant activity by the ABTS (2,2'-azobis(3-ethylbenzothiazoline-
frsulfonate) method involves the reduction of the colourful, intensely blue—green cation
radical ABTS+ (the oxidised form) to the colourless ABTS, which is the reduced form. The
radical is reduced by antioxidants present in the test sample [64].

Preparation of the ABTS solution

A 4.9 mM potassium persulphate (K;5:0g) solution was prepared, with a stability
period of only one day. To prepare the solution, 0.132 g of K;5;0; was weighed and
thoroughly dissolved in 100 mL of redistilled water. The PSB phosphate buffer, pH 7.4, was
then prepared. This solution was prepared from two PBS tablets dissolved in 400 mL of
redistilled water.

ABTS solution was prepared by dissolving one ABTS tablet in 1.3 mL potassium
persulphate solution and 1.3 mL distilled water, The solution was stored in a dark location
at room temperature for a period of 16 h. After this time, a working solution of ABTS was
prepared by diluting it with PBES so that its absorbance at 734 nm was A = 070.
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One by one, 100 pL of the test extract and 1 mL of ABTS were added to the cuvette.
Six minutes after the addition of the last component, the measurement was performed in a
spectrophotometer at 734 nm. The drift capacity of the stable ABTS radical was calculated
according to the formula

% ABTS = [(AB — AA)/AB] » 100

where

AA is absorbance of test solution (t = 6 min);

AB is absorbance of the blank (t = 0 min) [65].

The antioxidant activity of the tested extracts was given as the percentage of ABTS
radical scavenging capacity (BSC, %)

TPC Assay

The determination was performed by the colorimetric method using the Folin-
Ciocalteu reagent [66).

Preparation of extracts

The analysis was conducted on 5% methanolic extracts prepared from pericarp with
peel, obtained through ultrasound-assisted extraction for 60 min. The extraction was
performed at room temperature,

Preparation of the calibrakion curve

A calibration curve was prepared from a standard solution of (+)catechin in methanol
{catechin concentration 50 myg 100 cm?)., We added (1.5, 1.25, 2.5, 3.75 and 5 em? of the
catechin solution to 25 cm? flasks successively. The flasks were topped up with methanol
25 em®. From each flask, 2.5 cm® of the solution was taken into 25 cm? flasks and topped
up with redistilled water. A volume of 5 cm? of these solutions was taken and 0.25 cm?
of Folin—Ciocalteau reagent (diluted 1:1 with redistilled water and 0.5 em? of 7% NapCO3)
was added, After thorough mixing, the solulions were left to stand in the dark. After
30 min, the absorbance of the solutions was measured in a spectrophotometer at 760 nm. A
calibration curve was plotted from the results obtained [67].

Specific mensurement

Dilutions of the initial extract were prepared, 2-, 5- and 10-fold with methane. For
the analysis, 2.5 cm® of each sample was popped and topped up with water to 25 cm?®.
Then, 5 cm?® each was taken from the solutions and 0.25 cm® of Folin—Ciocalten reagent and
0.5 cm?® of 7% MNazCO3 were added. The samples were mixed thoroughly and set aside in a
dark place. After 30 min, the absorbance was measured in a 5pect.mphnt‘umeh—:r at 760 nm.
The result was expressed as mg catechin (CE) 100 g1 of FW (mg CE 100 g ! of FW).

2.3.3. Sensory Evaluation of Pepper Fruit Quality

The QDA method (quantitative description analysis) was used for sensory quality
testing of pepper fruits evaluation, which is described in Sobczak et al. [51].

2.4, Statistical Methods

The results were statistically processed using multivariate factor analysis. Based on
the average values of traits for each experimental setup, divided by pepper variety, a multi-
variate factor analysis was conducted. The principal component analysis (PCA) method
was used to reduce the number of variables and capture the main sources of variance in the
data. To maximise the variance of loadings between factors and minimise their variance
within the new factor, Varimax rotation was applied. Based on the obtained components,
in the form of correlation coefficients of the studied variables with the components and
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the correlation of factor objects divided by variety, the interdependencies were illustrated
using a biplot. Analyvses were performed using IBM SP55 Statistics version 29,

3. Results
3.1. Physicochemical and Sensory Characteristics, Yield and Antioxidant Potential of Pepper Fruits

The detailed yield characteristics of Aifos and Palermo peppers grown hydroponically,
as well as the dry matter content of the fruit and the distinguishing characteristics of the
sensory evaluation of the pepper fruits, are described in Sobezak et al. [51], Data for the
treatment of pepper plants with Ca, SA and their combination are published in the article
Sobczak et al. [51]. High levels of solar radiation and high air temperature were recorded
during the pepper vielding period [51]. However, the commercial fruits of peppers of
both cultivars obtained at date 1 and date 2 were of high quality. On the other hand, a
high proportion of BER fruit was found in the total pepper vield, especially in the cultivar
Palermo (Table 1). Pepper plants treated with both Ca and SA alone and with both Ca and
5A showed less BER on fruit than plants in the control [51]. Commercial sweet pepper
fruits from plants grown hydroponically in a mineral wool substrate were characterised
by high health-promoting quality. High concentrations of the mineral salts potassium and
phosphoerus, vitamin C averaging over 47 mg 100 g ! of FW, carotenoids including lutein
averaging more than 209 pg 100 5_1 of FW, capsanthin more than 1226 g 100 g_l of FW,
B-cryptoxanthin more than 88 pg 100 g~! of FW and ec and f carotene more than 168 and
735 pg 100 g ! of FW, respectively, were found in the fruit of both cultivars (Table 1). In
the evaluation of sensory quality, the peppers obtained an overall sensory preference score
for the cultivars of more than 7 points out of a maximum of 10, which indicates their high
sensory quality [51]. Fruits of both cultivars were characterised by high antioxidant activity
measured by DPPH, ABTS and TPC methods obtaining, on average, levels of oxidative
activity in each method of more than 86%; more than 78% RSC and almost 54 mg CE
100 g~ of FW, respectively (Table 1). Large differences were found between the heights
of individual parameters in pepper fruits depending on the cultivar. The fruits of the
Aifos cultivar accumulated more potassium ions, bivactive compounds such as lutein,
capsanthin, @-cryptoxanthin and « and p- carotene, Al the same time, in the sensory
evaluation, they were considered to be fruits with a tougher skin than those of the Palermo
variety. They were rated higher than Palermo variety fruit in terms of most distinguishing
characteristics such as flesh fibrousness, flesh juiciness, flesh firmness, sour taste, bitter
taste, pungent flavour and overall quality of pepper fruit but these differences were not
statistically significant. On the other hand, sweelness was significantly higher for Palermo
than for Aifos. Palermo fruit was characterised by higher dry matter content, TS5 and
sugar/acid ratio TSS/TA and TS/ TA than Aifos fruit and tended o receive higher overall
sensory preference scores than Aifos fruit in the consumer evaluation (Table 1). In addition,
the Malermo fruit received higher scores for antioxidant activity, regardless of the method
used in this study to measure the activity of the fruit in vitro (Table 1).

Table 1. Average values with standard deviation of the examined physicochemical parameters of
fruit quality, sensory quality, vield and antoxidant activity of pepper fruits for cultivars Aifos and
Palermo, The table indicates the codes for the parameters used in the processing of the results of
principal component analysis, FCA.

Parameter

Cultivar

i Avera
Unit Code Aifos Palermo verage

Physicochemical composition (average of 48 values)

Dry weight

o oW 8.36 & 0.50 991 x 1.69 214 £ 147
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. Cultivar I
Parameter Unit Code Alfos Palermn Verage
Total soluble solids “Brix TSS 840 £ 058 9.63 = 0.99 G010 £ 1.0
Total sugars 100 &1 FW TS 3834+ 168 4354+ 190 409+ 1.80
Titratable acidity ~ 85" B TA 0.21 +0.02 0.17 = 0.04 0.188 + 0.03
T55/TS ratin 11 T55/TA 0,70 = 3.99 58.82 = 1087 49761 £ 12.22
T5/TA ratio il TS/TA 18.59 = 5.39 26.01 + 1091 22301 + 10.373
I’h{]ﬁp]‘mrus I’ 223.92 + 2538 214.83 4+ 49.60 219.38 + 39.46
Mitrates > ko—1 FW Ny 108.14 + 4.32 110.00 + 3.81 108.07 + 4.16
Calcium Mg K& Ca 23.02 + 4.08 24.08 4+ 4.30 23.56 + 4.20
Potassium K 229448 = 122.82 218094 4+ 21645  2237.71 + 184.12
Ascorbic acid mg 100 g 1LFEw Al 48515 + 1007 4715+ 5497 47.65 + 8.25
Meoxanthin Meox. 3923+ 27,05 30,53 + 1231 37,884 20.95
Lutein Lut. 23436 £ 17264 184.80 £ 74.89 20058 &+ 134 68
FZeaxanthin Feax, 2468 + 1297 1950 + 4,10 2209 + 991
Violaxanthin 100 6=1 FW Violax. 46 +5.16 355 298 .00+ 4.44
Capsanthin i & Caps 147843 & 97431 + 528.73 1226.37 &
P i 1309.22 e 1024.95
ﬁ-cr}-’ptnxanthin Crﬂ:lt. 100.63 — ha.7d 76,11 — 21.86 85.37 + 4451
o-carntene n-carot. 19825 =121 .44 135.09 = 101.78 168.17 = 115.45
B-carotene f-carot. #20.81 + 458.92 650.26 + 417.85 735,53 + 444 89
Sensory quality (average of 48 values)
m“;:p‘;gr“-‘s" Odor-fre.p. 501 + 193 478 + 243 189 +2.19
Skin hardness Skin-hard. 5.97 4+ 2.08 500+ 259 5449 4+ 2.39
Flesh fibrousness Flesh-fibr. 6.4 + 1.54 5.24 4+ 153 5094+ 191
Flesh juiciness Flesh-juic, 6,18 + 1.90 4,86 T 205 552 — 2.081
Flesh [irmness Flesh-firmn. .84 +1.98 3021137 4,93 + 2.555
TYPIAIPEPPEr 010 point'sscale  Taste-p. 646 127 6.65 £ 1.56 655+ 143
Sour taste Taste-so. 374+ 214 2.21 + 1.66 298+ 206
Sweet taste Taste-swe. d7a+ 211 H.40 — 2,12 5.0+ 248
Bitter taste Taste-bit, 051 £ 0.89 036 = 1.08 044 4+ 099
Pungent flavour Flav.pung. 0.97 £ 1.31 0.80 = 1.02 0.88 £1.17
Off-flavor Flav.of. 0D+0 00 oLo
Owerall qualit}f o0 7.8 £ 0.95 6766 £ 1.22 6.973 £ 1.11
Crvenall Iensncy Oversensepref. 673 £ 1.40 7.29 = 143 7.009 & 1.4
preference
Yield (average of 48 values)
Total yield Tyield 254407 = 46002 205505 4+ 02576 259956 &+ 730.41
Fruit with BER g F‘Ilar‘ll_l BER 73848 + 26625 171422 + 35367 122635 4+ 581,57
Marketable yield MYield 210558 + 553,39 124082 + 71444 167320 4= 76927
?3;;{2:{:;’; No.fr. Tyield 17.69 + 3.97 45,04 + 11.63 31.37 + 16.26
i ; —1
Fruit with BER No: plant No.frBER 651 +2.92 30,70 + 9.62 15.60 + 14.09
Marketable j.-'idd No.frMyield 11.18 = 347 1434 £ 7.70 1276 £ 6.13
Antioxidant activity of pepper fruits (average of 48 values)
In vitro
antioxidant DPPH o RSC DreH frd. 12 + 2.49 73304 292 68.71 £ 5.35
ﬂ.ﬁ\l'ia.]r" "
ABTS assay ABTS 7286 £ 247 83434+ 417 7822 L+ 632
Total phenolic mg CE
cimiant 100 g‘l FW TPC 4710 £ 3,50 &0.80 £ 5.60 5391 +£ 831
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3.2. PCA Analysis for Physicochemical and Sensory Quality Parameters of Peppers Considering
Foliar Treatment of Peppers with Calcium (Ca), Salicylic Acid (5A) and Calcivi Combined with
Salicylic Acid (Ca+5A)

Table 1 shows the mean values of the physicochemical and sensory quality parameters,
as well as the vield characteristics and antioxidant activity of the fruit of the two pepper
cultivars Aifos and Palermo. Each parameter studied was identified by a code (Table 1),
which was used in the graphs (PCA) principal component analysis.

A PCA factor analysis performed for fruit physicochemical and sensory quality pa-
rameters depending on foliar treatment of peppers with calcium (Ca), salicylic acid (SA)
and calcium combined with salicylic acid (Ca+5A), showed more than 95% variability in
the five principal components (Table 2).

Table 2. Eigenvalues and proportion of the total variance in % experimental combinations (cultivar:
Aifos and Palermo x ireatment: control: Ca; SA; Ca+54), as explained by the first five principal com-
ponents [or the physicochemical and sensory quality parameters of pepper [ruit and the correlation
coetficients between these pararneters and the first five PCs,

Principal Components (PCs)

a
Fagwngter PCI PC2 PC3 PC4 PC5
DW —0.661° —0.499 —0.521 0,036 —0.007
TSS —0.655 —0.638 —0.282 0.076 0.135
TS —0.031 —(L086 —0.905 0.165 —0.283
TS/TA —0.472 —0.176 —0.816 0.138 —0.153
TA 0.935 0.203 0.175 0.5 0123
TSS/TA —0.867 0.373 0.191 0.047 0.171
P 0.202 0,000 0.225 0.050 0.916
NO; (0,306 —0.557 0.114 0.420 0.617
Ca —(1.399 —(0.072 0.400 —(.241 0.782
K 0.915 ~0.119 (.099 (1303 —0.028
AA 0.177 0.054 0.676 0,195 —0.671
Neox, 0.026 0.574 0.275 —0.216 0.720
Lut. 0.326 0.657 0.436 —0.495 0.030
Zeax. (1.294 0.596 0.723 0.014 0.183
Violax. 0.337 0.792 0.384 0.246 —0.118
Caps. 0.538 0.453 0.613 —0.149 0.157
Crypt. 0.434 0.713 0.469 —0.008 —.053
ae-carot. 0.368 0.823 0.082 0.334 —.197
B-carot. 0.359 0.800 —0.072 0.315 0.190
Odor-fre.p. 0.176 0.256 0.111 0.912 0233
Skin-hard. 0.789 0.386 0.025 0.017 0.089
Flesh-fibr. 0.518 0.685 0.035 —0.46 0.123
Flesh-juic. 0.413 0.598 (.086 —0.529 0.341
Flesh-firmn. 0.710 0,559 (.335 —().248 0.068
Taste-p. 0.115 0.139 0.042 0.900 0.105
Taste-so. 0.892 0.313 0.092 0.194 0.110
Taste-swe. —0.563 (0434 0.234 (.083 (.041
Taste-bit. 0.055 —0.068 0.513 —0.768 0.162
Flav.pung. (424 L1753 — {098 0.876 — L0008
(s8] 0.779 0,609 —0.009 —0.055 —0.061

Owersense. pref. —(LB55 —0.306 —0.307 0.128 —0.183
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Table 2. Cont,

Principal Components (PCs)

al
Parameter PCI PC2 PC3 PC4 PC5
Total variance explained-rotation sums of squared loadings
Total 9,598 7.138 4.704 1624 3.410
% of Variance 30.961 23.026 15.174 14,916 11.001
Cumulative % 30.961 53.986 59,161 B4.077 u5.074

a—Parameters described in Table 1; b—DBald walues indicate the maximuwn correlation coetficient of the variable
with the obtained components.

The first and third principal components (PC1, PC3) explain more than 46% of
the variation and the frst and second (PC1, PC2) almost 54% of the variation (Table 2,
Figures 1 and 2). The PC1 component is most strongly correlated with fruit quality parame-
ters (Table Z) such as dry matter content (DW), soluble sugars (TS5), potassium, total acidity
per citric acid (TA), sugar/acid ralio (T55/TA) and variables described in the sensory
analysis of pepper fruits such as skin hardness (Skin-hard.), flesh firmmness (Flesh-firmmn.),
sour taste (Taste-s0.), sweet taste (Taste-swe.), overall quality (OQ) and also overall sensory
preference (Oversens.pref.). Figures | and 2 show clear varietal differences in terms of
the above characteristics. In the case of the cultivar Aifos, the values for control are to
the right of the intersection of the X axis. The factor used in the experiment, such as the
addition of Ca, resulted in a higher correlation with traits positively related to PC1, The
total factor applied Ca+5A additionally showed a high correlation with the PC3 compo-
nent and ccmaﬁquentl}r with inter-variables such as total sugars (T5) and sugar /acid ratio
(TS/TA) in pepper fruits (Figure 1). The cultivar Palermo is on the opposite side of the
intersection of the X-axis with respect to the characteristics correlated with PC1; i.e., this
cultivar was strongly positively correlated with variables such as dry matter content of the
fruit (DW), soluble components in cell juice (TS5) and their proportion to acid concentration
in the fruit (TS5/TA), as well as with the sensory evaluation discriminator sweet taste
(Taste-swe.}, whereas it was inversely correlated with variables with which the cultivar
Aifos was positively correlated (Figure 1). Both cultivars responded similarly to the Ca+5A
factor, showing a high positive correlation with total sugars in fruit (T5) and sugar /acid
ratio (TS/TA) (Figure 1).

The PC2Z component is most strongly correlated with parameters relating to the con-
centralion of pigments such as lutein, violaxanthin, a-carotene and B-carolene in pepper
fruits (Table Z). The use of SA in the experiment shifted these objects up the y-axis relative
to the control, thus increasing the parameters positively correlated with PC2 (Figure 2), The
situation was similar in the case of the Ca+5A experimental system. It can be concluded
that the application of SA had a favourable impact on the accumulation of pigments in
the pepper fruits. In the context of Ca factor experiments, a significant positive effect was
observed for the cultivar Palermo, while the Ca factor for the cultivar Aifos showed an

inverse correlation with the PC2 component (Figure 2),
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Figure 1. Principal component analysis (PCA) biplot showing the analysed components based on the
physicochemical and sensory quality parameters in the space of two main compenents (I'C1, PC3)
explaining in total more than 46% of the total variability.
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Figure 2. Principal component analysis (PCA) biplol showing the analysed components based on the
physicochemical and sensory quality paramelers in the space of two main components ('C1, PCZ)
explaining in total close to 54% of the total variability,

3.3. PCA Analysis for Physicochemical Parameters and Antioxidan! Activily of Pepper Fruils

Considering Folimr Treatment of Plants with Calcinm (Ca), Salicylic Acid (5A) and Calcium
Combined with Salicylic Acid (Ca+54)

For PCA analvsis of the physicochemical parameters and antioxidant activity of pepper
fruits, the four main components explain almost 94% of the variation (Table 3).
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Table 3, Eigenvalues and proportion of the tolal variance in § experimental combinations (cultivar:
Adfos and Palermo x treatment: control; Ca; 5A; Ca+5A), as explained by the first four principal
components for the physicochemical parameters and antioxidant properties of pepper fruit and the
correlation coefficdents between these parameters and tha firgt four PCs.

Principal Components (PCs)

h ) i
xaRRmcHE PC1 PC2 PC3 PC4
W 0.640 P 0.537 —-0.516 -0.134
TS5 0611 —0.69 —[.252 0.035
TS 0.049 —0.003 —0.962 —0.206
T5/TA 0,470 —0.152 —0.852 —0.108
TA —0.918 0.314 0.123 —0.066
TS5/TA 0.842 —0.479 —0.142 0108
P —0.218 ~0.018 0.233 0.909
NO; 0,304 —0.662 0.011 0636
Ca 0,394 0.183 0.473 0.753
K —.949 0.003 0.m7 0,097
AN —0.223 0,122 .57 —{.739
Meox. 0.034 0.487 0.387 0.762
Lut. —D.239 0.608 0.547 0183
Zeax. —0.265 (1.585 0.741 0.154
Violax. —0.279 0.519 0.389 —0.168
Cap!-:. —(L.486 0473 (.632 0.184
Cr:.rpt. —(.40% 0.733 (0.472 (.003
o-carot, —0.28a 0.886 0.071 —0.236
B-carot. —.266 0.879 —0.087 0180
DPPE 0.757 —.436 —461 (0.000
ABTS 0.830 —0.478 —0.239 0.030
TFC 0.829 —0.336 —0.372 0060
Total variance explained: rotation sums of squared loadings
Total 6.511 6073 4.831 3.236
"o of Variance 29.597 27606 21.959 14.708
Cumulative 29,597 57.203 79.162 93,87

I —Parameters described 1 Table 1 b—Dald vALUES aicate the frcelidim corTelation coeeent of e varanie
with the abtained components.

The PC1 component was most strongly correlated with such variables from the chemi-
cal analysis as dry matter (DW), potassium (K}, cell sap soluble components (TS5), total
acidity (TA} and T55/TA ratio in pepper fruits, and with variables characterising the antiox-
idant capacity of pepper fruits; i.e., antioxidant DPPH and ABTS assay and total phenolic
content (TPC), among others. Figure 3 clearly shows varietal differences in terms of the
above characteristics. For the cultivar Aifes, the values for control are to the left of the inter-
section of the X axis. The factor used in the experiment, for example, spraying the pepper
plants with Ca, resulted in a higher correlation with traits negatively associated with PC1. A
positive correlation has been identified between the PC2 component and the concentration
of carotenoids, including lutein (Lut.), violaxanthin (Violax.), f-cryptoxanthin (Crypt.),
p-carotene {o-carot.) and B-carotene (B-carot.), in fruit. The use of the SA factor in the
experiment resulted in a shift of these objects relative to the control up the Y-axis, thereby
leading to an increase in the parameter values that showed a positive correlation with PCZ,
The situation was similar in the case of the Ca+5A experimental system. The application
of the Ca factor demonstrated a significant positive effect on the cultivar Palermo, while
the inverse correlation between the Ca factor and the PC2 component was evident in the
cultivar Aifos. In conclusion, the addition of SA had a positive effect on the increase of
pigments in the pepper fruits tested (Figure 2).
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Figure 3. Principal component analysis (PCA) biplot showing the analysed components based on
the physicochemical parameters and antioxidant properties of pepper fruit in the space of two main
components (I"C1, T'C2) explaining in total more than 57% of the total varability.

Furthermore, the factor Ca+5A demonstrated a strong correlation with the PC3 compo-
nent, indicating a significant relationship with inter-variables such as the total sugar content
of the pepper fruit (TS) and the sugar/acid ratio (TS/TA) (Figure 4). With regard to the
traits associated with FC1, the cultivar Palermo lies on the opposite side of the intersection
of the X axis. Consequently, this cultivar showed a shrong positive correlation with variables
such as DW, TSS, TSS/TA, DPPH, ABTS and TPC and an inverse correlation with variables
with which the cultivar Aifos was positively correlated. Both varieties responded similarly
to the Ca+5A factor showing high positive spiking with the variable TS, TS/ TA (Figure 5).
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Figure 4, Principal component analysis (PCA) biplot showing the analysed components based on
the physicochemical parameters and antioxidant properties of pepper fruit in the space of two main
components (PC2, PC3) explaining in total more than 49% of the total varability.
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Figure 5. Principal component analysis (PCA) biplot showing the analysed components based on
the physicochemical parameters and antioxidant properties of pepper fruit in the space of two main
components {PC1, PC3) explaining in total more than 51% of the total variability.

34, PCA Analysis for Plusicochemical Parameters of Pepper Fruit and Yield Pavameters
Considering Foliar Treatment of Peppers with Calcium (Cal, Salicylic Acid (SA) and Calcium
Combined wilh Salicylic Acid (Cn+5A)

For PCA analysis of physical and chemical parameters and yield of pepper fruit
parameters, the four principal components explained almost 93% of the variability (Table 4).

Table 4. Eigenvalues and proportion of the total variance in 8 experimental combinations (cultivar:
Aifos and Palermo x treatmnent: control; Ca; 54; Ca+5A), as explained by the first four principal
components [or the physicochemical parameters of pepper fruit and yield parameters and the
correlation coefficients between these parameters and the first four PCs.

Principal Components (PCs)

a

LAt PC1 PC2 PC3 PC3
DW 0571 0.594® 0525 0.146
TS —0.719 0.578 0276 0.012
9 —0.021 0.012 —0.968 0.209
TS/TA 0,199 0.435 —0.859 0.119
TA 0.374 —0.910 0.127 0.054
TSS/TA 0.530 0.820 0.147 0,001
P 0.041 0.200 0.254 0,839
NOs —0.685 0227 0.045 0,649
Ca 0.216 0.383 0.453 —0.744
K 0.049 —0.896 0.086 0.190
AA 0.179 0197 0,575 0.711
Neox. 0.456 0.071 0.376 0767
Lut, 0.630 —i1.258 (1,480 —0.317
Feax, ha0q9 —.202 0.742 —{1,1683
Violax. 0.846 —.187 (.405 0176
CEPH. .526 —0.476 0.594 —0.237
CI}'Pt. 0.745 —i.344 0.481 —{1.030
p-carot, 0.914 —u.205 007 A 1244
[?s-camt. 0.897 —.210 —0.110 —(1.161
'|'}'1'EE& —.156 (.184 —0.057 0.885

BER —0.642 0.651 — (1186 0.319
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Table 4. Cont,

Principal Components (PCs)

fl

Parameter PC1 PC2 PC3 PC4
MYield 0.658 —0.669 0.190 ~0.072

No.fr.Tyield —0.636 0.594 ~0.216 0.395

No.fr.BER —0.677 0.560 ~.165 0.388

No.frMyield 0.207 0.711 0.537 0.355

Total variance explained: rotation sums of squared loadings

Total 7.806 6.111 48 4522

%o of Variance 31.222 24.444 19.198 15.09
Cumulative % N2 55.666 74.564 §2.954

a—Parameters described in Table 1, b—Bald values indicate the maximum correlation coefficient of ihe variable
with the obtained components.

The components PC1 and PC2 and PC3, in addition {o strong correlations with chemi-
cal traits of fruit and pigment content, showed correlations with yield and quality traits
such as weight of marketable yield of pepper fruit (MYield), number of fruit of total and
marketable yield (No. fr. Tyield, and No. fr. Myield) and weight and number of fruit with
BER (BER and No. fr. BER). The experimental systems, in which SA was applied, were
situated above the control systems and, as a result, demonstrated a positive correlation
with PC2-related traits. The introduction of SA may have contributed to the quantity and
quality of produce, particularly with regards to the number of healthy fruit, as well as the
overall marketable yield. As evidenced in the correlation analysis, this yield was most
closely associated with PC1, which is reflected in the graphical representation (Figure 6).
The layouts of the SA-added experiments were thus shifted to the right and upwards in
the graph relative to the contrel. At the same time, Figure 7 confirms the clear varietal
differentiation in terms of value level and in terms of similar correlations.
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Figure 6. Principal component analysis (PCA) biplot showing the analysed components bazed on
the physicochemical parameters of pepper fruit and yield parameters in the space of two main
components {FC1, PC2) explaining in total more than 55% of the total variability.
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Figure 7. Principal component analysis (PCA) biplot showing the analysed components based on
the physicochemical parameters of pepper fruit and yield parameters in the space of two main
components {PC2, PC3) explaining in total more than 43% of the total variability.

4. Discussion
4.1. Quality Characleristics of Pepper Fruits Grown Hydroponically

Peppers grown hydroponically in mineral wool substrate produce fruit with high bio-
logical value, The fruits of both cultivars tested were characterised by high concentrations
of vilamins, carotencids, mineral salls, sugars and organic acids. Peppers harvested at
physiological maturity from plants grown in mineral wool contained on average more than
1226 pg 100 g 1 FW of capsanthin. According to Hassan et al. [68], the level of capsanthin is
significantly increased during the ripening of red peppers. It is the principal pigment that
accounts for almost 80% of the total carotenoids, ranging from 230 to 848 11z 100 g~ of fresh
weight in capsicum. The main carotenoids of capsicum include capsanthin, capsorubin,
B-carotene, zeaxanthin, violaxanthin, lutein and antheraxanthin, the concentration of which
varies according o the ripeness of the fruit [69,70]. Carotenoids are a family of natural
pigments covering a spectrum from yellow to red, characterised by strong antioxidant
properties. Among these compounds, capsanthin stands out as a valuable carotenoid
pigment, not only for its role in determining the degree of colour and fruit maturity of red
pepper varieties but also for its high antioxidant properties and potential health-promoting
effects [71-73]. Among the labelled carotenoids in ripe Aifos and Palermo fruit, capsanthin
had the highest proportion. Among the labelled carotenoids in ripe Aifos and Palermo fruit,
capsanthin had the highest contribution. The lutein content of the fruits tested averaged
more than 209 pg 100 g~ of FW, B-cryptoxanthin more than 88 pg 100 g~! of FW and o
and f carotene more than 168 and 735 pg 100 g L of FW, respectively. Vitamin C levels
averaged more than 47 mg 100 g ! of FW. Vitamin C is thermolabile and its degradation in
the product depends on water activity, light access, oxygen content and the presence of
heavy metals (e.g., Cu, Fe), the type of raw material, its maturity, and pretreatment [74].
These compounds are responsible for the antioxidant activity observed in peppers [75].
At the same time, the methanolic extracts of Aifos and Palermo fruits tested showed high
antinxidant potential. A study by Guil-Guerrero et al. [4] showed that for 10 Spanish
pepper varieties, the main carotenoids were lutein and its isomer, accounting for more
than &0% of all carotenoids. The content of lycopene as well as the other components in
pepper fruits is influenced by various factors. For instance, the analysis of pepper fruits
harvested in September revealed higher concentrations of lvcopene and f-carotene in
comparison to those harvested in July or August [76]. Certainly, the high temperature
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occurring during the study period affected the concentration of the different components
and the quality of the pepper vield of both varieties. According to Oh and Koh [77], the
temperature range of 20-25 "C is conducive to vegetative growth and fruit development in
sweet peppers, and the total sugar content of ripe fruit increases significantly at 20-25 °C,
while the capsaicinoid content of ripe fruit increases with increasing temperature in the
range of 15-30 "C. These results indicate that the temperature range of 20-25 °C is ben-
eficial for vegetative growth, fruit development and fruit quality of peppers [75], The
physicochemical and biological properties of pepper fruits are also determined by their
maturity stage at harvest. Pepper fruit ripening is the characteristic change in fruit colour
from green to red, vellow, orange or purple depending on the variety. This process involves,
among other things, the breakdown of chlorophyll and the synthesis of new carotenoids
and anthocyanins, the emission of organic volatiles, the synthesis of new proteins and the
cleavage of existing ones and the softening of cell walls [79-81]. Significant differences
between the transcriptomes of unripe and ripe pepper fruits, involving thousands of genes,
have also been reported [52]. From a redox point of view, fruit ripening has also been
found to affect the metabolism of reactive oxvgen species (ROS), leading to major changes
in the total soluble reducing equivalents and antioxidant capacity of the fruit. The prolile
of major non-enzymatic antioxidants, including ascorbate, glutathione, carotenoids and
polyphenols, has been monitored throughout the ripening process of pepper fruit [23],
but less is known about how enzymatic antioxidants evolve during this physiological
process. In their study, the in vitro DI'PH antioxidant assay and in vitro ABTS tests were at
68.71% RSC and 78.22% RSC, respectively, while the total phenolic content was 53.91 mg CE
100 g~ of FW. A study by Papathanasiou et al. [84] proved that the sweet pepper cultivars
Dolma F1, Yahoo F1 and Florinis N5 700 harvested at full matarity (80 days after Aowering)
are a rich source of antioxidant compounds, including polyphenols and ascorbic acid, and
have been found to have the highest antioxidant activity. The tested cultivars Aifos and
Palermo differed in terms of the content of individual bicactive components, while on
average, fully coloured fruit vielded ascorbic acid of about 48 mg 100 g‘l of FW and total
phenolic compounds of about 54 mg CE 100 g 1 of FW. In contrast, antioxidant activity
assessed by the DPPH method averaged about 68% R5C and ABTS method 78% RSC. In
a study by Hamed et al. [55], the ranges of total phenelic compounds and Havenoids in
peppers were in green fruit 2096 to 7689 pg,f"g_l of FW and red /vellow ripe fruit 204 to
962 pg /gt of FW. Ascorbic acid levels in peppers ranged from 223 to 1025 mg /100 g of
dry weight (DW). In contrast, both raw and roasted peppers showed strong antioxidant
activity by DPPH, with values ranging from 61% to 87%, and by ABTS, with values ranging
from 73 pmol TE/ g to 159 pmol TE/ g of a freeze-dried sample. As reported by Chilczuk
et al. [B6], the highest antioxidant activity was observed in sweet pepper fruit extracts
prepared with 40% methanol. The highest total content of phenolic compounds was ob-
tained in an analogous extract derived from hot pepper fruits, which also demonstrated the
most potent cvtotoxic activity against the PC-3 cancer line, Medina-Judre et al. [57] report
that the highest percentage of oxidation inhibition for the DPPH radical is associated with
the highest levels of gallic acid, chlorogenic acid, epicatechin, rutin, luteolin, resveratrol
{r = 0.85) and ascorbic acid in pepper fruits, Of the varieties tested, Caribe and Bell had the
highest antioxidant capacity, which correlated with the highest levels of phenols and total
flavonoids. Positive correlations were shown between individual phenols and antioxidant
activity, confirming the results obtained in the experiment. Additionally, the researchers
demonstrated a positive correlation between individual phenols and antioxidant activity,
with the highest correlation observed for catechin, epicatechin, rutin and resveratrol,

The fruit of both pepper varieties examined in the experiment also scored highly
in terms of sensory quality and consumer desirability, The observed differences in the
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heights of individual fruit quality parameters were dependent on the variety of pepper.
FCA analysis showed significant differences between the yield quality characteristics of
the Aifos and Palermo cultivars. Fruits of the Palermo cultivar contain significantly more,
inter alia, dry matter (DW), soluble sugars (155) and potassium and show a higher total
acidity (TA) and a higher sugar/acid ratio (TSS,/TA). These characteristics influence the
higher evaluation of the fruits of this cultivar in terms of sensory quality, particularly
in terms of sweet taste and overall sensory preference, Other studies have also shown
a significant correlation between the content of chemical atiributes of fruit quality and
individual determinants of sensory evaluation [52,89].

4.2, Increase in Yield, Quality, and Antioxidant Potential q,l" Pepper Fruil as g Resull uf CAand
SA Application

The Ca and SA spray treatments applied to the crop, and the combination of these
compounds in a single spray of Ca combined with SA (Ca+5A), resulted in a beneficial
impact on the quality of the pepper crop. This included an increase in the proportion of
marketable vield, while the non-marketable crop had a BER symptom prevalence of 99%.
Peppers grown under covers, like other vegetables, are exposed to high temperature stress,
which occurs during periods of high solar radiation. Depending on the susceptibility of the
pepper cultivar to the physiological disorder caused, among other things, by inhibition of
transpiration and Ca transport to the fruit tip cells, the proportion of fruit affected by BER
in the pepper vield may vary [40,51].

Spraving the plants with Ca increased the total acidity in the pepper fruit. It also
improved fruit sensory quality, firmness and increased the antioxidant potential of pepper
fruit. Similar results were observed in tomato, where calcium spraying had a beneficial
impact on maintaining high fruit firmmess, reducing fruit weight loss and increasing soluble
solids and total acidity. These treatments also showed positive correlations with total sugars
and overall quality during tomato fruit storage, indicating a consistently beneficial effect
of caleium on fruit quality parameters [30]. Both pepper cultivars responded similarly to
foliar treatment with simultaneous calcium and salicylic acid, i.e., a Ca+5A combination,
showing high positive correlations with total sugars in fruit (T5) and total sugars/acids
ratio (TS/TA).

The application of SA in the experiment increased compared to the control the con-
centration of pigments such as lutein, violaxanthin, p-cryptoxanthin, a-carotene and p-
carotene im the pepper fruit. A comparable context can be observed with the simultaneous
application of calcium and salicylic acid (Ca+5A) to peppers. It can be concluded that
the application of SA, either as a standalone treatment or in combination with Ca, has a
tavourable impact on the pigmentation of pepper fruits. In the context of treating pep-
pers with Ca alone, the cultivar Palermo showed a significant positive effect on the fruit's
bioactive components, while the opposite was observed for these pigments in the fruit of
the cultivar Aifos following the application of Ca. The factor used in the experiment, for
example spraving the pepper plants with Ca, resulted in a higher correlation with total
acidity and K content in Aifos fruit. Among others, Khalid et al. [91] found a positive
effect of foliar treatment of SA peppers in mitigating the negative effects of salinity stress in
peppers. The Ge et al. [22] study revealed that combined TSP (phosphate) + SA treatment
of peppers mitigated chilling injury by increasing water retention in the pepper fruit.

Furthermore, lhe study confirmed that the antioxidant activity of the fruit differed
between the two varieties, with the Palermo variety proving to have a higher antioxidant
capacity. This was confirmed by three methods, DPPH, ABTS and total polyphenol content
of TPC fruit, expressed in mg CE 100 g_i of fresh weight of pepper fruit. According to
Dobdn-Sudrez et al. [93], foliar application of 0.5 b 5A to pepper plants has a significant
effect on increasing fruit quality parameters and antioxidant capacity at harvest and after
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21 days of storage at 7 °C. Yang et al. [94] proved that exogenous 3 mmol L-1 SA delayed
the decrease in firmness, colour, TA and TS5 in winter jujube fruits (Ziziphus jujuba Mill cv.
Dongzao) during their shelf life. At the same time, SA increased the activity of antioxidant
enzymes (superoxide dismutase, peroxidase, catalase, ascorbate peroxidase) and the content
of ascorbic acid, total phenals, total flavonoids and glutathione in the fruit, which improved
the antioxidant properties of the fruit.

The analysis of the results obtained confirmed that the use of SA in peppers can lead
to an increase in the number of healthy fruits and the marketable yield. The arrangements
of experiments involving the addition of SA confirm the clear varietal differentiation in
termis of the level of values and confirm similar correlations. Foliar calcium feeding of
sweet pepper plants significantly increased fruit yield in the field crop and resulted in
a reduction in the number of fruits with BER symptoms compared to the control. The
application of calcium in the form of Ca({NOz); had a positive effect on vitamin C and
carotencid accumulation compared to other calcium fertilisers [95].

Among others, Khazaei and Estaji [96] report that salicylic acid provides improved
drought stress tolerance in peppers through its effects on vegetative, biochemical and
physiological traits, The foliar application of 8A, inducing an antioxidant system in pepper
seedlings, resulted in a reduction of the harmful effects of drought conditions and an
improvement in plant growth [96]. In contrast, Khalid et al. [27] found that application
of SA reduced Hg toxicity in sweet pepper seedlings. SA reduced Hg accumulation in
sweet pepper roots and leaves and impeded Hg translocation from roots to fruit, The
researchers report the need for continued studies to identify SA signalling pathways, with
the aim of providing further insight into these mechanisms in pepper plants. In a study
conducted by Dobdn-Sudrez et al. |98], the application of salicylic acid at a concentration of
0.5 mM to pepper plants prior to the harvesting of green fruit resulted in increased vields
(kg per plant, number of fruits and average fruit weight) and increased quality parameters
(firmness, greenness and total acidity). Moreover, the content of phenolic compounds and
the total antioxidant content both demonstrated a notable increase. The results obtained by
Dobdn-Sudrez et al. [28] suggest thal pre-harvest application of SA on pepper plants can be
an effective method for increasing yvield and improving fruit quality parameters at harvest,
while also maintaining post-harvest quality.

5. Conclusions

The hydroponic cultivation of peppers using mineral wool and Ca and 5A as nutrients
results in fruit with high biological value and excellent sensory qualities. Fruits of the
Aifos and Palermao varieties show high concentrations of nutrients and antioxidants, with
Palermo having a higher dry matter content, soluble sugars, potassium and a higher
EE‘I'I.‘:':[‘.II'}" SC0re.

Further research should concentrate on optimising hydroponic growing conditions
and establishing the mechanisms by which different factors affect vield quality and fruit
antioxidant potential. It is also important to extend the research by clarifving the effects
of SA application on the flowering biology of pepper plants, the uptake and transport of
individual components to the fruit and as well as their health-promoting effects.

The results indicate that foliar lreatment of peppers with Ca and SA is even more
beneficial in the Ca+5A combination for increasing fruit quality and antioxidant capacity.
Therefore, prophylactic spraving of peppers with the Ca+5A mixture can be recommended
in hydroponic production. However, the determination of the most effective concentrations
of both components requires further research,
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and Calcium on Growth, Yield, and Fruit Quality of Pepper (Capsicum annuum 1.) Grown
Hydroponically. Agronomy 14(2):329

moj indywidualny udzial w jej powstaniu polegal na konceptualizacji, opracowaniu
metodologii, recenzji i redakeji tekstu oraz sprawowaniu nadzoru.

Méj udzial wynosi: 5%

. Sobczak-Samburska A., Pidro-Jabrucka E., Przybvl J.L., Sieczko L., Kalisz §., Gajc-Wolska
J., Kowalezyk K. 2025. Effect of Foliar Application of Calcium and Salicylic Acid on Fruit
Quality and Antioxidant Capacity of Sweet Pepper (Capsicum annuum L.) in Hydroponic
Cultivation. Agriculture 15(1):26

mdj indywidualny udzial w jej powstaniu polegal na konceptualizacji, opracowaniu
metodologii, recenzji i redakcji tekstu oraz sprawowaniu nadzoru.

Moj udziat wynosi: 5%
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e-mail: wojciech_borucki@sggw.edu.pl

Rada Dyscypliny Rolnictwa 1 Ogrodnictwa
Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oéwiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy pt.:

. Sobczak A., Sujkowska-Rybkowska M., Gaje-Wolska J., Kowalczyk W., Borucki W., Kalaji
H.M., Kowalczyk K. 2021, Photosynthetic Efficiency and Anatomical Structure of Pepper Leaf
(Capstcum annuum L.) Transplants Grown under High-Pressure Sodium (HPS) and Light-
Emitting Diode (LED) Supplementary Lighting Systems. Plants 10(10):1975

moj indywidualny udziat w jej powstaniu polegal na konceptualizacji oraz walidacji.

Moj udzial wynosi: 5%
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prof. dr hab. Janina Gajc-Wolska

Szkola Gléwna Gospodarstwa Wiejskiego w Warszawie
Katedra Roslin Warzywnych 1 Leczniczych

e-mail; janina_gajc-wolska@sggw.edu.pl

Rada Dyscypliny Rolnictwa i Ogrodnictwa
Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspalautorstwie

Ninigjszym o$wiadczam, e w pracy pt.:

. Sobeczak A., Kowalezyk K., Gaje-Wolska J., Kowalezyk W., Niedzifiska M. Growth, Yield and
Quality of Sweet Pepper Fruits Fertilized with Polyphosphates in Hydroponic Cultivation with
LED Lighting. Agronomy 2020, 10, 1560

méj indywidualny udzial w jej powstaniu polegal na konceptualizacji, opracowaniu
metodologii, walidacji, analizie formalnej, prowadzeniu badan, zarzadzaniu zasobami,
nadzorze merytorycznym, administracji projektem oraz pozyskiwaniu funduszy.

Moj udzial wynosi: 2%

. Sobeczak A., Sujkowska-Rybkowska M., Gaje-Wolska J., Kowalczyk W., Borucki W., Kalaji
H.M., Kowalczyk K. 2021. Photosynthetic Efficiency and Anatomical Structure of Pepper Leaf
{Capsicum annuum L.) Transplants Grown under High-Pressure Sodium (HPS) and Light-
Emitting Diode (LED) Supplementary Lighting Systems. Plants 10(10):1975

mo] indywidualny udzial w jej powstaniu polegal na zarzadzaniu zasobami oraz
administrowaniu projektem.

Maj udzial wynosi: 2%

Sobczak A., Kuéko A., Pioro-Jabrucka E., Gaje-Wolska J., Kowalezyk K. 2023, Effect of
Salicylic Acid on the Growth and Development of Sweet Pepper (Capsicum annum L.) under
Standard and High EC Nutrient Solution in Aeroponic Cultivation. Agronomy 13(3):779

mdj indywidualny udzial w jej powstaniu polegal na konceptualizacji, zarzadzaniu zasobami,
sprawowaniu nadzoru, administrowaniu projektem oraz pozyskiwaniu funduszy.

Moj udzial wynosi: 5%

. Sobczak A., Pioro-Jabrucka E., Gaje-Wolska J., Kowalczvk K. 2024, Effect of Salicylic Aad
and Calcium on Growth, Yield, and Fruit Quality of Pepper (Capsicum annuum L.) Grown
Hydroponically. Agronomy 14(2):329.

moj indywidualny udzial w jej powstaniu polegal na konceptualizacii, recenzji i redakcji tekstu,
administrowaniu projektem oraz pozyskiwaniu funduszy.



Maj udziat wynosi: 5%

. Sobczak-Samburska A., Pidro-Jabrucka E., Przybyt J.L.. Sieczko L., Kalisz 8., Gajc-Woiska
J., Kowalczyk K. 2025. Effect of Foliar Application of Calcium and Salicylic Acid on Fruit
Quality and Antioxidant Capacity of Sweet Pepper (Capsicum annuum L.) in Hydroponic
Cultivation. Agriculture 15(1):26

méj indywidualny udzial w jej powstaniu polegal na konceptualizacji, recenzji i redakeji tekstu,
administrowaniu projektem oraz pozyskiwaniu funduszy.

Maj udzial wynosi: 1%
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Oéwindezenie o wspolautorstwic

Minigjszym os$wiadczam, ze w pracy pt.;

. Sobczak A, Sujkowska-Rybkowska M., Gajc-Wolska 1., Kowalczyk W., Borucki W,
Kalap HM., Kowalczyk K. 2021, Photosynthetic Efficiency and Anatomical Structure of
Pepper Leaf (Capsicum anmuum L.) Transplants Grown under High-Pressure Sodium
(HPS) and Light-Emitting Diode (LLED) Supplementary Lighting Systems. Plants
10(10):1975

mdj indywidualny udzial w jej powstaniu polegal na konceptuali zacji oraz opracowaniu
OPTOSTAMOWanta,

Moj udzial wynosi: 1%






dr hab. Stanislaw Kalisz, prof. ucz.
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy pt.:

. Sobczak-Samburska A., Pioro-Jabrucka E., Przybyt J.L., Sieczko L., Kalisz S., Gajc-Wolska
1., Kowalczyk K. 2025. Effect of Foliar Application of Calcium and Salicylic Acid on Fruit
Quality and Antioxidant Capacity of Sweet Pepper (Capsicum annuum L.) in Hydroponic
Cultivation. Agriculture 15(1):26.

mdj indywidualny udzial w jej powstaniu polegal na przeprowadzeniu czeéei badan.

Moj udzial wynosi: 2%
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Oéwiadczenic o wspélautorstwie

Niniejszym oswiadczam, ze w pracy pt..

. Sobezak A., Kowalczyk K., Gaje-Wolska J., Kowalezyk W., Niedzinska M. Growth, Yield and
Quality of Sweet Pepper Fruits Fertilized with Polyphosphates in Hydroponic Cultivation with
LED Lighting. Agronomy 2020, 10, 1560

moj indywidualny udzialt w jej powstaniu polegal na analizic formalnej oraz gromadzeniu
danych.

Moj udzial wynosi: 2%

. Sobezak A., Sujkowska-Rybkowska M., Gaje-Wolska J., Kowalczyk W., Borucki W., Kalaji
H.M., Kowalczyk K. 2021, Photosynthetic Efficiency and Anatomical Structure of Pepper Leaf
(Capsicum annuum 1.) Transplants Grown under High-Pressure Sodium (HPS) and Light-
Emitting Diode (LED) Supplementary Lighting Systems. Plants 10(10):1975
méj indywidualny udzial w jej powstaniu polegal na pozyskiwaniu funduszy.

Moj udzial wynosi: 2%
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Ninigjszym oswiadczam, Zze w pracy pt.:

. Sobczak A. Kucéko A., Pidro-Jabrucka E., Gajc-Wolska J., Kowalczyk K. 2023. Effect of
Salicylic Acid on the Growth and Development of Sweet Pepper (Capsicum annum L.) under
Standard and High EC Nutrient Solution in Aeroponic Cultivation. Agronomy 13(3):779

mo] indywidualny udzial w jej powstaniu polegal na konceptualizacji, opracowaniu
metodologii, walidacji, prowadzeniu badaii, przygotowaniu pierwotnej wersji tckstu oraz jego
recenzji 1 edycji.

Moj udzial wynosi: 10%

Podpis






H.OR . Sas

Warszawa, ..
mgr inz. Monika Niedzinska
Szkola Glowna Gospodarstwa Wiejskiego w Warszawie

Katedra Roslin Warzywnych i Leczniczych
e-mail: monika marcinkowskal @sggw.edu.pl

Rada Dyscypliny Rolnictwa i Ogrodnictwa
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Oéwiadczenie o wspdlautorstwie

Ninigjszym oswiadczam, ze w pracy pt.:

1. Sobczak A., Kowalczyk K., Gaje-Wolska J., Kowalczyk W., Niedzinska M. Growth,
Yield and Quality of Sweet Pepper Fruits Fertilized with Polyphosphates in Hydroponic
Cultivation with LED Lighting. Agronomy 2020, 10, 1560.

md] indywidualny udzial w jej powstaniu polegal na opracowaniu metodologii,
przeprowadzeniu walidacji oraz analizy formalne;j.

M¢éj udzial wynosi: 1%
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MNiniejszym oswiadczam, ze w pracy pt.:

. Sobczak-Samburska A., Pioro-Jabrucka E., Przybyl J.L.. Sieczko L.. Kalisz S., Gajc-Wolska
1., Kowalczyk K. 2025, Effect of Foliar Application of Calcium and Salicylic Acid on Fruit
Quality and Antioxidant Capacity of Sweet Pepper (Capsicum annuwm L.) in Hydroponic
Cultivation. Agriculture 15(1):26

mdj indywidualny udziat w jej powstaniu polegal na opracowaniu metodologii, prowadzeniu
badan oraz recenzji i redakcji tekstu.

M6 udzial wynosi: 5%
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Ninigjszym o$wiadczam, ze w pracy pt..

1 Sobezak-Samburska A., Pidro-Jabrucka E., Przybyt 1.1, Sieczko L., Kalisz 8., Gaje-
Wolska J., Kowalczyk K. 2025. Effect of Foliar Application of Calcium and Salicylic Acid on
Fruit Quality and Antioxidant Capacity of Sweet Pepper (Capsicum annuum L.) in Hydroponic
Cultivation. Agriculture 15(1):26

mo] indywidualny udzial w jej powstaniu polegal na opracowaniu metodologii, analizie
formalnej oraz prowadzeniu badan.

Maj udzial wynosi: 2%
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Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, Zze w pracy pl.:

. Sobczak A., Sujkowska-Rybkowska M., Gajc-Wolska J., Kowalczyk W., Borucki W., Kalaji
H.M., Kowalczyk K. 2021. Photosynthetic Efficiency and Anatomical Structure of Pepper Leafl
(Capsicum annuum L.) Transplants Grown under High-Pressure Sodium (HPS) and Light-
Emitting Diode (LED) Supplementary Lighting Systems. Plants 10(10):1975

moj indywidualny udzial w jej powstaniu polegat na programowaniu, walidacji, prowadzeniu
badan oraz opracowaniu wizualizacji.

Maj udziat wynosi: 5%






