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STRESZCZENIE

Effect of lignite substrate and chosen agrotechnical factors on growth, yield and
fruit quality of greenhouse cucumber in hydroponic cultivation

The cucumber (Cucumis sativus L.) is a very popular and economically important
vegetable in Poland and around the world. In intensive production of vegetables under
covers, hydroponic cultivation technology in rockwool substrate is most commonly used,
but alternative biodegradable substrates are constantly being investigated. In the present
study, an evaluation of the effect of lignite substrate and chosen cultivation factors, such
as LED (Light Emitting Diode) lighting, substrate reuse and high EC of nutrient solution,
on morphological, physiological parameters, yield and fruit quality of greenhouse
cucumber in hydroponic cultivation was undertaken. The effect of this production
technology on post-harvest quality of greenhouse cucumber fruit and their storability was
also evaluated. Four research hypotheses were undertaken: (I) The use of biodegradable
lignite substrate in hydroponic cucumber cultivation, as an alternative to mineral wool,
affects the yield and quality of cucumber fruit, (11) The re-use of lignite mats does not
adversely affect plant growth, yield and fruit quality of greenhouse cucumber, while
reducing undesirable environmental effects, (111) LED assimilation lighting positively
affects the growth and yield and quality of cucumber fruits in hydroponic cultivation with
lignite as a solid substrate, (1) Hydroponic cultivation technology with lignite-based
organic substrate and LED assimilation lighting, affects the post-harvest quality of
greenhouse cucumber fruits and prolongs their storability.

The study was carried out in 2019-2023. The cucumber cultivation technology using
a lignite substrate together with assimilation supplementary lighting with LED lamps
influenced, among other things, an increase in cucumber fruit content of p-carotene,
lutein, chlorophyll a and b, total soluble solids (TSS), a decrease in nitrate content, as
well as higher hardness and lower water loss during simulated fruit turnover compared to
cultivation in a mineral substrate with HPS (High Pressure Sodium) lamp irradiation.
The results obtained confirmed the research hypotheses. This represents an important
addition to the development of knowledge in the field of a hydroponic cultivation

technology in solid media with assimilation lighting.

Keywords: soilless cultivation, organic substrate, assimilative lighting, EC, gas exchange,

chlorophyll fluorescence, secondary metabolites, sensory quality
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LISTA SKROTOW

LED (Light Emitting Diode) — diody LED

HPS (High Pressure Sodium) — wysokoprezne lampy sodowe

PAR (Photosynthetically Active Radiation) — promieniowanie fotosyntetycznie czynne

PPFD (Photosynthetic Photon Flux Density) — gesto$¢ strumienia fotosyntetycznego
fotonow

RH (Relative Humidity) — wilgotnos¢ wzgledna

EC (Electrical Conductivity) — przewodnos¢ elektryczna

WUE (Water Use Efficiency) — wspotczynnik wykorzystania wody

IWUE - chwilowy fotosyntetyczny wspotczynnik wykorzystania wody

PN — szybko$¢ fotosyntezy netto

gs — przewodnos¢ szparkowg

E — szybkos¢ transpiracji

Fs — wydajnos¢ fluorescencji w stanie ustalonym

Fm' — maksimum fluorescencji dostosowanej do $wiatta

®PSII — maksymalna wydajno$¢ kwantowa PS 11

Fv/Fm — maksymalna wydajno$¢ kwantowa PSII po adaptacji w ciemnosci

SPAD - indeks zawartosci chlorofilu

TSS (Total Soluble Solids) — rozpuszczalne substancje state w soku komorkowym

ROS (Reactive Oxygen Species) — reaktywne formy tlenu

HPLC (High Performance Liquid Chromatography) — wysokosprawna chromatografia

cieczowa)
HDPE (High Density Polyethylene) — polietylen o wysokiej gestosci
PE (Polyethylene) — polietylen
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WSTEP

W dziedzinie zrownowazonego rolnictwa, hydroponika stanowi wyzwanie,
ale 1 otwiera wiele nowych mozliwosci w pordownaniu do tradycyjnych praktyk
rolniczych. Zastosowanie w badaniach wegla brunatnego, jako niekonwencjonalnego
podioza w uprawach hydroponicznych roslin owocujacych, jest poszukiwaniem
efektywnego zamiennika dla welny mineralnej. Wraz z malejacg powierzchnig gruntow
rolnych i rosngcym zapotrzebowaniem na zywno$¢, poszukiwanie alternatywnych
podlozy staje si¢ istotnym aspektem przysztych upraw. Majac rowniez na wzgledzie
ograniczenie negatywnego wplywu na $rodowisko naturalne, niezbedne jest réwniez
badanie zalezno$ci i wptyw zuzytego w produkcji ogrodniczej poditoza na srodowisko.
Wegiel brunatny jest kopalina, jednak produkcja mat uprawowych emituje o 40% mnie;j
gazow cieplarnianych, w poréwnaniu do produkcji mat uprawowych z wetny mineralne;j.
Dodatkowo podtoze to moze by¢ wykorzystywane przez kilka sezondéw, a nastgpnie
zastosowane jako nawo6z organiczny w produkcji konwencjonalnej. W uprawach
prowadzonych z doswietlaniem asymilacyjnym, ktére maja coraz wigksze znaczenie
takze w naszej rodzimej produkcji roslinnej, zastosowanie lamp LED ogranicza zuzycie
energii 1 pozwala dobra¢ spektrum $wiatta do specyficznych wymagan uprawianego
gatunku oraz fazy rozwojowej rosliny. Mozliwo$¢ regulacji widma oraz oszczgdnos¢
energii, a takze stosowanie lamp LED réwniez migdzy roslinami, pozwala na lepsze
wykorzystanie potencjalu plonotwodrczego roslin oraz zapewnia wysoka efektywnos¢
upraw i jakos$¢ plonu przez caty rok. Komputerowo prowadzona kontrola i precyzja
parametréw uprawy w nowych technologiach produkcji szklarniowej, daje dodatkowo
mozliwo$¢ wprowadzenia warunkéw kontrolowanego stresu abiotycznego, W celu
korzystnego dla producenta i konsumenta ukierunkowania zmian w metabolizmie
uprawianych ro$lin. Przyktadem jest zastosowanie wysokiego EC pozywki, co moze
wptyna¢ na zwiekszenie zawartosci zwigzkéw bioaktywnych w czesciach uzytkowych

warzyw.

Zastosowanie odpowiednich rozwigzan i technologii uprawy moze wptyna¢ na poprawe
1 tempo wzrostu 1 rozwoju ro$lin oraz wielkos¢ 1 jakos$¢ plonu, a jednoczes$nie ograniczy¢

negatywny wplyw na srodowisko
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1. PRZEGLAD LITERATURY

1.1. Pochodzenie, systematyka i charakterystyka morfologiczna ogorka

Ogorek jest drugim po pomidorze gatunkiem warzyw najczesciej uprawianym na
catym $wiecie (Pitrat i in. 1999). Znaczenie ekonomiczne ogoérka oraz zainteresowanie
hodowcow sprawily, ze sekwencjonowano petny genom chloroplastéw Cucumis sativus
(Kim i in. 2006). Uwaza sig¢, ze gatunek ten ewoluowat z kariotypu chromosomow n = 12
i jest jedynym w rodzaju Cucumis o liczbie chromosomow réwnej n = 7 (Renner i in.
2007). Przyjmuje si¢, ze centra ewolucji Cucumis znajdujg si¢ w Afryce (Akashi i in.
2002, Renner i in. 2007). Opisanie rodzaju Cucumis sigga czasoOw Linneusza (Linnaeus
1735). Gatunek Cucumis sativus L. jest rosling jednoroczna, o zwisajagcym lub pnacym
pokroju, chociaz niektore odmiany ogdrka maja pokrdj krzaczasty. System korzeniowy
ogorka jest plytki, silnie rozkrzewiony 1 o duzym zasiggu. Pedy boczne wyrastaja pod
katem ostrym, pokryte sg bardzo czesto wloskami wydzielniczymi i rozgaleziaja sig¢
sympodialnie. Z kazdego we¢zta na pedzie wyrasta pojedynczy 1i$¢, jeden owoc lub kilka
oraz was czepny. Wasy czepne to przeksztatcone liscie, rzadko sa pokryte wtoskami.
Ogonki lisciowe u ogorka roznig si¢ dtugoscia w zaleznosci od odmiany. Liscie ogorka
sg proste, z wystepujacymi na ich powierzchni wloskami wydzielniczymi. Blaszka
lisciowa moze by¢ okragla, nerkowata, trojkatnie jajowata lub sercowata, z trzema do
pigciu skosnymi czgdciami, od plytkich do glgboko klapowanych. Lis¢ ogorka jest ostro
zakonczony lub rzadko rozwarty. Kwiaty ogorka s3 jednopiciowe — stlupkowe lub
precikowe (czasami obupliciowe). Rosliny z rodzaju Cucumis zazwyczaj sg jednopienne.
Kielich kwiatu ogérka ztozony jest z 5, rzadko 4 ptatkow liniowych do podtuznych, lub
wasko do szeroko trojkatnych, w kolorze zottym. Owocem ogorka jest jagoda
0 zabarwieniu od jasnozielonego do ciemnozielonego, pokryta brodawkami lub gtadka
(Ktistkova i1 in. 2003, Grumet i in. 2022). Charakterystyczng cecha owocu ogorka jest
migsisty perykarp z wieloma nasionami oraz twardg 1 jedrng skorka. Jak donosi literatura,
blisko 80-krotny wzrost liczby komoérek w owocolistkach wzgledem podtuzne;j osi, ich
orientacja oraz liczba, stanowi podstawg zroznicowanej wielkosci i ksztattu owocow (Liu

I in. 2020, Grumet i in. 2022).
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1.2. Partenokarpia u ogérka szklarniowego

Partenokarpia moze by¢ obligatoryjna lub fakultatywna, a ta ostatnia wystepuje
w momencie, kiedy zapylenie i zaplodnienie zostalo uniemozliwione. Jest to zjawisko
naturalnie wystgpujace u wybranych roslin, gdzie rozw6j owocow nastepuje bez
zaptodnienia (Lietzow i in. 2016). Jest to cecha pozadana w warunkach niesprzyjajacych
lub niedostepnych dla zapylaczy np. w uprawach szklarniowych (Dhatt i Kaur 2016).
Badania prowadzone w potowie XX wieku wykazaty, ze partenokarpi¢ u roslin ogorka
mozna wywota¢ egzogennymi fitohormonami stymulujgcymi wzrost, takimi jak auksyny,
cytokininy, brasinosteroidy, lub ich kombinacjami. Zauwazono réowniez zwigkszong
transkrypcje genéw odpowiadajacych za biosynteze auksyn, giberelin i cytokinin
W genetycznie partenokarpicznych owocach oraz w owocach, gdzie uzyskano
partenokarpie poprzez zastosowanie fitohormondéw (Mandal i in. 2022). Zgodnie
z ustaleniami Cui i in. (2014), auksyny oraz wzmozona ekspresja genow
odpowiadajacych za syntez¢ auksyn w owocach partenokarpicznych odgrywa kluczowa
rolg. Podobnie jak transport 1 synteza cukrow podczas zapylenia owocow, tak 1 we
wzroscie owocow partenokarpicznych wspotdziatanie cukrow i hormondéw roslinnych
wplywa na prawidlowy wzrost tych owocow, a wyzsze tempo podziatu komorek
w owocach powigzane jest z wyzszg syntezg weglowodanow (Li i in. 2017, Wang i in.
2021). W niektorych partenokarpicznych liniach ogérka, w szczegolnosci w europejskich
typach szklarniowych, zjawisko partenokarpii zostalo powigzane z mniejsza
predyspozycja do hamowania rozwoju pierwszych owocdéw, co moze bezposrednio

przektadac si¢ na przewage w plonowaniu nad innymi liniami ogorka (Gou i in. 2022).

1.3. Podloze z welny mineralnej oraz jego wplyw na §rodowisko

Podtoza uprawowe to materiaty inne niz gleba, w ktorych ro$lina rozwija swoj
system korzeniowy. Mogg to by¢ podtoza mineralne (welna mineralna, perlit, keramzyt)
oraz organiczne (torf, wiokno kokosowe, stoma). Wlasciwosci fizyczne i chemiczne
podtoza, parametry mikroklimatu oraz mozliwosci i technologie uprawy, warunkuja
wydajnosc¢ i efektywnosé uprawy (Grunert i in. 2008). W niektorych rejonach §wiata to
wlasnie uprawy bezglebowe sg jedynag alternatywa produkcji zywno$ci z powodu
nadmiernego zasolenia gleby, ztej praktyki rolnej lub zmieniajgcego si¢ klimatu. Poprzez

niewlasciwe uzytkowanie w wielu miejscach doprowadzono do degradacji gleby, co
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w konsekwencji wyklucza mozliwo$¢ uprawy roslin (Kamran i in. 2019, Abdel-Farid
I in. 2020). Kontrolowane warunki uprawy systemow hydroponicznych i odizolowanie
roslin od podtoza macierzystego znacznie zwigksza wydajnos¢ produkeji, w poréwnaniu
z uprawg tradycyjng (Barrett i in. 2016). Efektywno$¢ upraw jest w stanie zapewnic
podtoze o odpowiednich, stabilnych wiasciwosciach fizycznych (Saha i in. 2016).
Najczesciej uzywanym podtozem w produkcji hydroponicznej pomidora, ogoérka lub
papryki jest welna mineralna. Podloze to powstaje ze skat bazaltowych w temperaturze
1500-1600°C z r6znymi dodatkami, co ma na celu uzyskanie pozadanych wlasciwosci.
Zapotrzebowanie energetyczne na wyprodukowanie 1 m® welny mineralnej siega 275
kWh energii pierwotnej, emitujac przy tym 167 kg CO2 do srodowiska (Dannehl i in.
2015, Kraska i in. 2018). Dodatkowym problemem jest brak przepisow S$cisle
regulujacych obowiazek utylizacji zuzytego podloza po uprawie. Przyktadem moze by¢
Holandia, gdzie welna mineralna po uprawie podlega utylizacji, a nastgpnie wraca do
ponownego wykorzystania, natomiast w Kanadzie jest sktadowana na wysypiskach (Van
Den Bosch 2004, Dannehl i in. 2015). W Polsce rowniez istnieje problem utylizacji
1 sktadowania welny mineralnej, co nie jest oboj¢tne dla srodowiska, a w konsekwencji
dla zdrowia cztowieka (Nerlich i Dannehl 2021). Welna mineralna jest podtozem
obojetnym chemicznie, wolnym od choréb 1 szkodnikow, posiada stabilne wtasciwosci
fizyczne podczas uprawy (tylko w pierwszym roku uzytkowania) i nadal ma najwigksze
zastosowanie w towarowej produkcji warzyw w systemach hydroponicznych (Dannehl
i in. 2015, Kraska i in. 2018, Kennard i in. 2020). Pomimo tego stale poszukiwane sg
alternatywne organiczne podtoza, w petni biodegradowalne, ktore nie bedg stanowily

nadmiernego obcigzenia dla srodowiska naturalnego.

1.4. Alternatywne podtoza organiczne w uprawach szklarniowych

Wielu badaczy podejmowato juz proby wskazania podioza stanowigcego
substytut welny mineralnej, o zblizonych, odpowiednich dla roslin wtasciwos$ciach
fizycznych. Te alternatywne sktadniki podtozy organicznych zostaly szeroko przebadane,
pod katem przydatnosci do uprawy, mozliwosci wykorzystania, wtasciwosci fizycznych
oraz tatwosci utylizacji (Barrett i in. 2016, Gruda 2019, Xing i in. 2019). Barrett i in.
(2016), analizujac czynniki lezace u podstaw wyboru wlasciwego podtoza do uprawy

stwierdzili, ze musi ono spetnia¢ zatozenia wydajnos$ci, ekonomii i ekologii. Pojawilo si¢
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tez stwierdzenie, ze podloze organiczne powinno speinia¢ co najmniej takie same
wymagania i dziala¢ przy takich samych ograniczeniach jak dostepne powszechnie
standardowe podtoza w uprawach hydroponicznych (Barrett i in. 2016, Kraska i in. 2018).
Standardowymi podiozami sg torf lub widkno kokosowe. Pierwsze z nich to podtoze,
ktére obejmuje wiele réoznych materialow roslinnych, stanowiacych szczatki roslin
1 zwierzat, ktore podlegaly procesom torfienia (Holden 2005). Problemem jest
pozyskiwanie torfu, poniewaz wydobycie torfu emituje gazy cieplarniane oraz obniza
poziom wod gruntowych (Holden 2005, Gruda 2019). Wtokno i pyt koksowy to odpad
organiczny produkowany w krajach tropikalnych, ktéry powstaje z mezokarpu orzecha
kokosowego. W zalezno$ci od pochodzenia, moze rézni¢ si¢ zawarto$cig potasu, sodu
oraz chlorkéw (Xiong i in. 2017). Obecne liczne badania koncentrujg si¢ rowniez na
wykorzystaniu jako uniwersalnych podlozy ogrodniczych odpadéow z przemyshu
drzewnego, kompostow z odpadow organicznych oraz biowegla (Gruda 2019, Zulfigar
I in. 2019, Solaiman i in. 2020). Ponadto zainteresowania badaczy dotycza takze
mozliwo$ci wykorzystania jako podtozy biodegradowalnych tupin migdatow, orzechow
lub odpadéw z przemystu winiarskiego (Bustamante i in. 2008, Dede i Ozdemir 2018).
Mozliwos¢ kaskadowego (wielokrotne wykorzystanie podtoza, az do zakonczenia cyklu
zycia produktu) wykorzystania roslin Miscanthus zaproponowano w badaniach Kraska
i in. (2018), gdzie negatywny wptyw dla srodowiska naturalnego zostat ograniczony do
minimum. Te produkty lub podloza organiczne czgsto stosowane sa w mieszaninach
z perlitem lub wermikulitem w celu stabilizacji lub poprawy ich wtasciwosci fizycznych
(Kennard i in. 2020).

Podtoze, ktoére moze stanowi¢ substytut welny mineralnej powinno posiada¢ zblizone
parametry fizyczne jak welna mineralna, zapewnia¢ wtasciwy rozwoj roslinie, a jego
zakup powinien mie¢ ekonomiczne uzasadnienie wyboru tego podloza. Waznym
aspektem jest roéwniez jego dostepno$¢ oraz ograniczenie negatywnego wplywu na

srodowisko naturalne, na kazdym etapie jego produkcji, wykorzystania oraz utylizacji.
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1.5. Dos$wietlanie asymilacyjne lampami LED oraz ich wptyw na fizjologi¢ roslin

Wysokiej jakosci warzywa dostepne przez caly rok, to oczekiwania dzisiejszych
konsumentow (Kowalczyk i in. 2018). W miesigcach jesienno-zimowych, gdzie
natgzenie promieniowania stonecznego jest w wielu rejonach $wiata niewystarczajace dla
produkcji roslinnej, koniecznym jest zastosowanie sztucznego doswietlania. Jest to
niezbedne, poniewaz $wiatlo jest istotnym czynnikiem warunkujacym prawidtowy
wzrost i rozwoj roslin, a plon i jego jako$¢ zalezy od fotosyntezy (Moon i in. 2023).
Zdolno$¢ do przebiegu fotosyntezy zwigzana jest bezposrednio z pigmentami
fotosyntetycznymi i1 fluorescencjg chlorofilu, zalezng od sprawnos$ci fotosystemu,
fotosyntetycznego transportu elektronow itd. Czynniki te mozna regulowac poprzez
jakos¢ swiatta (Kowalczyk i in. 2022, Moon i in. 2023). Do tego celu stosowane sa lampy
emitujagce szerokie widmo w zakresie PAR (Gajc-Wolska i in. 2021).
W wielkoobszarowych, komercyjnych systemach uprawy, nadal wykorzystywane sa
lampy HPS, jednak nie sg one optymalne z powodu niskiego udzialu §wiatla niebieskiego
w emitowanym widmie. Udziat fal §wiatla niebieskiego nie przekracza w widmie §wiatta
lamp sodowych 5%. Dla porownania $wiatto stoneczne zawiera 18% $wiatla niebieskiego
(Gajc-Wolska i in. 2021, Moon i in. 2023). Dodatkowym problemem z uzywaniem lamp
sodowych jest ich niska sprawno$¢, gdzie czgsci energii elektrycznej jest zamieniona
w promieniowanie podczerwone, czyli ciepto. Jesli lampy sodowe zostang umieszczone
zbyt blisko roslin, moga je uszkodzi¢ (Islam i in. 2012). Technologia dotyczaca diod
elektroluminescencyjnych (LED) w ciagu ostatnich dziesigciu lat rozwingta si¢ bardzo
intensywnie. Dlatego tak szybko lampy LED staly si¢ alternatywa dla wszystkich innych
sztucznych zrodet swiatta (Massa i in. 2008). Dzieki swej wysokiej sprawnosci, niskiej
energochtonnosci i1 produkcji ciepta, lampy LED ograniczaja koszty produkcji, jednak
nadal stanowig duzy udziat kosztoéw poczatkowych w wyposazeniu obiektu w te
technologie (Gomez i Gennaro Izzo 2018). Lampy LED moga zosta¢ umieszczone nad
wierzchotkami ro$lin, jak 1 w $rodku tanu, pomiedzy roslinami. Uprawy szklarniowe to
produkcja bardzo intensywna, prowadzona z duzg liczba roslin przypadajaca na jednostke
powierzchni. Skutkiem tego moze by¢ takze niewystarczajaca ilo$¢ §wiatla docierajacego
do nizszych partii ro§lin w ciggu calego roku, co z kolei wptywa na zmiang morfogenezy
ro$lin i1 intensywno$ci fotosyntezy (Terfa i in. 2013). W uprawie pomidora stwierdzono,

ze ,,przechwytywanie” Swiatla przez kazda warstwe tanu istotnie maleje, w kierunku
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dolnego profilu ros§liny pomidora. Stwierdzono roéwniez, ze tylko 35%
»przechwyconego” §wiatta stonecznego dociera do lisci znajdujacych si¢ ponizej grona
(W nizszych partiach rosliny) (Song i in. 2016, Tewolde i in. 2016). Juz w latach 70 XX
wieku odnotowano, ze taki niedobor swiatta wpltywa na niskg intensywnos$¢ fotosyntezy
netto oraz przyspiesza starzenie si¢ lisci (Acock i in. 1978). Badania potwierdzaja, ze
umieszczenie doswietlania LED migdzyrzgdowo poprawia pionowy rozsyl swiatta oraz
sprawnos$¢ fotosyntetyczng nizej potozonych lisci wewnatrz tanu, ograniczajac zarazem
tempo starzenia si¢ dolnych lisci (Kowalczyk i in. 2022, Paradiso i in. 2020). Aspekty
takie jak natgzenie §wiatla oraz jego spektrum, lub dtugos$¢ okresu §wietlnego sg istotne
w powodzeniu catej uprawy. Lampy LED charakteryzuja si¢ mozliwoscig doboru
spektrum $wiatta dla danego gatunku, a nawet odmiany (Lu i in. 2012). Stwierdzono, ze
$wiatlo niebieskie hamuje wydluzanie hipokotylu u pomidora (Massa i in. 2008),
zwicksza suchg masy lisci i zdolno$¢ fotosyntetyczng papryki (Brown i in. 1995).
Réwniez rézne proporcje $wiatla czerwonego wplywaja na zawarto$¢ zwigzkow
fitochemicznych lisci 1 fotomorfogenez¢ ro$lin. Wyniki prowadzonych badan
umozliwiaja dobdr odpowiedniego skladu spektralnego dla konkretnego gatunku, co
przeklada si¢ na sprawnos¢ fotosyntezy, poprawe morfologii roslin i w konsekwencji
wynik ekonomiczny gospodarstwa (Song i in. 2016, Kowalczyk i in. 2022, Moon i in.
2023). Jak potwierdzaja badania, maksymalne tempo fotosyntezy mierzone w lisciach
odnotowano w Srodkowej 1 dolnej warstwie liscia, a nie na gornej, gdzie natg¢zenie
promieniowania bylo najwyzsze (Evans i Vogelmann 2003). Wspomniane glebsze
warstwy liscia charakteryzuja si¢ wigksza aktywno$cig w transporcie elektrondOw oraz
wigkszg iloScig biatek fotosyntetycznych (Song i in. 2016). Regulacja roztwarcia
aparatow szparkowych jest silnie skorelowana z fotosynteza liScia i odpowiada za
asymilacj¢ CO2 i utrat¢ wody przez rosliny (Aragjo i in. 2011, Song i in. 2016). Na
regulacje aparatow szparkowych moze wptywac dtugos¢ fali poprzez konwersje energii,
transport jondw przez btony cytoplazmatyczne oraz aktywno$¢ metaboliczng (Araujo
I in. 2011, Cheni in. 2012, O’Carrigan i in. 2014, Song i in. 2016). Jednak $wiatto to nie
jedyny czynnik warunkujacy prawidtowy wzrost i rozwoj roslin, plon i jego jako$¢ oraz

zdolno$¢ przechowalnicza owocow.
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1.6. Czynniki wptywajace na plonowanie oraz jako$¢ 1 zdolno$¢ przechowalnicza
owocOow ogorka

Odpowiednie podloze oraz $wiatlo to wazne czynniki warunkujace prawidlowy
wzrost roslin, ale temperatura, wilgotnos¢ wzgledna, odpowiednie wietrzenie to tak
zwany mikroklimat. Mikroklimat szklarniowy to zesp6l parametrow klimatycznych
tworzacych si¢ wokot rosliny uprawnej 1 zapewniajacy jej wlasciwy wzrost, a co za tym
idzie plonowanie (Singh i in. 2017). Mikroklimat mozna kontrolowa¢ za pomoca
regulacji cieniowek, systemu ogrzewania, zamgtawiania i wentylacji oraz nawadniania
i dozowania CO2. W przypadku uprawy ogoérka waznym czynnikiem warunkujagcym
prawidlowy wzrost jest woda i1 nawozenie. Jak wskazuja badania, odpowiedni czas
nawadniania i dawki oraz wlasciwie prowadzone nawozenie jest bardzo istotne (Wang
i in. 2019). Nadmierna ilo$¢ wody zmniejsza plon oraz jego jako$¢, a niewystarczajgca
ilo§¢ powoduje hamowanie wzrostu (Zhang i in. 2011, Singh i in. 2017). Ogoérek
szklarniowy ro$nie szybko 1 charakteryzuje si¢ duzym zapotrzebowaniem na wodg,
jednak zalezy to od fazy wzrostu rosliny (Zotarelli i in. 2009). Wzrost zapotrzebowania
na wode oraz efektywno$¢ wykorzystania wody (WUE) wzrasta od fazy poczatku
zbioréw, az do zakonczenia wzrostu rosliny (Mao i in. 2003). Rowniez przewodnictwo
szparkowe 1 transpiracja ro$lin zalezy od deficytu ci$nienia pary wodnej. Przewodnictwo
szparkowe odgrywa wazng role w podziale energii wewnatrz rosliny. Zalezne jest od
stezenia CO», temperatury powietrza oraz potencjatu wody w lisciach (Singh i in. 2017).
Roznica temperatury pomi¢dzy dniem a noca oraz dobowy przebieg temperatury wplywa
mig¢dzy innymi na dtugo$¢ migdzywezli, wysokos¢ rosliny, orientacje¢ lisci 1 pedow oraz
zawarto$¢ chlorofilu i wzrost owocoéw (Myster i Moe, 1995). Temperatura takze wplywa
na tempo przyrastania owocow, wpltywajac na liczbe komoérek. Zakres optymalnej
temperatury dla wzrostu ogorka to 22-26'C w dzief i 21-23°C w nocy (Marcelis i Hofman-
Eijer 1993, Singh i in. 2017). Rowniez takie czynniki jak zaggszczenie roslin, obcigzenie
owocami oraz termin uprawy wpltywa na plon i jako$¢ wewnetrzng owocow (Gajc-
Wolska i in. 2010, Valverde-Miranda i in. 2021). Czynniki te miedzy innymi wedtug
Valverde-Miranda i innych (2021), moga takze modyfikowac¢ zawarto$¢ suchej masy
owocoOw oraz stezenie sktadnikow rozpuszczalnych w soku komorkowym (TSS). Wraz
ze wzrostem standardéw zycia oraz rozwojem gospodarczym, konsument, a przez to
1 producent, procz plonu coraz wigcej uwagi przywigzuje do jakosci warzyw i owocow
(Gao i in. 2022). Owoc ogorka zwiera 95% wody, 3,6% weglowodandw, jest bogatym
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zrodlem biatka, soli mineralnych, blonnika pokarmowego, witaminy C, E oraz witamin
z grupy B, kwasu foliowego i pantotenowego. Owoce ogorka zawierajg rowniez zwigzki
fenolowe i flawonoidowe (Leszczynska i in. 2016, Ding i in. 2022). Dlatego w ostatnich
latach badano rézne czynniki modyfikujgce jako$¢ owocow, takie jak zmiana strategii
uprawy, podioza organiczne (Khan 2018, Kraska i in. 2018), zastosowanie
arbuskularnych grzybow mikoryzowych (Ali i in. 2019), czy stres solny, powodujacy
wzrost zawarto$ci sktadnikow odzywcezych w owocach (Rouphael i in. 2018b). Jakos¢
owocOw ogorka to szerokie pojecie, na ktore sktada sie wielko$¢ owocu (Srednica
1 dhlugosc), ksztalt, kolor skorki, twardo§¢/jedrnos¢ oraz wady dotyczace wygladu jak
wgniecenia, uszkodzenie skorki, uszkodzenia mechaniczne, procesy gnilne (Owoyemi
i in. 2021, Valverde-Miranda i in. 2021). Jako$¢ owocow ogorka zalezy rowniez od utraty
wody (wiednigcie), CO procz straty wody laczy si¢ ze zmiang zawartosci polisacharydow
w owocu, a zmiana ich zawartosci degraduje $ciang komorkowa (Nishizawa i in. 2018).
Ponad 40% strat wody dotyczy czasu bezposrednio po zbiorach i podczas dystrybucji
warzyw. W krajach uprzemystowionych do strat produktow ogrodniczych dochodzi
najczescie)] w czasie ich sprzedazy, a w krajach rozwijajacych si¢ podczas zbiorow
I w czasie ich przetwarzania (Owoyemi i in. 2021, Valverde-Miranda i in. 2021). Dobor
odmiany réwniez jest kluczowy w celu zapewnienia jakosci owocow oraz trwatosci
owocow ogorka po zbiorach (Schouten i in. 2004). Aby zachowa¢ diuzsza $wiezos¢
owocOw wykorzystywane sg rowniez inteligentne opakowania, wptywajace na sktad
atmosfery wewnatrz, takze stosowane sg powtloki jadalne czy traktowanie chemiczne
tlenkiem azotu (Dong i in. 2012, Patel i Panigrahi 2019, Valverde-Miranda in. 2021).
Précz wszystkich zabiegéw pozbiorczych, ktore przedtuzaja shelf-life warzyw, dobor
odpowiedniego podloza i strategii uprawowej moze podwyzszy¢ jakos$¢ produktu juz na
poczatkowym etapie uprawy. Aby zaspokoi¢ §wiatowy popyt na zywnos¢, wazne jest
ukierunkowanie badan na rozwigzania zwigkszajace efektywnos$¢ upraw pod ostonami

1 ograniczajace straty na etapie produkcji oraz po zbiorach.
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2. CEL BADAN I HIPOTEZY BADAWCZE

Celem podjetych badan, przedstawionych w zalaczonych publikacjach, byla ocena
wptywu podtoza z wegla brunatnego w poréwnaniu do welny mineralnej, na wzrost, plon
1 jako$¢ oraz trwato$§¢ pozbiorcza owocoOw ogorka szklarniowego w uprawie
hydroponicznej w réznych warunkach $wietlnych. Warunki §wietlne r6znity si¢ jakoscia
Swiatta poprzez zastosowanie lamp LED, w poréwnaniu do tradycyjnego do$wietlania
asymilacyjnego roslin lampami HPS. Badano takze cechy jakosciowe podtoza i ich
wplyw na plonowanie i jako$¢ ogorka, przy stosowaniu mat uprawowych nowych
i powtornie uzytych oraz skutki stresu wywotanego wysokim EC pozywki do fertygacji

roslin ogorka w zaleznosci od rodzaju podioza.

Hipotezy badawcze

1. Zastosowanie w uprawie hydroponicznej ogorka biodegradowalnego podioza
z wegla brunatnego, jako alternatywy dla welny mineralnej, wptywa na plonowanie
oraz jako$¢ owocow ogorka.

2. Powtdrne uzycie mat z wegla brunatnego nie wptywa negatywnie na wzrost roslin,
plonowanie 1 jako$¢ owocow ogorka szklarniowego, jednoczes$nie ogranicza
niepozadane skutki dla Srodowiska naturalnego.

3. Doswietlanie asymilacyjne w technologii LED wptywa pozytywnie na wzrost
1 plonowanie oraz jako$¢ owocdéw ogorka w uprawie hydroponicznej z uzyciem
wegla brunatnego, jako podloza stalego.

4. Technologia uprawy hydroponicznej z podlozem organicznym na bazie wegla
brunatnego 1 doswietlaniem asymilacyjnym lampami LED wptywa na jako$¢
pozbiorcza owocoOw ogorka szklarniowego 1 wydluza ich zdolnos¢

przechowalnicza.
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3. MATERIALY I METODY

Badania oceny wplywu podtoza z wegla brunatnego, na wzrost, plon i jakos¢
owocow ogorka szklarniowego prowadzono w technologii uprawy hydroponicznej
Z doswietlaniem asymilacyjnym. Doswiadczenia uprawowe realizowano w latach 2019 —
2023 w Szklarniowym Osrodku Doswiadczalnym SGGW w Warszawie. Poréwnano
efektywnos¢ plonowania ogorka w podlozu z wegla brunatnego w stosunku do welny
mineralnej (publikacje 1-4). Badano zmiany fizyko-chemiczne podtoza po zakonczeniu
uprawy oraz wptyw powtdrnego uzycia mat z wegla brunatnego na parametry wzrostu
roslin, plonowanie i jako$¢ owocow ogorka szklarniowego (publikacja 1). Badano
réwniez wplyw wybranych parametrow fizycznych mat z wegla brunatnego na wzrost
1 rozwdj roslin ogoérka oraz plon 1 jego jakos¢ (publikacja 2). Podjeto badania nad
wpltywem podloza organicznego (maty uprawowe z wegla brunatnego) w uprawie
hydroponicznej na zmniejszanie negatywnych efektow stresu oksydacyjnego u ogorka
wywotanego wysokim EC pozywki (publikacja 3). Do doswietlania asymilacyjnego
ogorka uprawianego w podlozu z wegla brunatnego w uprawie jesienno-zimowej uzyto
lamp LED. Poréwnano efektywno$¢ tej technologii uprawy ogorka w warunkach
niedoboru $wiatla slonecznego w Polsce z uprawg hydroponiczng ogorka w welnie
mineralnej z doswietlaniem tradycyjnym lampami HPS (publikacja 5). W laboratoriach
Katedry Ros$lin Warzywnych i Leczniczych w INO wykonano badania materiatu
ro$linnego 1 oceny jakosci owocow ogorka bezposrednio po zbiorze i po przechowywaniu
w zaleznos$ci od warunkow uprawy, gdzie oceniono wplyw podtoza z wegla brunatnego
na jako$¢ pozbiorczg 1 zdolno$¢ przechowalnicza owocoéOw ogorka szklarniowego
(publikacja 4). Na rysunku 1. przedstawiono schemat badan: 1) obiekty badan, 2) terminy
wykonanych dos$wiadczen uprawowych oraz 3) rodzaje prowadzonych pomiarow
dotyczacych odpowiednio podtozy, roslin i owocdéw, ktoérych wyniki opublikowano

w publikacjach nr 1-5, wchodzacych w sktad rozprawy doktorskie;j.
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4 )

Obiekty badan

1. Ogorek
szklarniowy

'Mewa F1'

2. Podtoza:

wetna mineralna

wegiel brunatny,

3. Lampy:
HPS
LED

2
4 N\
Doswiadczenia (cykl 1. 2019 r. i cykl 2. 2020 .)

Uprawa ogoérka w nowym i powtérnie uzytym
podtozu
(publikacja 1)

4 )
Doswiadczenia (cykl 1. 2020 . i cykl 2. 2021 r.)

Uprawa ogorka zasilana EC standardowym
i wysokim EC pozywki

(publikacje 2i 3)
o J

4 N\
Doswiadczenia (1. rok 2020-21i 2. rok 2021-22)

Uprawa ogoérka z doswietlaniem HPS i LED oraz
badania jakosci przechowalniczej owocéw

- pomiary cech fizycznych i chemicznych podtozy

\-

-
- pomiary biometryczne roslin

- aktywnos¢ fotosyntezy i fluorescencja chlorofilu
- barwniki fotosyntetycznie czynne

- sucha masa i mineralne sktadniki lisci
\\§

-

- ocena jakosci owocdéw ogdrka,
- zawartos$¢ wybranych sktadnikéw

- biologicznie aktywnych

\-

-

- ocena jakosci sensorycznej owocéw ogorka

(publikacje 4i 5)

Rys.1. Schemat badan

- badania jakosci przechowalniczej i trwatosci
pozbiorczej owocéw ogorka




Szczegdlowy opis materialdow 1 metod uzytych do zweryfikowania prawdziwosci
postawionych hipotez badawczych przedstawiono w publikacjach nr 1-5, wchodzacych

w sktad rozprawy doktorskie;.

3.1. Warunki przeprowadzonych badan

Do badan uzyto ogorka szklarniowego odmiany ‘Mewa’ F1 firmy Rijk Zwaan, 0 owocach
dhugosci 20-24 ¢cm i masie 200240 g. Rosliny uprawiano hydroponicznie w podtozu
statym. Podloze organiczne uzyte w badaniach stanowily maty z wegla brunatnego
Carbomat firmy Carbohort o wymiarach 100 cm x 20 cm % 8 cm. Kontrole stanowity
maty uprawowe z welny mineralnej Grotop Matser firmy Grodan o wymiarach 100 cm X
20 cm x 7,5 cm. Do doswietlania asymilacyjnego ogorka zastosowano lampy LED firmy
Philips i lampy HPS firmy Gavita. Widmo emitowanego $wiatla przez uzyte w badaniach

lampy przedstawia wykres S5 i S6.

Badania w szklarni prowadzono w kamerach uprawowych. Parametry mikroklimatu

w kamerach kontrolowano za pomocg komputera klimatycznego Ridder HortiMaX-Go

(publikacja 1 i 5).

W kazdym doswiadczeniu rozsade ogorka przygotowano wysiewajac nasiona
bezposrednio do kostek rozsadowych z welny mineralnej, ktore zostaly nasaczone
pozywka o pH 5,4 i EC 1,8 dS'm™. Rozsade doswietlano lampami HPS (Gavita GAN
600 W) przy poziomie $wiatta srednio 170 umol m2-s* PPFD przez 16 h na dobe. Srednia
temperatura powietrza wynosita D/N 22/21°C, a $rednia dobowa wilgotno$¢ wzgledna
powietrza (RH) okoto 60-70% i stezenie CO2 $rednio 800 ppm (publikacja 1 i 5). Gotowa
rozsade ogorka sadzono na wczesniej przygotowane maty uprawowe. Maty uprawowe na
48 godzin przed sadzeniem rozsady zalewano pozywka (8 dm® na mate?) 0 EC 2,0 dS'm
1i pH 5,5. Po uptywie tego czasu, w matach z welny mineralnej wykonywano otwory
drenazowe poprzez naci¢cia podtuzne jej krotszych bokow (przez catg szeroko$¢ maty)
oraz dwa 4 cm pionowe naci¢cia na §rodku maty (dtuzsze boki maty), po jednym z kazde;j
strony maty, zaczynajac cigcie od dolu maty. W matach z wegla brunatnego wykonano
dwa pionowe naci¢cia drenazowe (kazdy o dtugosci 5 cm), przecinajgc foli¢ z tworzywa
sztucznego na kazdym z dluzszych bokdéw maty, zaczynajac nacigcie na wysokosci 1 cm
od spodu maty. Pozywke do fertygacji przygotowano z nawozoéw mineralnych jedno-
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i dwuskladnikowych, przeznaczonych do upraw hydroponicznych. Sktad pozywki
podstawowej zastosowany w uprawie ogorka zawierat (mg-dm): N-NO3z 230, N-NH4
10, P-PO4 50, K 330, Ca 180, Mg 55, S-SO4 80, Fe 2.5, Mn 0.80, Zn 0.33, Cu 0.15,
B 0.33 i Mo 0.05 (publikacja nr 1-5). Pozywke dozowano przy pomocy automatycznego
systemu dozowania nawozow FertiMiX-Go, wyposazonego w sterownik HortiMaX-Go.
W badaniach takze korzystano z urzadzenia dozujacego typu Dosatron (D25RE2 0,2—
2%) (publikacja 2 i 3).

Owoce ogorka w fazie dojrzato$ci zbiorczej zbierano z czgstotliwoscia, co drugi dzien.
W badaniach nad zdolno$cia przechowalniczg i trwato$cig pozbiorcza, owoce ogorka
przechowywano w chtodni oraz w pomieszczeniu o temperaturze pokojowej, symulujac

warunki sprzedazy na potce sklepowej (publikacja 4).

3.2. Terminy i czynniki agrotechniczne przeprowadzonych badan

Publikacja 1: Przygotowujac rozsadg¢ ogorka, nasiona wysiewano w dniu 20 listopada
2019 r. w pierwszym cyklu uprawy oraz 26 czerwca 2020 r. w drugim cyklu. Pierwszy
cykl uprawy prowadzono przez 12 tygodni, drugi przez 9 tygodni. W pierwszym cyklu

dobowa suma promieniowania stonecznego wyniosta $rednio 134,0 J/cm?

, a rosliny
ogorka doswietlano lampami sodowymi przez 16 h dziennie, uzyskujac poziom $wiatla
$rednio 220 pmol-m2 st PPFD (fot. S1 i S2). Lampy wytaczaly si¢ automatycznie przy
poziomie promieniowania stonecznego 250 W m?. W drugim cyklu uprawy $rednie
dzienne promieniowanie stoneczne wynosito 1474,9 J/cm? (wyk. S3 i S4). Temperatura
w okresie wegetacyjnym pierwszym i drugim wyniosta odpowiednio, $rednio D/N
24/21°C1D/N 25/22°C, a wilgotno$¢ powietrza i stezenie CO2 $rednio RH 60—70% i CO>

800 ppm w obu cyklach uprawy.

Publikacja 2-3: Gotowa rozsada ogérka po 28 dniach od siewu w pierwszym roku badan
zostala posadzona do mat uprawowych w dniu 10 lipca 2020 r., a w drugim — 12 lipca
2021 r.. W obu cyklach posadzono po 3 ro$liny ogérka do kazdej maty. Uprawy
prowadzono do 35. tygodnia roku. W roku 2020 w okresie prowadzenia uprawy, srednia
dobowa suma promieniowania stonecznego wyniosta 1474,9 J cm™, $rednia temperatura
D/N wynosita 25/23°C, a wilgotno$¢ powietrza i stezenie CO> w kamerach
doswiadczalnych ksztaltowaty si¢ odpowiednio na poziomie okoto 70% i 800 ppm.

W drugim roku eksperymentu S$rednie dobowe promieniowanie stoneczne wyniosto
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1407,0 J cm?, temperatura D/N 25/22°C, a wilgotno$¢ powietrza i stezenie CO:
w kamerach dos§wiadczalnych wynosity odpowiednio okoto 70% i 800 ppm. W kazdym
roku badan, 7 dni po posadzeniu rozsady do mat uprawowych, zmieniano EC pozywki
dla polowy roslin w doswiadczeniu poprzez dozowanie pozywki o wysokim EC,
wynoszacym okoto 7 dS-m™ i pH 5,5-5,8. Poréwnano cztery warunki eksperymentu: 1)
MW/kontrola EC — welna mineralna i pozywka o EC 3,1 dS-m™, 2) L/kontrola EC —
wegiel brunatny i pozywka o EC 3,1 dS-m™, 3) MW/wysokie EC — wetna mineralna
i pozywka o EC 7 dS-m}, 4) L/wysokie EC — wegiel brunatny i pozywka o EC 7 dS-m ™.
Doswiadczenia zatozono metodg blokow losowych, w 3 powtorzeniach po 9 roslin
w kazdym powtdrzeniu. Pozywke dozowano za pomocg systemu nawodnieniowego,
W oparciu o rzeczywiste pomiary promieniowania slonecznego i1 zawarto§¢ wody
w podiozu. Rosliny prowadzono w systemie wysokiego drutu, na jeden ped. Dwa razy
w tygodniu z pedu owocujacego usuwano wszystkie pedy boczne i wasy czepne, a takze
3 najstarsze liscie z kazdej rosliny. Zar6wno w pierwszym, jak i drugim roku badan

usuwano pierwsze zawigzki owocoOw do 4. liscia.

Publikacja 4-5: Rosliny ogorka posadzono w 42 tygodniu roku 2021, po 6 sztuk na mate,
uzyskujac zageszczenie 2,7 sztuk na m? powierzchni uzytkowej w kamerze uprawowe;.
Rosliny doswietlano lampami HPS 18 szt. (top lighting - Gavita GAN 600 W) (kontrola)
oraz lampami LED 24 szt. (top lighting- Philips Green Power LED (DR/W - LB, 195 W)
+ interlighting - 2 linie diod LED z 18 szt. Philips Green Power LED, modut 2,5 m HO
DR/B 100 W). Rosliny ogorka doswietlano przez 16 godzin na dobe, a warunki $wietlne
pod wzgledem PAR byly w kazdej kamerze utrzymywane na poziomie ~320 pmol m? s”
L PPFD. Lampy umieszczone nad wierzchotkami ro$lin wytaczaly sie automatycznie przy
poziomie promieniowania stonecznego 250 W/m™2. Temperatura oraz inne parametry
mikroklimatu zostaty ustawione 1 utrzymywane na poziomie 23/21°C D/N, wilgotno$¢
wzgledna powietrza RH 70% 1 CO2 800 ppm. Pozywke dozowano w cyklach
interwatowych w ilosci od 0.8 do 2.5 dm?® na rosling, w zaleznosci od fazy rozwojowej
ros$liny. Nawadnianie rozpoczynano o godzinie 6:00, a konczono o godzinie 20:00. Po
posadzeniu rozsady, z kazdej rosliny usunig¢to pie¢ pierwszych zawiazkéw. Rosliny
prowadzono przy sznurkach metoda wysokiego drutu, usuwajac z pedu owocujacego
wszystkie pedy boczne oraz wasy czepne. W okresie owocowania roslin usuwano co

drugi zawigzek na pedzie przewodnikowym. W peilni owocowania roslin, co 3 dni
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usuwano dolne, najstarsze licie (maksymalnie 3 jednorazowo). Do badan szczegétowych
wybrano losowo z kazdej kombinacji po 6 mat uprawowych (36 roslin), czyli 3

powtorzenia, kazde po 2 maty uprawowe (12 ros§lin w powtorzeniu).

3.3. Zakres wykonanych prac

Publikacja 1: Zbadano wybrane parametry morfologiczne roslin dokonujgc co 7 dni
pomiaré6w na wybranych losowo 6 roslinach testowych z kazdej kombinacji. Mierzono
takie parametry jak: tygodniowy przyrost pedu na dlugosé, catkowita dlugosé pedu,
srednice pedu, dhugos¢ i1 szeroko$¢ liscia oraz dlugo$¢ ogonka lisciowego w pelni
rozwinigtego 4. liscia, liczac od wierzchotka rosliny. Wykonano pomiary wzgledne;j
zawartos$ci chlorofilu w lisciach metodg SPAD. Dokonano réwniez pomiarow twardosci
owocu oraz barwy skoérki owocu ogdrka. Oceniano w owocach ogdrka zawartosé
zwigzkow bioaktywnie czynnych, suchej masy oraz rozpuszczalnych substancji statych
(TSS). Wtlasciwosci fizyczne podtoza (mata z wegla brunatnego), oznaczono po
odpowiednim przygotowaniu probek do analiz, gdzie zawarto$¢ materii organicznej po
spaleniu probki, oznaczono zgodnie z normg PN-EN 13039 Porowato$¢, gesto$¢ podtoza
oraz zawarto$¢ wody i1 powietrza obliczono zgodnie z normg PN-EN 13041. W podtozu
z welny mineralnej okreslano kurczliwo$¢ podtozy poprzez okreslenie ubytku objetosci.
W normie PN-EN 13039 oznaczono takze zawarto$¢ materii organicznej i popiotu,

niezbedna do obliczenia porowatosci catkowitej w normie PN-EN 13041.

Publikacja 2: Okreslono wptyw wiasciwosci fizycznych i fizykochemicznych podtoza
na morfologi¢ 1 zawarto$¢ makro- 1 mikroelementow w lisciach roslin ogorka. Zbadano
rowniez wplyw podtoza na plon oraz jego jakos$¢. Badano zawarto$§¢ suchej masy
azotanow, TSS i zwigzkow bioaktywnych (luteina, p-karoten, chlorofil a i b) w owocach
ogorka. Wiasciwosci fizyczne podtoza z welny mineralnej oraz wegla brunatnego
okreslano zgodnie z normami PN-EN 13039 oraz PN-EN 13041, odpowiednio dla danego

podioza.

Publikacja 3: W badaniach okreslono wptyw podloza oraz eustresu wysokiego EC
pozywki na parametry morfologiczne roslin, takie jak tygodniowy przyrost pedu na
dtugos¢, srednice pedu w dwoch miejscach na pedzie pomigdzy 4. 1 5. oraz 9. 1 10.

w pelni rozwinigtym li§ciem, liczac od wierzchotka pedu. Mierzono takze dtugos¢
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1 szerokos¢ liscia oraz dtugo$¢ ogonka lisciowego. Wazono takze §wiezg mase usunietych
lisci, pedéw bocznych oraz wasdéw czepnych, aby okresli¢ produktywno$¢ roslin.
W przeprowadzonych badaniach okreslono wzgledng zawarto$¢ chlorofilu w lisciach
ogorka metodg SPAD, szybkos¢ fotosyntezy netto (PN), przewodno$¢ szparkowa (gs)
1 szybko$¢ transpiracji (E). Dodatkowo na podstawie ilorazu PN/E oraz PN/gs obliczono
odpowiednio fotosyntetyczny wspotczynnik wykorzystania wody (WUE) i chwilowy
fotosyntetyczny wspdlczynnik wykorzystania wody (iWUE). Dokonano pomiarow
fluorescencji chlorofilu okreslajac takie parametry jak Fs — wydajnos¢ fluorescencji
w stanie ustalonym, Fm' — maksimum fluorescencji dostosowanej do $wiatta oraz ®PSII
— maksymalna wydajno$¢ kwantowa PS II. Maksymalng wydajno$¢ kwantowa PSII —
(Fv/Fm) uzyskano po 30-minutowej adaptacji lisci do ciemnosci. Okre$lono rowniez
zawarto$¢ suchej masy w liSciach i barwnikow fotosyntetycznych (luteina, S-karoten,

chlorofil a i b) oraz wielko$¢ 1 jakos$¢ plonu ogorka.

Publikacja 4: W przeprowadzonych badaniach okreslono wpltyw mat z wegla
brunatnego, do$wietlania asymilacyjnego lampami LED oraz sposobu przechowywania
owocow, na jakos¢ owocoOw ogorka od zbioru po symulowany obréot. Material badawczy
stanowily owoce bezposrednio zebrane z roslin. Okre§lono procentowy ubytek masy
owocow, jedrno$¢ owocu, zawarto$¢ suchej masy oraz azotandéw i1 TSS w owocach
przechowywanych w warunkach symulowanego obrotu. Przeprowadzono roéwniez
analize sensoryczng owocOw po przechowywaniu w chtodni oraz w temperaturze
otoczenia, symulujac warunki sprzedazy na niechlodzonej poétce sklepowej. W ocenie
ogolnej oceniono nastepujace wyrdzniki jakosci owocow ogorka: zapach, barwa migzszu,
tekstura oraz smak. Ocena ogoélna dotyczyla ogdélnego wrazenia sensorycznego
odbieranego przy ocenie probki, ktore obejmowato ocenione wyrdzniki tekstury 1 smaku,

skala: zta — bardzo dobra.

Publikacja 5: W badaniach okres§lono wplyw podtoza z wegla brunatnego oraz
doswietlania lampami LED 1 HPS na parametry morfologiczne i fizjologiczne oraz jako$¢
1 plonowanie ogorka w uprawie hydroponicznej w porownaniu z podtozem z wetny
mineralnej. Podczas prowadzenia uprawy raz w tygodniu mierzono wybrane parametry
morfologiczne, takie jak: tygodniowy przyrost pedu na dlugos¢, catkowita dtugos¢ pedu,
srednice pedu w dwoch miejscach na pedzie pomiedzy 4. 1 5. oraz 9. 1 10. w petni

rozwinigtym lisciem, liczac od wierzchotka pedu. Mierzono takze dlugos$¢ 1 szerokos¢
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liscia oraz dlugos¢ ogonka lisciowego. Okreslono wzgledng zawartos¢ chlorofilu
w lisciach ogorka metoda SPAD, szybkos$¢ fotosyntezy netto (PN), przewodnosé
szparkowg (gs) 1 szybkos¢ transpiracji (E). Dokonano pomiarow fluorescencji chlorofilu
a lisci ogorka, okreslajac takie parametry, jak maksymalna wydajnos¢ kwantowa PS 11
(®PSII), i maksymalna wydajno$¢ kwantowa PSII po adaptacji do ciemnosci — (Fv/Fm).
Badano takze stopien odzywienia ro$lin analizujagc zawarto$¢ makro i mikroelementow
w lisciach ogorka. Okreslono wielkos¢ 1 jako$¢ plonu ogdrka. Zbadano zawarto$¢ suchej
masy, rozpuszczalnych substancji statych (TSS), zwiazkow bioaktywnych (f-karoten,

luteina, chlorofil a i b) i azotanéw w owocach ogorka oraz twardo$¢/jedrnos¢ owocoOw.

3.4. Metody badawcze
3.4.1. Wiasciwosci fizyczne i fizykochemiczne podtoza

Wiasciwosci fizyczne podloza z wegla brunatnego okreslono zgodnie z normga PN-EN
13041. Wiasciwosci wodno-powietrzne badano na aparacie piaskowym ,.Eijkelkamp”,
w zakresie podci$nienia 0—100 cm H20, stosujac 24-godzinny czas ustalenia rOwnowagi
wodnej na kazdym z 5 poziomow podci$nienia (-3,2, -10, -32, -50 i -100 cm H20). Po
zakonczeniu oznaczen aparatem piaskowym probki suszono w temperaturze 105°C
1 okreslano kurczliwo$¢ podtozy poprzez okreslenie ubytku objetosci. Zawarto$¢ materii
organicznej 0znaczono po spaleniu probki zgodnie z normga PN-EN 13039. Porowatosc,
gestos¢ podloza oraz zawarto$¢ wody 1 powietrza obliczono zgodnie z normg PN-EN
13041.

Wiasciwosci fizyczne mat z welny mineralnej okreslono metoda opracowang
w Naaldwijk w Niderlandii (Wever 2000, Strojny i Nowak 2005, Nowak 2010). Probki
moczono przez 24 h + 2 h, nastgpnie odsgczono wodg 1 pozostawiono w tym stanie na
3 h. Po tym czasie probki ponownie zalewano wodg destylowang w tym samym
pojemniku przez 30 min, a nast¢pnie bezposrednio po odsaczeniu wody przenoszono je
do bloku piaskowego (Eijkelkamp) i ustawiano prézni¢ -100 cm H>O na 30 min.
Nastepnie probki ponownie zalewano na glebokos$¢ 3 cm nad probka, moczono przez 24
h £ 2 h i przystapiono do oznaczania wtasciwosci powietrzno—wodnych w zakresie prozni
0-100 cm H:0O, stosujac 24-godzinny czas ustalenia réwnowagi wodnej na kazdym

z 5 poziomdéw podcisnienia (-4,5, -10, -32, -50 i -100 cm H20). Po zakonczeniu oznaczen
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aparatem piaskowym probki suszono w temperaturze 103°C + 2°C 1 okre$lano
kurczliwo$¢ podlozy poprzez okreslenie ubytku objetosci. Zgodnie z normg PN-EN
13039 (2011) oznaczono takze zawarto$¢ materii organicznej i popiotu, niezbedng do

obliczenia porowatosci catkowitej zgodnie z normg PN-EN 13041 (2011).

3.4.2. Parametry morfologiczne roslin

W celu pomiaru tygodniowego przyrostu pedu na dlugosé, mierzono odleglos¢ od
wierzchotka pedu do miejsca zaznaczonego na sznurku, gdzie znajdowat si¢ wierzchotek
pedu 7 dni wczesniej. Wynik podawano w cm. Srednice pedu mierzono elektroniczna
suwmiarkag w mm w dwoch miejscach pedu: pomiedzy 4. 1 5. oraz 9. i 10. w petni
rozwinigtym liSciem, liczac od wierzcholtka rosliny. Dtugos¢ i1 szeroko$¢ oraz dtugosé
ogonka liSciowego pigtego i dziesiatego liscia podano w cm. Przyblizong powierzchni¢

2

liscia 5. 1 10. obliczono z iloczynu dtugosci 1 szerokosci liScia, wynik podano w cm*.

Okreslono takze tygodniowy przyrost liczby liSci na roslinie (szt./tydzien).
3.4.3. Wymiana gazowa i fluorescencja chlorofilu

Wzgledng zawarto$¢ chlorofilu w liSciach okreslono testem SPAD (Soul Plant Analysis
Systems) przy uzyciu przenosnego miernika Minolta SPAD-502 Plus. Pomiaru indeksu
SPAD dokonano na 5. 1 10. w pelni rozwinietym li§ciu, liczac od wierzchotka pedu
rosliny. Szybko$¢ fotosyntezy netto (PN), przewodno$¢ szparkowa (gs) 1 szybkos¢
transpiracji (E) zmierzono przy uzyciu systemu fotosyntezy LI-6400 (LI-COR, Inc.,
Lincoln, NE, USA) wyposazonego w 6400-40 fluorometr z komora lisciowsa i mieszalnik
CO; 6400-01. Pomiary wykonano przy referencyjnym stezeniu CO2 (500 umols™?),
stalym natezeniu przeptywu (400 umol's™), wilgotnosci wzglednej pomiedzy 30% a 50%
i gestoéci strumienia fotosyntetycznego fotonow (PPFD, 1000 mmol m™2 sb).
Fluorescencj¢ chlorofilu mierzono przy uzyciu przeno$nego systemu monitorowania
fluorescencji chlorofilu z modulacjg impulsow FMS-2 (Hansatech Instruments Ltd.,
King's Lynn, Norfolk, Wielka Brytania), mierzac parametry takie jak: Fs — stan
wydajnosci fluorescencji, Fm' - maksimum fluorescencji dostosowanej do $wiatta i ®PSII
- maksymalna wydajno$¢ kwantowa PS II. Maksymalng wydajnos¢ fotosystemu PS II
w ciemnosci (Fv/Fm) mierzono po 30-minutowej adaptacji lisci do ciemnos$ci. Do
pomiaru fluorescencji bezposredniej zastosowano przenosny miernik fluorescencji PEA

(Hansatech Instruments Ltd., King's Lynn, Norfolk, Wielka Brytania).
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3.4.4. Zawarto$¢ makro- i mikroelementéw w lisciach ogorka

Liscie pobierane do analiz byly bez oznak uszkodzen, chorob i szkodnikoéw, wyksztatcone
prawidlowo o wtasciwej barwie. Pobierano je losowo z kazdej kombinacji w liczbie
trzech lisci z wysokosci 4.-5. i trzech lisci z wysokosci 9.-10. liscia na pedzie, liczac od
wierzchotka pedu ogorka. Blaszki lisciowe suszono w temperaturze 60°C, w suszarce
laboratoryjnej z obiegiem powietrza, a nast¢pnie mielono w mtynku Bosch TSM6A013B.
Zmielony materiat ro§linny spalano w HNOs3. Pierwiastki (P, K, Mg, S-SOa, Na, Ca, Fe,
Mn, Cu, Zn, B,) oznaczono za pomocag spektrometru plazmowego ze sprz¢zeniem
indukcyjnym (ICP Model OPTIMA 2000DV, Perkin Elmer, Waltham, MA, USA),
uzyskujac wyniki w mg-kg™ s.m. W celu oznaczenia azotu catkowitego material ro§linny
trawiono w stezonym kwasie siarkowym w obecno$ci katalizatora miedziowo-
potasowego. Zawarto$¢ azotu oznaczano za pomocg aparatu Kijeldahla (Vapodest,
Gerhardt, Konigswinter, Niemcy). Po destylacji azotu w postaci NHs zawarto§¢ N

oznaczono metoda miareczkowania (AOAC 2012), uzyskujac wyniki w % suchej masy.

3.4.5. Plon i jako$¢ owocow

Owoce ogorka dojrzate do zbioru zbierano co dwa dni (w godzinach porannych).
Okreslono liczb¢ 1 mas¢ wszystkich zebranych owocow, owocow handlowych
1 nichandlowe. Mianem owocow niehandlowych okreslano takie owoce, ktore posiadaty
wady rozwojowe oraz uszkodzenia mechaniczne wystepujace podczas pielegnacji roslin.
Oszacowano takze sume zawigzkow owocoOw 1 zawigzkéw owocodw ,,zrzuconych”. Do
badan jedrno$ci oraz barwy owocoOw wybierano losowo owoce handlowe. Jedrnos¢
owocow mierzono twardosciomierzem HPE o §rednicy trzpienia 5 mm, ustawionego pod
katem 90° do owocu, usredniajac wynik z 3 pomiardw: przy szypuice, w srodku owocu
1 w czeSci przykwiatowej. Wyniki podano w skali HPE od 0 do 100 jednostek.
Barwe owocoéw mierzono za pomocag przeno$nego spektrofotometru $wiatla odbitego
MiniScan XE PLUS D/8-S skalibrowanego na standardowej bialtej ptytce, a wyniki
podano w skali CIE Lab: zmiany udzialu barwy zielonej i czerwonej reprezentuje
parametr a*; barw niebieskiej 1 zoOttej parametr b* 1 jasno$¢ barwy parametr L*.
Z uzyskanych danych wyliczono takze wspotrzedne biegunowe nasycenia C* = (a* 2 +
b* 2 ) % , intensywno$¢ koloru (kat barwy) H* = tan —1 (b*/a* ) i wskaznik barwy

(stosunek a*/b*). Barwe 1 jedrno$¢ owocodw mierzono w 3 powtorzeniach.
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3.4.6. Zawarto$¢ suchej masy i barwnikéw fotosyntetycznych w lisciach oraz zwigzkow

bioaktywnych w owocach ogorka

Liscie pobierane do analiz byly bez oznak uszkodzen, chorob i szkodnikéw, wyksztatcone
prawidtlowo o wlasciwej barwie. Pobierano losowo z kazdej kombinacji po 3 liscie.
Zawarto$¢ suchej masy w liSciach oznaczono metoda wagowa w temperaturze 105°C.
Tak samo oznaczano zawarto$¢ suchej masy w owocach, po wczeéniejszej homogenizacji
losowo wybranych owocoéw. Zawartos¢ pf-karotenu, luteiny oraz chlorofilu a i b
w lisciach i owocach oznaczono metoda wysokosprawnej chromatografii cieczowe;j
HPLC (Shimadzu Scientific Instruments). Materiat analityczny ogdrka homogenizowano
z dodatkiem 2 g Na2SO4 na 100 g probki. Tak przygotowany materiat homogenny
odwazano na wadze laboratoryjnej w ilosci 2 g (liScie) 1 5 g (owoce), a nastgpnie
rozcierano w mozdzierzu z zimnym acetonem (-20°C) i piaskiem kwarcowym.
Wyekstrahowane probki przeniesiono ilosciowo do kolb miarowych o pojemnosci 50 ml
1 uzupelniano do objetosci 50 ml zimnym acetonem. Prébki odwirowywano
w probowkach (15 000 obr/min), a powstaly supernatant przefiltrowano przez filtr
strzykawkowy 0,22 pm (Supelco IsoDisc™ PTFE 25 mm x 0,22 pum). Ekstrakty
umieszczono w 1 ml pojemnikach w automatycznym podajniku probek SIL-20AC HT
(temperatura tacy 4°C). Ekstrakt o objetosci 5 pl naniesiono na kolumne
chromatograficzng Kinetex 2,6 pm C18 100 A 100 mm x 4,6 mm firmy PhenomeneX.
Rozdzielenie zwigzkow uzyskano stosujac elucje izokratyczng metanolem
w temperaturze 40°C. Zakres dtugosci fal wynosit odpowiednio dla S-karotenu, chlorofilu
aib: 450 nm, 430 nm i 470 nm. Z otrzymanych wynikéw dla chlorofilu a i b obliczono
sumg¢ chlorofilu a i b. Wszystkie analizy przeprowadzono trzykrotnie w trzech

powtorzeniach kazde.

3.4.7. Zawarto$¢ azotanow 1 TSS w owocach

Do oznaczenia zawarto$ci azotandéw w owocach wybierano losowo z kazdej kombinacji
owoce handlowe, probka owocow o przyblizonej masie tagcznej okoto 1 kg. Nastepnie
poddano je homogenizacji. Z tak przygotowanej probki mieszanej, pobrano trzykrotnie
probke zhomogenizowanych owocow o masie 10 g, dodajac 0,5 g wegla aktywnego 1 100
ml 2% kwasu octowego, a nast¢gpnie wytrzagsano na wytrzasarce laboratoryjnej. Po 30
minutach powstaty roztwor przesaczono przez filtr karbowany. Zawarto$¢ azotanow

w mg NOskg ! §wiezej masy w owocach oznaczono spektrofotometrycznie przy dtugosci
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fali 540 nm za pomocg analizatora Fiastar 5000. Zawarto$¢ sktadnikéw rozpuszczalnych
w soku komoérkowym (TSS) oznaczono refraktometrycznie uzywajac refraktometru

cyfrowego (Hanna Instruments HI-96800), podajac wyniki w %.

3.4.8. Analiza sensoryczna owocOw

Analize sensoryczng owocOdw przeprowadzono w Pracowni Analizy Sensorycznej
Katedry Ros$lin Warzywnych i1 Leczniczych, ktéra spelnia normy PN-EN 1SO
8589:2010/A1:2014-07 (2014). Oceng¢ owocow wykonano bezposrednio po zbiorze
owocOw oraz po przechowywaniu w chtodni (5 dni) i po 5 dniach w warunkach
symulowanego obrotu (po 10 dniach od zbioru). Owoce przechowywano w chlodni
w temperaturze 12°C i HR 85-90%, natomiast symulujac sprzedaz na potce sklepowe;j,
owoce przetrzymywano w temperaturze 22°C i HR 60%. Probki owocoéw zostaly
ocenione przez wykwalifikowany zesp6t 10 oséb pod katem wyrdznikow zapachu,
barwy, tekstury oraz smaku, dokonano réwniez oceny og6lnej. Do oceny owocow ogorka
wykorzystano metodg ilo$ciowej analizy opisowej (QDA) — profilowania sensorycznego.
Wyroézniki oceniano na cigglej skali graficznej od 0-10 jednostek umownych, oznaczonej
odpowiednimi okres$leniami. Szczegdtowa metodyka znajduje si¢ w publikacji 4,

stanowiacej element rozprawy doktorskie;j.

3.4.9. Analiza statystyczna

Do opracowania statystycznego uzyskanych wynikow badan wykorzystano miedzy
innymi program Statgraphics Centurion XVII 2016 (publikacja 1). Dane oceniano metoda
analizy wariancji jedno i wieloczynnikowej (ANOVA), a réznice pomiedzy $Srednimi
porownywano testem Tukeya (HSD) na poziomie istotnosci p < 0,05. Analizy
statystyczne przeprowadzono gléwnie przy uzyciu programu Statistica 13.3. Przed
analiza danych sprawdzano, czy osiagnig¢to zatozenia ANOVA dotyczace jednorodnosci
wariancji. Do oceny jednorodno$ci wariancji wszystkich badanych parametrow
wykorzystano test Levene’a. (publikacja 2, 3, 4, 5). Analize regresji wielokrotnej
wykonano w celu sprawdzenia zwigzku migdzy cechami biometrycznymi roslin
a wybranymi cechami fizycznymi substratoéw. Dla kazdej pary parametrow obliczono
wspolczynnik korelacji liniowej (publikacja 2). W celu okre$lenia zwigzku migdzy
wynikami oceny sensorycznej a wieloczynnikowymi réznicami w kombinacjach podioza

i o$wietlenia w publikacji nr 4 wykorzystano analiz¢ gtdwnych sktadowych (PCA).
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4. WYNIKI | DYSKUSJA

4.1. Wlasciwosci fizyczne mat z wegla brunatnego i ich wplyw na wybrane
parametry wzrostu roslin oraz plon ogérka szklarniowego

Obecne problemy z rosngcym zapotrzebowaniem na zywno$¢ oraz wymagania
rolnictwa, nadmierne uzycie nawozow sztucznych i niewlasciwa gospodarka rolna
doprowadzily do degradacji gleb w Europie (Virto i in. 2014). W zwigzku
zniekorzystnym dziataniem cztowieka, liczba gruntéw nadajacych si¢ pod uprawy spada,
dlatego uprawa hydroponiczna z wykorzystaniem podtoza statego jest dla wymagajacych
upraw ogrodniczych korzystnym rozwigzaniem (Abdel-Farid i in. 2020, Kamran i in.
2019). Podtoze to jeden z wielu czynnikow determinujgcych powodzenie uprawy i jako$é
plonu. Decydujac si¢ na wybor odpowiedniego podloza nalezy mie¢ na wzgledzie przede
wszystkim jego wlasciwosci fizyczne, trwatos¢, tatwo$¢ utylizacji oraz niskg ceng (Saha
i in. 2016, Kraska i in. 2018, Xing i in. 2019). Analizujac wptyw nowych oraz powtornie
uzytych mat z welny mineralnej oraz wegla brunatnego w uprawie ogorka, w przypadku
mat nowych nie odnotowano réznic w tygodniowym przyroscie pedu ogorka na dtugosé
czy dlugosci 1 szerokoSci liSci oraz ich powierzchni asymilacyjnej 1 dlugosci ogonka
liSciowego. Stwierdzono, ze powierzchnia lisci oraz $rednica pedu ogorka nie zalezy od
rodzaju zastosowanego podtoza, niezaleznie od cyklu uzytkowania, czy jako podloze
nowe w pierwszym cyklu, czy powtornie uzyte w kolejnym cyklu uprawy (publikacja 1).
Natomiast analizujgc wpltyw gesto$ci nasypowej oraz porowatosci podloza z wegla
brunatnego, stwierdzono istotne zalezno$ci pomigdzy wlasciwosciami podloza
a parametrami morfologicznymi roslin ogorka (publikacja 2). Nowe maty z wegla
brunatnego charakteryzowaly si¢ duzg gestoscig nasypowa i niskg porowatoscig oraz
zawartoscig wody fatwo dostepnej dla roslin. Badajac wplyw tych parametréw na rosliny,
stwierdzono ujemng korelacje pomigdzy gestoscig nasypowa mat z wegla brunatnego
a przyrostem liczby lisci na tydzief, $rednica pedu, dlugosciag ogonka lisciowego oraz
powierzchnig lisci (publikacja 2). Inni badacze wskazuja, ze podtoze i jego wlasciwosci
nie miaty wplywu na $rednice pedu roslin pomidora (Mohammadi-Ghehsareh 2015), ale
powierzchnia lici 1 ich liczba jest istotnie zalezna od pojemnosci wodnej 1 wody latwo
dostepnej dla roslin (Dannehl i in. 2015). Dodatnig korelacj¢ stwierdzono pomigdzy

porowatoscig podtoza, a liczbg liSci wyrastajacych na pedzie w ciggu tygodnia
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(publikacja 2). Stwierdzono réwniez, ze gesto$¢ nasypowa oraz zawarto$¢ wody tatwo
dostepnej dla roslin wptywa na zawarto$¢ makro- i mikroelementéw w lisciach ogorka.
Odnotowano dodatnig korelacje w zawartosci Ca oraz S-SO4 w lisciach ogorka rosnacego
w weglu brunatnym. Zdolno$¢ zatrzymywania wody 1 woda tatwo dostepna dla roslin, to
czynniki mogace znaczaco wplywaé¢ na parametry morfologiczne ro$lin i stan ich
odzywienia (Mazahreh i in. 2015). Nowa mata z welny mineralnej charakteryzowata si¢
malg gestoscig nasypowa, duzg porowatosciag catkowitg oraz duzg pojemno$cig wodno-
powietrzng przy potencjale —10 cm H2O, jednakze w trakcie uprawy stracita te
wlasciwosci, co wigzato si¢ ze wzrostem gestosci nasypowej 1 zmniejszeniem zawartosci
powietrza. W przypadku mat z wegla brunatnego po 2 cyklach uprawy nie obserwowano
az tak niekorzystnych zmian jak w przypadku wetny mineralnej. Krzywa retencji wody
pokazuje, ze najwigksze zmiany zawarto$ci wody byly przy potencjale —10 cm H20
w obu podtozach, jednak dla welny mineralnej zmiany dotyczyly réwniez wyzszych
potencjalow (publikacja 1). Zawarto$¢ sktadnikow mineralnych w podtozu podlega
zmianie W czasie uprawy, a zmiany te sa szybkie i zalezne od sposobu nawozenia,
uwodnienia maty oraz wlasciwosci powietrzno-wodnych, a takze mikroklimatu
panujacego w obiekcie (Argo i Biernbaum 1994; Stowinska-Jurkiewicz i Jaroszuk-
Sierocifiska 2011). Natomiast zmiany zawartosci pierwiastkow w liSciach sg minimalne
1 zachodzg powoli. Zawarto$¢ sktadnikow w lisciach zalezy rowniez od pH $rodowiska
korzeniowego, antagonizmu pierwiastkOw wzgledem siebie oraz strategii
nawodnieniowej (Nurzynski 2013, Machado i Serralheiro 2017, Francke i in. 2021,
Tuckeldoe i in. 2023). Jak podaje literatura, wiasciwosci fizyczne odpowiedniego
podloza dla roslin mieszcza si¢ w przedziale: objetos¢ wody tatwo dostepnej 20-30%,
porowato$¢ calkowita >85% obj. i calkowita zdolno$¢ zatrzymywania wody 10-30%
objetosci (Dannehl i in. 2015, Kennard i in. 2020). Pomimo nizszych wartosci
wskazanych parametréw w matach z wegla brunatnego, odnotowano istotng zaleznos¢
gestosci nasypowej oraz pojemnosci wodnej podtoza na liczbe i mas¢ owocdw zebranych
z ros$lin ogorka, gdzie uzyskano o 10% wyzszy plon catkowity w poréwnaniu do welny
mineralnej (publikacja 2). Uzyskane wyniki sg zgodne z badaniami Mazahreh i in. (2015),
ktorzy stwierdzili, ze plon ogorka zalezy od dostepnosci wody w podtozu, a Allaire i in.
(2005) potwierdzili takze dodatnig korelacj¢ plonu handlowego pomidora z zawarto$cia
w podtozu wody tatwo dostgpnej. Analizujac wplyw powtdrnie uzytych mat z welny

mineralnej oraz wegla brunatnego, stwierdzono wigkszg liczb¢ i masg¢ owocow
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pozyskanych z ro$lin rosnagcych w wetnie mineralnej w I cyklu uprawowym. Jednak w 11
cyklu uprawy, z powtdérnym uzyciem podlozy, najwicksza mase catkowita owocow
uzyskano z roslin rosnagcych na powtornie uzytym podtozu z wegla brunatnego. Zmiany
zawarto$ci powietrza oraz wody w macie mogty bezposrednio przetozy¢ si¢ na uzyskany
plon owocow ogoérka. Moze to by¢ spowodowane osiadaniem podioza, zjawiskiem
postepujacym wraz z dlugoscig okresu uprawy (Nowak 2010) lub z rozwojem i
zwickszaniem masy przez system korzeniowy (Raviv i in. 2002). W trakcie dluzszej
uprawy w welnie mineralnej obserwuje si¢ wzrost ggstosci nasypowej oraz zmniejszenie
porowatosci catkowitej, co potwierdzono w przeprowadzonych badaniach (publikacja 1).
Zmiany te bezposrednio wptywaja na wzrost roslin i owocoéw w dtuzszym okresie uprawy
(Verdonck i in. 1984, Millaleo i in. 2010, Nowak 2010). Wedtug Luitel i in. (2012), brak
odpowiedniej ilosci powietrza i wody w podtozu, ogranicza oddychanie korzeni i
negatywnie oddziatuje na pobieranie wody i sktadnikow odzywczych, co z kolei wptywa
na liczbe, mas¢ oraz jako$¢ owocow. Jakos¢ owocdéw zalezy od wielu czynnikow,
poczawszy od wyboru odmiany i terminu uprawy, sposobu prowadzenia ro$li i ich
pielegnacji, poprzez liczbe owocow na roslinie, az po parametry klimatu 1 wlasciwosci
podtoza (Gomez-Lopez i in. 2006, Gajc-Wolska i in. 2010, Kraska i in. 2018, Yang i in.
2023). W przedstawionych badaniach stwierdzono silnie dodatnig korelacje gestoSci
nasypowej 1 pojemnosci wodnej podltoza na jedrno$¢ oraz barwe skorki owocow ogorka
(publikacja 2). Natomiast Dannehl i in. (2015). badajac podtoza organiczne takie jak
welna owcza, widkno konopne oraz torf nie potwierdzili ich wptywu na jakos¢ owocow

pomidora.

4.2. Wplyw mat z wegla brunatnego i wybranych czynnikow uprawy na parametry
morfologiczne i intensywnos¢ fotosyntezy roslin, fluorescencj¢ chlorofilu oraz plon
i jakos$¢ owocow ogorka

4.2.1. Wysokie EC pozywki

Pomimo kontroli wszystkich parametréw wzrostu w uprawach hydroponicznych moze
dochodzi¢ do nadmiernego st¢zenia jondw w podlozu, co w konsekwencji negatywnie
wplywa na wzrost i rozwoj roslin. Wedlug Chen i in. (2020) rosliny ogoérka toleruja
przewodnosé elektryczng (EC) do poziomu 2,5 dS-m?, a wzrost EC o kazda jednostke
powoduje obnizenie plonu o ponad 10%. Précz obnizenia plonu, wzrost zawarto$ci soli

w podtozu powoduje zmniejszenie syntezy pigmentow fotosyntetycznych, miedzy
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innymi chlorofilu (Abdel-Farid i in. 2020, Chen i in. 2020). Wedtug Mohsin i in. (2019)
oraz Abdel-Farid i in. (2020), zbyt wysokie EC podtoza prowadzi do zaktocen syntezy
pierwotnych i wtornych metabolitow, a takze jak donosza Kamran i in. (2019) i Mohsin
i in. (2019) do nagromadzenia reaktywnych form tlenu (ROS). W badaniach, uzywajac
do fertygacji roslin ogorka rosngcych w matach z welny mineralnej, EC pozywki
w wysokosci 7,0 dS'm™, uzyskano skrécenie catkowitej dtugosci pedu oraz zmniejszenie
srednicy pedu ogorka w porownaniu do ro§lin nawozonych pozywka o standardowym EC
dla ogdérka. W przypadku roslin rosnacych w podtozu z wegla brunatnego wysokie EC
wplyneto na 20% spadek masy lisci i pgdow w poréwnaniu do standardowego EC
pozywki, jednak nie stwierdzono skrocenia pgedow ogorka, jak w przypadku welny
mineralnej (publikacja 3). Podloze z wegla brunatnego zredukowato wigec negatywny
wplyw na wzrost pedow ogorka po zastosowaniu eustresu w postaci wysokiego EC
pozywki na poziomie 7,0 dS-m*. Jak donosi Chen i in. (2020) skrocenie pedow jest
naturalng reakcja rosliny na wysokie EC pozywki, czego nie stwierdzono
w przeprowadzonych badaniach w przypadku podtoza z wegla brunatnego. Analizujac
wyniki tempa fotosyntezy netto (PN), nie stwierdzono wrazliwo$ci tego parametru
w ro$linach ogorka po zastosowaniu wysokiego EC pozywki, jednak pod koniec
doswiadczenia w kombinacji z wysokim EC pozywki u roslin ogorka rosnagcych w wetnie
mineralnej, odnotowano silny spadek przewodnictwa szparkowego (gs). Przy stosowaniu
wysokiego EC pozywki w obu podtozach, zanotowano u ogoérka réwniez spadek
szybkosci transpiracji (E). Schwarz i Kuchenbuch (1998) udowodnili u ro$lin pomidora,
ze spadek szybkos$ci transpiracji 1 obnizenie zawartosci suchej masy ro$liny zalezy
bezposrednio od poziomu zasolenia. W przypadku roslin (Brassica campestris L. ssp.
chinensis) odnotowano istotny spadek wspomnianych parametrow przy wzroscie EC
pozywki z 4,8 do 9,6 dS'm™* (Ding i in. 2018). W uzyskanych wynikach badan nie
wykazano istotnego wplywu wysokiego EC pozywki i zastosowanego w badaniach
podtoza na Fv/Fm i Fm', WUE oraz i WUE w lisciach ogorka (publikacja 3). Jak donosza
Kamran i in. (2019) oraz Chen i in. (2020), omawiane parametry w przypadku
potraktowania roslin stresem NaCl, ulegaja istotnemu obnizeniu juz po kilku godzinach
od wystgpienia stresu. Zastosowane w badaniach wysokie EC pozywki do fertygacji
roslin rosngcych w podtozu z wegla brunatnego nie spowodowato duzych spadkow
parametréw fotosyntezy oraz wymiany gazowej, co moze wskazywaé na ograniczenie

negatywnych skutkow dziatania stresu przez podloze z wegla brunatnego. Podobng
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tendencje zauwazono w przypadku plonu owocéw ogorka, gdzie podtoze z wegla
brunatnego zwigkszylo liczb¢ i mase¢ plonu, przy jednoczesnym zmniejszeniu liczby
owocow niehandlowych, w poréwnaniu do welny mineralnej. Zastosowanie welny
mineralnej przy wysokim EC pozywki obnizyto wielko$¢ i mase¢ plonu handlowego
ogorka. Jest to zgodne z wynikami takich badaczy jak Schwarz i Kuchenbuch (1998) oraz
Albornoz i Lieth (2015), ktorzy stwierdzili obnizenie plonu wraz ze wzrostem EC
pozywki w uprawie pomidora i sataty. Zasolenie rowniez wpltywa na liczbe zawigzanych
owocOw na roslinie oraz mas¢ pojedynczych owocow (Ouzounidou i in. 2016).
W przedstawionych badaniach rosliny zawigzaly podobna liczbe owocéw, jednak przy
wysokim EC pozywki stwierdzono wickszy udziat zrzuconych zawigzkow owocoOw przez
ros$liny ogorka, co przetozyto si¢ bezposrednio na mas¢ plonu catkowitego. Podobne
wyniki uzyskali Albornoz i Lieth (2015) w uprawie sataty (publikacja 3). W przypadku
jako$ci owocow, np. taki parametr jak jedrnos$¢ nie ulegl zmianie ze wzgledu na
zastosowane podtoze i wysokie EC pozywki. Potwierdzaja to rowniez inni badacze, gdzie
nie odnotowano wplywu zasolenia na jedrno$¢ owocow ogorka (Colla i in. 2013).
Stwierdzono wzrost zawartosci suchej masy w owocach pochodzacych z uprawy
w welnie mineralnej przy stosowaniu wysokiego EC pozywki, natomiast owoce ogorka
pochodzace z roslin uprawianych w weglu brunatnym przy wysokim EC pozywki,
charakteryzowaly si¢ nizszym wzrostem zawartosci suchej masy (publikacja 3). Schwarz
i Kuchenbuch (199) oraz Sublett i in. (2018) stwierdzili takze wptyw wysokiego EC na
zawarto$¢ suchej masy w owocach pomidora 1 w satacie. Polgczenie podloza z wegla
brunatnego oraz eustresu w postaci wysokiego EC pozywki, zwigkszylo zawartos¢
luteiny, p-karotenu, chlorofilu a, b i chlorofilu catkowitego (a + b), w poréwnaniu do
owocOw pochodzacych z ro$lin uprawianych w welnie mineralnej. Jak zauwazyli
Rouphael i in. (2018b) zwigkszenie szlakoéw metabolicznych prowadzacych do
wytworzenia wigkszej ilosci zwigzkow bioaktywnych w owocach za pomocg eustresu,
nie moze wigzac si¢ z utrata znacznej ilosci plonu. W przedstawionej pracy odnotowano
zalezno$¢ w potaczeniu podtoza z wegla brunatnego oraz wysokiego EC pozywki, na
zwigkszenie zawarto$¢ pozadanych zwigzkow w owocach, bez obnizenia plonu u ogorka.
Zwigkszenie EC pozywki moze jednak wigza¢ si¢ z ryzykiem wzrostu zawartosci
azotanow w owocach, co nie jest pozagdang cechg. W uzyskanych wynikach potwierdzono
wzrost zawartosci azotanoéw w owocach ogorka szklarniowego w kombinacji wysokiego

EC pozywki stosowanej do fertygacji roslin, natomiast owoce pochodzace z roslin
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uprawianych w podtozu z wegla brunatnego charakteryzowatly si¢ mniejsza zawartoscia
tych zwiazkow (publikacja 3). Podobng tendencje¢ zaobserwowali Ding i in. (2018), gdzie
wraz ze wzrostem EC, wzrosta zawarto$¢ azotanéw w lisciach kapusty pak choi. Wzrost
zawartosci zwigzkoéw bioaktywnych w owocach jest pozadang cecha z punktu widzenia
dobrostanu naszego organizmu, jednocze$nie nalezy kontrolowaé poziom azotanow
w owocach poprzez wilasciwe nawozenie i zabiegi agrotechniczne (Colla i in. 2018,

Rouphael i in. 2018a, 2018b).

4.2.2. Doswietlanie HPS i LED w technologii uprawy hydroponicznej oraz jako$¢

1 trwatos$¢ przechowalnicza owocow ogorka

Swiatlo to jeden z najwazniejszych czynnikéw warunkujacych wzrost i rozwoj roslin.
Niedostateczna ilo$¢ i jako$¢ $wiatla, zwlaszcza w miesigcach jesienno-zimowych,
wptywa bezposrednio na powodzenie uprawy. W celu dostarczenia odpowiedniej ilosci
$wiatta do wzrostu i rozwoju roélin stosuje si¢ lampy o szerokim widmie emisyjnym
w zakresie promieniowania fotosyntetycznie czynnego PAR (Gajc-Wolska i in. 2021,
Kowalczyk i in. 2022). Aktualnie w ogrodnictwie nadal stosowane sg gtoéwnie lampy
sodowe (HPS), ktore charakteryzuja si¢ duzym udzialem PAR, jednak niskim udziatem
$wiatta niebieskiego, ktore nie przekracza 5%. Swiatlo niebieskie wplywa na proces
fotosyntezy 1 jego regulacje, a porownujac Swiatto stoneczne do lamp HPS, to udziat
w ich widmie $wiatfa niebieskiego wynosi tylko niespetna 28% zapotrzebowania roslin.
Dodatkowa wada lamp HPS jest wysoka emisja ciepta, ktora przy niewtasciwym montazu
moze uszkodzi¢ wierzchotki roslin (Islam i in. 2012, Kowalczyk i in. 2022). Coraz
popularniejsze w ostatnich latach staty si¢ diody elektroluminescencyjne LED, w ktérych
wraz z rozwojem technologicznym pojawita si¢ mozliwos¢ migdzy innymi kontroli
sktadu spektralnego, ktory dobierany jest bezposrednio do danego gatunku i1 fazy
rozwojowej roslin. Brak produkcji wysokiej ilosci ciepta oraz mozliwo$¢ regulacji
spektrum, pozwala umiesci¢ lampy LED pomiedzy roslinami, co wyraznie przyczynia si¢
do poprawy parametréw wzrostu doswietlanych roslin (Wojciechowska i in. 2015, Sarkka
I in. 2017). Przeprowadzone badania nie pozwalaja jednoznacznie stwierdzi¢, ze
zastosowane poditoze Iub rodzaj $wiatta wplyngly na zréznicowanie rozwoju
morfologicznego roslin ogérka. W pierwszym roku do§wiadczenia potwierdzono wplyw
zastosowania §wiatla lamp LED na $rednice pedu, natomiast nie potwierdzono tego

w drugim roku do$wiadczenia (publikacja 5). Badajac wptyw $wiatta czerwonego oraz
39



polaczenia §wiatlta czerwonego z zielonym, w uprawie hydroponicznej potwierdzono
wydluzenie todygi u pomidora, natomiast u ogérka stwierdzono skrdcenie hypokotylu
umtodych roslin w porownaniu do doswietlania lampami HPS (Zou i in. 2020, Hernandez
2013). Uzyskane wyniki badan potwierdzity istotny wptyw doswietlania lamp LED na
parametry wymiany gazowe] takie jak intensywno$¢ procesu fotosyntezy (PN),
przewodnos$¢ szparkowa (gs) oraz intensywno$¢ transpiracji (E) w poréwnaniu do
zastosowanych lamp HPS. Dodatkowo odnotowano wptyw podtoza z wegla brunatnego
na omawiane parametry w przypadku liscia 10., liczac od wierzchotka rosliny. Podobna
tendencje potwierdzono badajac wickszo$¢ parametréw wymiany gazowej i fotosyntezy
u roslin rosngcych na tym podlozu (publikacja 5). Zblizone wyniki uzyskano w pracy
Gajc-Wolskiej i in. (2021), gdzie zastosowanie doswietlania lampami LED wptyngto na
wzrost parametrOw wymiany gazowej u roslin ogorka. Jest to zgodne takze z wynikami
badan innych autoréw, gdzie réwniez potwierdzono wptyw lamp LED (o§wietlenie gorne
i migdzyrzedowe) na omawiane parametry (Elvidge i in. 2010, Kowalczyk i in. 2022,
Talebnejad i Sepaskhah 2016). W badaniach Yang i in. (2023) potwierdzono wptyw
podlozy organicznych z kory sosnowej i wldkien drzewnych na szybkos$¢ fotosyntezy
netto (PN), przewodnos$¢ szparkow3 (gs) 1 szybkos¢ transpiracji (E) w liSciach ogorka, co
jest zgodne z uzyskanymi wynikami badan (publikacja 5). Podloze takze istotnie wptywa
na zawarto$¢ pierwiastkow w lisciach, ale jednoczesnie nie jest jedynym zrodiem
zmiennos$ci, ktoére wptywa na zawarto$¢ makro- 1 mikroelementow w lisciach roslin
(Yilmaz i in. 2014). W pracy potwierdzono istotnie wyzsza zawarto$¢ S-SOs w lisciach
ogorka rosngcego na podiozu z wegla brunatnego doswietlanych lampami LED,
w poréwnaniu do welny mineralnej. W przeprowadzonych badaniach nie udowodniono
istotnych ro6znic w plonowaniu ogorka w poszczegdlnych kombinacjach. Potwierdzono
natomiast tendencj¢ do mniejszego zrzucania zawigzkow owocow  ogorka
w kombinacjach z doswietlaniem lampami LED w poréwnaniu do kombinacji, gdzie
rosliny doswietlano lampami HPS. W uprawie doswietlanej LED stwierdzono takze
wyzszy udziat plonu handlowego w plonie catkowitym ogdérka niz w uprawie
doswietlanej HPS, bez wzgledu na zastosowane podtoze (publikacja 5). W pierwszym
roku doswiadczenia uzyskano wyzszy plon w kombinacji z podtozem z wegla brunatnego
oraz lampami HPS, jednak w drugim roku nie potwierdzono tej tendencji. Jak donosi
Sérkka i in. (2017) oraz Marcelis (1993), temperatura wptywa na szybkos$¢ przyrastania

owocOw ogorka oraz mas¢ poszczegdlnych owocodw, a wzrost temperatury pochodzi
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takze z nadmiernego promieniowania podczerwonego lamp HPS. Jednocze$nie brak
mozliwo$ci zastosowania lamp HPS w do§wietlaniu mi¢dzyrzedowym obniza parametry
fotosyntezy lisci potozonych glebiej w lanie, ktéra rowniez wptywa na plon owocow
ogorka. Procz wielko$ci plonu wazna jest takze jakos¢ owocow. W przeprowadzonych
badaniach nie potwierdzono wplywu zastosowanego rodzaju $wiatla oraz podioza na
zawarto$¢ zwigzkow bioaktywnych w owocach ogoérka, natomiast stwierdzono dodatni
wptyw doswietlania LED oraz podtoza z wegla brunatnego na zawartos¢ TSS w owocach.
Udowodniono takze wplyw podloza z wegla brunatnego na zawarto$§¢ suchej masy
w owocach ogorka (publikacja 5), co potwierdzajg liczne badania, gdzie na wzrost suche;j
masy wptyw miato podtoze organiczne (Nurzynski 2013, Valverde-Miranda i in. 2021,
Lizhong i in. 2022). Podtoze oraz rodzaj zastosowanego $wiatta moze takze wptywac na
zawarto$¢ azotanow w zaleznosci od podtoza oraz gatunku rosliny (Zhang i in. 2020).
W przeprowadzonych badaniach najwyzsze st¢zenie azotanéw uzyskano w owocach
pochodzacych z roslin rosnagcych w podtozu z welny mineralnej i doswietlanych lampami
LED, natomiast zauwazono wyrazny spadek ich zawartosci tych zwigzkow w owocach
ogorka pochodzacych z roslin uprawianych w kombinacji z wykorzystaniem podloza
z wegla brunatnego (publikacja 5). Waznym parametrem w przypadku owocow ogorka
jest jedrno$¢ owocow. Ma to duze znaczenie w przypadku ich transportu, a takze z punktu
widzenia jakosci przechowalniczej 1 trwato§ci owocow przeznaczonych do sprzedazy
(Gémez-Lopez i in. 2006). W przeprowadzonych badaniach potwierdzono pozytywny
wptyw podioza z wegla brunatnego oraz zastosowanego do doswietlania roslin lamp LED
na ten parametr jakosci owocow ogorka. Po zbiorze owoce ogorka narazone sg na ré6znego
rodzaju uszkodzenia mechaniczne, ale takze na utratg jedrnos$ci, co z kolei powodowane
jest przez utrate wody (Nishizawa i in. 2018, Valverde-Miranda i in. 2021). Jak podaja
Marcelis (1993), Nurzynski (2013), Kraska i in. (2018) oraz Gajc-Wolska i in. (2021), na
jakos¢ owocow wptywaja takie czynniki jak podtoze, rodzaj zastosowanego $wiatla,
warunki klimatyczne czy odmiana. Wyrazny spadek twardo$ci przechowywanych
owocOw W temperaturze otoczenia, spowodowany jest szybka utrata wody
I oddychaniem. Wplyw na ten parametr ma takze rodzaj opakowania (Dobrucka
i Cierpiszewski 2014, Gutiérrez-Pacheco i in. 2020, Owoyemi i in. 2021). Analizujgc
wptyw zastosowanego swiatta (HPS i LED), podtoza (welna mineralna i wegiel brunatny)
oraz opakowania (skrzynka HDPE, karton, worek foliowy PE) na utrate wody w czasie

symulowanego obrotu owocoéw ogorka, stwierdzono najmniejszg utrate wody w owocach
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pochodzacych z roslin uprawianych w matach z wegla brunatnego i doswietlanych
lampami LED, ktore zapakowano w worek foliowy. Opakowanie z foli PE ograniczyto
utrate wody w czasie przechowywania w chtodni oraz w warunkach symulowane;j
sprzedazy na potce sklepowej, a dodatkowo wykazano istotny wptyw podtoza z wegla
brunatnego na trwato$¢ owocoOw ogorka i ograniczenie strat masy owocOw po zbiorze
(publikacja 4). Dynamika utraty masy w czasie przechowywania w chtodni oraz w
warunkach symulowanej sprzedazy na polce sklepowej wyraznie wskazuje, ze
opakowanie z foli PE najskuteczniej zapobiega utracie wody. W przypadku
twardosci/jedrnosci owocow pochodzacych z roslin uprawianych w weglu brunatnym,
uzyskano istotnie wyzsze warto$ci tego parametru w owocach bezposrednio po zbiorze
oraz w trakcie symulowanego obrotu. Owoce zebrane z roslin do§wietlanych lampami
LED, przechowywane 5 dni w chitodni oraz 5 dni w temperaturze pokojowej
(symulowana sprzedaz na poélce sklepowej), rowniez charakteryzowaly si¢ wyzsza
twardoscia/jedrnoscia w pordwnaniu do owocdw zebranych z roslin doswietlanych
lampami HPS (publikacja 4). Wptywu podtoza na jakos$¢ przechowalnicza owocoéw
ogorka nie potwierdzili w swoich badaniach migdzy innymi Parks i in. (2004), Hovi-
Pekkanen i Tahvonen, (2008) oraz Freitas i in. (2021). Wedtug Gutiérrez-Pacheco i in.
(2020) oraz Owoyemi 1 in. (2021), sposob opakowania ma wplyw na jako$¢
przechowalnicza. Jednak uzyskane wyniki po symulowanym obrocie, wskazuja na
istotny wplyw podtoza z wegla brunatnego oraz lamp LED na jakoS$ci przechowalnicza
owocow ogorka szklarniowego (publikacja 4). Owoce ogorka pochodzace z roslin
uprawianych hydroponicznie w weglu brunatnym oraz do$wietlane lampami LED,
charakteryzowaly si¢ wyzszg zawartoscig rozpuszczalnych substancji statych w soku
komorkowym (TSS) oraz wyzsza zawartoscig suchej masy owocoéOw. Po 5 dniach
przechowywania owocow w warunkach chtodni, a takze po 5 dniach przechowywania
owocOw na niechlodzonej potce sklepowej (10 dni warunkéw symulowanego obrotu),
owoce pochodzace z roslin uprawianych w weglu brunatnym posiadaty istotnie wyzsze
warto$ci TSS. Stwierdzono takze, ze owoce przechowywane w chtodni (5 dni) posiadaty
nizsze wartosci TSS w poréwnaniu do owocoéw przechowywanych 10 dni (publikacja 4).
Zawarto$¢ TSS oraz suchej masy moze r6zni¢ si¢ w zaleznosci od terminu uprawy, zbioru
oraz sposobu przechowywania (Parks i in. 2004, Valverde-Miranda i in. 2021).
Bahnasawy 1 Khater (2014) potwierdzili, ze wraz ze wzrostem temperatury

przechowywania rosnie stezenie TSS w owocach, jednakze inni badacze nie stwierdzili
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takich zalezno$ci (Kahramanoglu i Usanmaz 2019, Valverde-Miranda i in. 2021). Po
przechowywaniu owocow ogorka odnotowano istotny wzrost suchej masy u owocow
pochodzacych z roslin uprawianych w weglu brunatnym, jednak nie stwierdzono wptywu
sposobu doswietlania oraz rodzaju opakowania na zawarto$¢ suchej masy (publikacja 4).
Natomiast Valverde-Miranda i in. (2021) uzyskali spadek suchej masy w owocach ogorka
wraz z dhlugoscig przechowywania. Tendencj¢ spadkowa odnotowano w przypadku
zawarto$ci azotandOw w owocach ogoérka — o ponad 50% w owocach pochodzacych
z ros$lin doswietlanych lampami LED po 5 dniach przechowywania w chtodni oraz po
zakonczonym procesie symulowanego obrotu. Spadek zawartosci azotanow
potwierdzono takze w przypadku przechowywania kapusty biatej w chtodni (Wieczorek
I Traczyk 1995). W przeprowadzonych badaniach stwierdzono istotne zrdéznicowanie
jako$ci sensorycznej owocOéw ogorka. Analizg skladowych glownych wytoniono
jednorodng grupe, gdzie probki owocdéw pochodzacych z roslin uprawianych w weglu
brunatnym i doswietlanych lampami LED charakteryzowaty si¢ najlepszymi parametrami
sensorycznymi, takimi jak: zapach $wiezego ogorka, twardo§¢ owocu i1 smak stodki.
Oceniajacy wskazali rowniez smak i zapach obcy, ktory zdefiniowano jako zblizony do
melona lub/i arbuza (publikacja 4). W analizie sktadowych gtownych, ktorg wykonano
po symulowanym obrocie owocdéw, wyodrgbniono dwie przeciwlegle grupy. Najbardziej
jednorodng grupe stanowily owoce pochodzace z roslin uprawianych w weglu brunatnym
1 doswietlane lampami LED — niezaleznie od opakowania. Oceniajacy wskazali, Zze probki
tych owocow charakteryzowaly si¢ smakiem stodkim 1 duza twardoscig. Najwyzsze
warto$ci w obrebie tej grupy otrzymano dla owocow zapakowanych w worek foliowy PE.
Probki owocow pochodzacych z roslin doswietlanych lampami HPS i1 uprawianych
w welnie mineralnej, charakteryzowaty si¢ zapachem obcym, zidentyfikowanym jako
stechty (karton oraz worek foliowy PE). Natomiast probki owocéw pochodzacych z roslin
uprawianych w wetnie mineralnej, ale doswietlane lampami LED, charakteryzowaty si¢
smakiem gorzkim oraz obcym, rowniez okreslonym jako stechty — niezaleznie od
sposobu opakowania (publikacja 4). Badania przeprowadzone na owocach ogorka przez
Owoyemi i in. (2021) wyraznie wskazuja, ze smak ogorka zmienia si¢ wraz z dtugos$cia
przechowywania. Jak podaja Miano i in. (2016), sposéb opakowania réwniez moze
wptywac na pozytywny odbidr przez oceniajacych owocow ogorka po przechowywaniu.
Jednakze uzyskane wyniki wskazuja, ze podtoze moze oddziatywa¢ w wigkszym stopniu

na smak oraz odbiér owocOw przez oceniajacych niz sposéb przechowywania.
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5. WNIOSKI

Na podstawie przedstawionych w niniejszej pracy wynikéw badan sformulowano

nastepujace wnioski, ktore potwierdzaja postawione hipotezy badawcze:

1.

W uprawie hydroponicznej, parametry podtoza z wegla brunatnego — pojemnosé¢
wodna 1 gesto$¢ nasypowa, wptywaja korzystnie na stopnien odzywienia roslin,
zwlaszcza potasem, zawarto$¢ karotenoidow oraz na plon i jakos¢ owocow ogorka
szklarniowego.

Cechy morfologiczne roslin ogoérka, gtownie $rednica pedu, dtugosé liscia
1 ogonka lisciowego oraz tygodniowy przyrost liczby lisci na pedzie, wykazuja
zalezno$¢ od gestosci oraz pojemnos$ci wodnej podioza.

Ponowne wykorzystanie mat z wegla brunatnego w uprawie hydroponicznej nie
wplywa na ograniczenie wzrostu roslin, obnizenie plonowania oraz pogorszenie
parametrow jakosciowych owocow ogorka szklarniowego.

Uzycie w drugim cyklu uprawy ogorka tych samych mat z wegla brunatnego
skutkuje wigkszym plonem, wyzsza jedrno$cia owocOw oraz zawartoscig
w owocach suchej masy, TSS 1 karotenoidow, w pordéwnaniu do ogorka
uprawianego w ponownie zastosowanych matach welny mineralne;.

Maty z wegla brunatnego zastosowane w uprawie ogorka z dodatkowym
doswietlaniem LED, w poréwnaniu z uprawg roslin w welnie mineralnej ze
standardowym doswietlaniem lampami HPS, wplywaja korzystnie na wzrost,
rozwo¢j, parametry fizjologiczne i1 odzywienie roslin oraz wysoka jako$¢
sensoryczng owocow bezposrednio po zbiorze i po symulowanym obrocie.
Owoce ogorka z uprawy w podtozu z wegla brunatnego maja nizsza utrate masy
podczas przechowywania, wyzsza zawartos¢ TSS 1 suchej masy oraz nizszg
zawarto$¢ azotanow w poréwnaniu do owocow zebranych z ro$lin uprawianych
w podtozu z welny mineralne;j.

Zastosowanie podioza z wegla brunatnego w uprawie hydroponicznej ogranicza
negatywne skutki stresu abiotycznego zwigzanego z wysokim EC pozywki.

Stres wywotlany wysokim EC pozywki w uprawie ogorka szklarniowego
w podlozu z welny mineralnej powoduje znaczace zmniejszenie $rednicy pedu
roslin oraz obnizenie parametrow fizjologicznych roslin ogorka, takich jak
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przewodnictwo szparkowe (gs) i wspotczynnik transpiracji (E) ,w poroéwnaniu do
roslin zasilanych standardowym EC pozywki.

Wysokie EC pozywki w potaczeniu z podlozem z wegla brunatnego,
w poréwnaniu z weilng mineralng, nie wptywa negatywnie na wysokos¢ plonu
ogorka szklarniowego, natomiast podwyzsza jako§¢ owocoOw ogorka, zwigkszajac

w nich zawarto$¢ chlorofilu 1 karotenoidow.
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Abstract: In hydroponic cultivation of vegetables with a solid substrate, mineral wool predominates,
The pro-ecological policy and consumers’ expectations cause an increase in interest in organic
substrates, which, when properly used, are less harmful to the environment. The aim of this study
was to determine the effect of reusing lignite substrate in hydroponic cultivation on the growth,
yield and quality of cucumber fruit and on the physical parameters of the substrate. The greenhouse
cucumber cultivar ‘Mewa F1* with semi-long fruits and smooth skin was used for the study. The
plants were grown in the “Carbomat’ lignite substrate and “Grotop Master” rockwool in two cycles In
cycle 1, new growing mats were used, while in cycle 2 the same growing mats as in cycle 1 were used
again In the hydroponic cultivation carried out on mineral wool and in the lignite substrate, both in
the new and the reused substrate, the cucumber obtained mostly similar plant growth parameters
and fruit color. Cucumber grown on the new mineral wool had a higher number and weight of
fruits, which were characterized by a higher content of p-carotene and lutein companed to fruits from
plants grown in the new lignite substrate. Cn the other hand, the reused lignite substrate resulted in
higher cucumber yields and fruits with higher firmness and higher carotenoid content compared to
cucumber grown on reused mineral wool. At the same time, the content of dry matter and sugar
extract in fruits obtained from plants growing in the new and reised lighite substrate was higher
compared to frufts grown in mineral wool. Both new and reused lignite substrate were characterized
by very low plant-available water content. In contrast; the air and water holding capacity of lignite
after cultivation did not change as much as that of mineral wool.

Keywords: substrate parameters; water retention; airwater properties of the organic substrate;
SPAD-index; total soluble salts; CIE Lab

1. Introduction

Increasing problems with environmental pollution, excessive CO; emissions and
difficulties in the efficient production of food of a high, standardized quality are the reasons
for looking for new solutions in the technology of vegetable production under cover.
Many researchers are intensively searching for new cultivation technologies, including
energy-saving and pro-environmental solutions, which will ensure optimum plant yields
throughout the year.

Cucumber Cuaemus satious L. is, after tomato, the second most important vegetable
species in production under covers in Poland and worldwide [1]. Throughout the year,
the demand for high quality cucumber fruit is very high and does not decrease during
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winter [2]. The amount and quality of the yield are affected by many factors, including
temperature, humidity, light intensity, the degree of plant nutrition and the type of sub-
strate [1,3]. The most commonly used substrate for growing vegetables in hydroponic
systems is mineral wool [4,5], which is usually not recycled but disposed of after one
growing cycle, leading to an accumulation of post-production waste. Annually, a produc-
tion greenhouse with 1 ha of growing area leaves 150 m® of used mineral wool [5]. The
properties of the mineral wool substrate make it possible to increase yields and production
efficiency compared to conventional cultivation. Mineral wool is an inert, universal sub-
strate and is most applicable in commodity vegetable cultivation. This does not change
the fact that the amount of mineral wool waste and the problem with its utilization force
the search for alternative substrates for hydroponic cultivation [5-7]. Increasingly, pro-
ducers under covers are starting to use coconut fiber grow ing mats [8]. It is an organic
substrate produced in tropical countries. It has stable physical and biological properties,
but tends to accumulate minerals, leading to an increase in EC (electric conductivity) over
time [9,10]. Currently tested organic substrates used for hydroponic production are, for
example, post-production waste from the wood industry (bark, sawdust) or plant residues
from other production departments or industries. Compost and biochar obtained from
plant waste can be used as substrates for hydroponic production [11-13]. Composts often
have a high variability of physical characteristics depending on the composition of the
waste from which they are made [11], and the production and use of biochar in agriculture
is considered too capital intensive [14,15]. Plant residues used as substrates are rye or
rapeseed straw [16], Miscanthus [6], rice husks [17], almond and hazelnut shells [18-20],
grape marc [21], oil palm waste [22] or sheep wool and hemp fibers [5]. All these products
have beneficial properties for plants, but are often unstable [7], leading to a reduction in
easily available water and oxygen in the root zone. Such examples are hemp and sheep
wool slabs, which, as research has confirmed, are not a good substitute for mineral wool
in hydroponic cultivation [5]. Often mineral substrates such as perlite, mineral wool or
vermiculite are mixed with organic substrates to maintain structure and improve physical
properties [23]. Studies on the reuse of almond shells have shown that this substrate can
be used in tomato and melon cultivation for two years without affecting yield or fruit
quality [19]. An additional benefit of using organic substrates is that they can be used
after cultivation as a fertilizer in conventional crops, compost or solid fuel Studies on the
Miscanthus substrate have shown that the plant can be grown conventionally, then used
as a substrate in hydroponic cucumber and tomato crops, and burned after use [6]. A
biodegradable substrate based on lignite appears to be a similar solution. After cultivation,
lignite can provide a source of organic matter for conventional crops without a detrimen-
tal effect on the environment [24]. For instance, currently, waste lignite is used for the
reclamation of anthropogenically altered soils, and in agriculture, coal dust and lignite are
sometimes used for soil improvement or decontamination [25-28]. World lignite resources
are estimated at 512 billion tonnes, while in Poland about 23 billion tonnes. The world
leader in lignite production is Germany. Poland is on the fifth place just behind Russia,
Australia and the United States [25,26]. Lignite is formed from peat in the presence of high
temperature and pressure. It contains many organic substances, among others, and it is a
very rich source of humic and fulvic acids [27]. Lignite has good physical properties due to
highly condensed organic matter, it is sufficiently porous, absorbs water well and maintains
a stable homogeneous structure [28-30], and moreover it is a good absorber of mineral
components necessary for plant functioning [27,30,31]. According to Kwiatkowska [23],
lignite is a sustainable organic material, which can be used in agriculture and greenhouse
crops. Currently, the interest in generating energy from coal is decreasing in favor of
renewable energy sources, while at the same time there is an increasing interest in a diverse
use of lignite in agricultural and horticultural crops [28-30].

Awareness of problems with water availability, environmental pollution and the need
to produce high and monitored quality of vegetables is largely contributing to the growing
interest in hydroponic crops. In these crops, mineral wool is the most popular substrate.
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This also applies to the year-round cultivation of cucumbers under cover in bwo or three
cycles in a mineral wool substrate. Increasingly, research is being undertaken to develop an
effective cultivation technology with a biodegradable substrate, which would significantly
reduce the use of mineral wool, which is problematic in terms of utilization.

The study investigated the suitability of reused organic lignite-based substrate for
hydroponic cucumber cultivation. Changes in the properties of reused organic lignite
substrate in cucumber cultivation compared to mineral wool and their effects on grow th,
yield and fruit quality of cuocumber were investigated.

2. Materials and Methods

The research was conducted in the Department of Vegetable and Medicinal Plants
at the Greenhouse Experimental Centre of the Warsaw University of Life Sciences. In
the greenhouse chamber, the conditions of microclimate and fertigation of plants were
computercontrolled. The cultivation substrate consisted of lignite mats {CM) Carbomat
by CarboHort, measuring 100 cm » 20 cm % 8 em, and the control consisted of mineral
wool mats (MW) Grotop Master by Grodan, measuring 100 cm x 20 cm x 7.5 cm. The
greenhouse cucumber cultivar ‘Mewa F1' by Rijk Zwaan was used for the study. It is an
early variety, tolerant to low irradiance, with uniform yielding, It produces fruits 20-24 cm
long, weighing 200-240 g, with dark green, smooth skin and slight ribbing. The plants
were grown in two cycles. In the first one, cucumber seedlings were planted into a new
medium of mineral wool (MW new) and lignite (CM new), and in the second cycle, into
mineral wool growing mats after the first cultivation cycle (MW reused) and similarly into
lignite mats (CM reused). The plants, after the first cultivation cycle were removed from
the cultivation mats together with the seedling cubes, and in the second cycle the seedlings
were planted in places next to the removed plants. While preparing the cucumber seedlings,
on both dates, seeds were sown directly into mineral wool cubes on 20 November 2019, in
the first cultivation cycle, and on 26 June 2020, in the second cycle. The wool cubes were
soaked in nutrient solution with pH 5.4 and EC 1.8 mS-cm~1, The seedling was produced
on the first date with lighting by HPS lamps (Gavita GAN 600 W) at light levels averaging
170 pmol m~2.s~! PPFD {Photosynthetic Photon Fhux Density ), 16 h per day, average
temperature D/N 22/21 °C, humidity averaging 24 h RH 60-70% and COs 800 ppm per
day. Seedling for the second cycle of cultivation was produced under natural light, where
temperature averaged D/N 25/21 *C, humidity RH 65-70% and CO5 800 ppm.

In order to prepare new growing mats for planting plants in the first cycle, both
lignite and mineral wool mats were flooded with nutrient sohition with pH 5.5 and EC
28 mS.cm~! in an amount of about 8 dm® per mat. After 48 h in the lignite mats, 2 vertical
drainage holes, each 5 cm long, were made in the foil on the longer side of each mat and
about 1 em high from the bottom. In mineral wool mats, on the other hand, drainage holes
were made as standard for this type of substrate. Preparing the substrate for the second
cultivation cycle, the mats were poured with water of pH 5.5 at a rate of about 4 dm? per
mal, obtaining an EC of 1.5 mS-cm~! in the mats. Before planting the seedlings in the
second cycle of cultivation, 24 h earlier the mats were soaked in the medium with pH 5.5
and EC 2.8 mS-cm~1,

The first cycle of cultivation was conducted for 12 weeks and the second cycle for
9 weeks. In the first cycle, the daily sum of solar radiation averaged 134.0 J/em? and
the cucumber plants were illuminated with sodium lamps for 16 h per day, obtaining a
light level of 220 pmol m~2.5~! PPFD on average over the tops of the plants, the lamps
switched off automatically at a solar radiation level of 250 W m~2. During the second
cropping cycle, the daily solar radiation averaged 14749 J/cm?. The temperature during
the growing period averaged D/N 24/21 °C and D/N 25/22 °C in the first and second
cycles, respectively, and the humidity and CO, concentration averaged RH 60-70% and
€O, 800 ppm in both cultivation cycles.

In both cycles, 3 plants per mat were planted. The experiment was set up using the
randomized block method, in 4 replications, with 6 plants in each. Fertilization was carried
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out using a fertilization computer. Concentrated medium was prepared from single or two-
component mineral fertilizers designed for hydroponic cultivation. Dosatron dispensers
(D25REZ2 0.2-2%) were used for diluting the nufrient solution and desing acid for pH
regulation of fertigation medium. The fertigation medium contained in mgrdm—a: N-MNOs
230, N-NHy 10, P-POy 50, K 330, Ca 180, Mg 55, 550 80, Fe 2.5, Mn 0.80, Zn 0.33, Cu
0.15 and B 0.33. In both cycles, plants were run by strings on a single shoot, removing all
side shoots and tendrils from leaf corners. The first 4 fruit buds on the main shoot, in each
cropping cycle, were removed and then, in order to prevent the shedding of excess fruit
buds, every other fruit bud on the main shoot was removed preventively.

21. Morphological Examination and Chlorophyll Content of Leaves

For morphological tests performed weekly, 6 test plants from each combination were
selected. The weekly growth of the cucumber shoot in length was studied by measuring
the shoot growth from the height of the shoot apex of the plant, marked on a string (marker)
a week before. The results allowed the total length of the cucumber shoot to be determined.
The shoot diameter was measured with an electronic caliper in the middle of the internode,
between the 3rd and 4th fully developed leaf, counting from the shoot apex of the plant.
The length and width and the length of the petiole of the 4th fully developed leaf from the
apex of growth were examined. The approximate area of the 4th leaf was determined as the
product of leaf length and width. Leaf increment per shoot per week was also determined.

The relative chlorophyll content of leaves was measured using the SPAD (Soul Plant
Analysis Systems) test with a Minolta SPAD-502 Plus portable meter. The measurement
was carried out on the 4th fully expanded leaf counting from the growth apex. Peel color
and fruit hardness were measured. The firmness was measured with the HPE firmness
tester at an angle of 90 to the cucumber fruit in the middle of its length. The results are
given on the HPE scale ((~100 units).

2.2 Yield, Bioactive Compounds and Colour of Fruit

Cucumber fruits were harvested every two days; the number and weight of harvested
fruits were determined. Selected physicochemical parameters determining fruit quality
were analyzed in cucumber fruits. For the analyses, 3 fruits were taken randomly from each
repetition for each combination. All measurements were performed in thiee replications.

The dry matter content of the fruit was determined by the weight method at 105 °C.
Total soluble solids (TSS5s) were determined by refractometric method using a digital
refractometer, giving the result in "Brix. The contents of B-carotene, lutein and chlorophyll
a and bwere determined using high-performance liquid chromatography HPLC (Shimadzu
Scientific Instruments company), where cucumber fruits were homogenized with 2 g
Naz50y4 per 100 g‘1 fresh weight of sample. The prepared homogenate was weighed out
on a laboratory balance at 5 g and then grinded in a mortar with cold acetone (—20 °C)
and quartz sand. The samples were then extracted by transferring the extracts to 50 mL
volumetric flasks five times and refilled with cold acetone. The samples were centrifuged
in test tubes (15,000 revolutions). The resulting supernatant was filtered again through a
0.22 pm syringe filter (Supelco IsoDisc™ PTFE 25 mm % 0.22 pm}), then the extract was
placed in 1 mL containers into an automatic sample feeder. Usinga SIL-20AC HT automatic
sample feeder (tray temperature 4 “C), 5 uL of extract was applied to the chromatograph
column. Compound separation was obtained using isocratic elution with methanol at 40°C
on a Kinetex 2.6 um C18 100 A 100 mm x 4.6 mm column from Phenomenex, flow rate 2 mL
min~L. Analysis time was 5 min. The wavelength range was for f-carotene, chlorophyll
aand b respectively: 450 nm, 430 nm and 470 nm. From the results of chlorophyll a and
chlorophyll b, the sum of chlorophyll a + b was calculated.

Fruit color was measured using the CIE Lab scale (MiniScan XE PLUS D/ 8-5)—red
share—a *, yellow share—b * and brightness—L. Fruit color and hardness were measured
on fruit in 3 replicates at 3 locations.
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2.3. Physical Properties of Substrates

The use of two different types of substrates (mineral wool mat and loose lignite)
requires the use of appropriate analytical methods, differing in the method of sample
Ppreparation for analysis of physical properties.

The physical properties of the lignite substrate before and after two cycles of cu-
cumber cultivation were determined according to the PN-EN 13041 standard [32]. The
determinations were made in cylinders of 10 cm diameter and 5 cm height. The specific
and most important element of this method is sample preparation based on natural settle-
ment of 10 cm layer (double ring) of loose substrate brought previously to water potential
—57 em H;O. The water-air properties were tested on an ‘Eijkelkamp’ sand apparatus in
the vacuum range of 0~100 cm H;(, using a 24-h water equilibrium establishment time
ateach of 5 vacuum levels (—3.2, —10, —32, —50 and —100 cm H;O). After completion of
the sand apparatus determinations, the samples were dried at 105 “C and the shrinkage
of the substrates was determined by determining the volume loss. The organic matter
content was determined after sample incinerating in accordance with PN-EN 13039 [33].
Porosity, substrate density and water and air content were calculated in accordance with
PMN-EN 13041

The physical properties of mineral wool mats were determined using a method
developed at the experimental station in Naaldwijk, the Netherlands [32-36]. From the
mats, samples of 15 cm » 15 cm were cut with a sharp knife. The prepared samples were
placed in a box on a grate (3 cm from the bottom), then the box was filled with distilled
water above 1 cm above the sample. The samples were soaked for 24 h £ 2 h, then the
water was drained and the samples were left like this for 3 h. After this time, the samples
were again flooded with distilled water in the same box for 30 min, then immediately after
draining the water they were transferred to a sand block (Ejjkelkamp) and a vacuum of
—100 em Ha0 was set for 30 min. The samples were then flooded again at 3 cm above the
sample, soaked for 24 h + 2 h and proceeded to the determination of air-water properties,
in the vacuum range 0~100 cm H>O, using a 24 h time to establish water equilibrium at
each of the 5 vacuum levels (—4.5, —10, —32, —50 and —100 ¢cm H,O). After completion
of the sand apparatus determinations, the samples were dried at 103 °C £+ 2°C and the
shrinkage of the substrates was determined by determining the volume loss. The content
of organic matter and ash was also determined in PN-EN 13039 [33], which is necessary for
calculating the total porosity in PN-EN 13041 [32].

24, Statistical Analysis

The results were statistically processed using Statgraphics Centurion XVII 2016. The
one-way analysis of variance (ANOVA) was performed and mean values were compared
using the Tukey's HSD test (HSD) at a significance level of a= 0.05.

3. Results and Discussion

Current research directions include the search for an organic substrate that could
provide efficient plant yields comparable to the standard substrate, which in hydroponic
cultivation is mineral wool [6,16,24]. The results obtained indicate that the lignite substrate
used for the hydroponic cultivation of cucumber can be used as a new subsirate and reused
in the next cultivation cycle just as the mineral wool growing mats (Figume 1),

On the basis of morphological measurements, it was found that cucumber plants
grown hydropenically on both the lignite and mineral wool substrates were characterized
by similar growth parameters such as the weekly shoot length increment, leaf length and
width, leaf area and petiole length (Table 1). Both in cultivation carried out in cycle 1,
when plants were grown on a new substrate, and in cycle 2, when plants were grown
on a used substrate, leaf blade area and cucumber shoot diameter did not depend on the
type of substrate. There were also no significant differences in shoot length in the lignite
combination compared to mineral wool cycle 1 and 2. A study on tomato growing in
organic media showed no significant differences in the case of number of leaves per plant
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or stem length, while a significantly higher stem diameter was recorded in plants growing
on mineral wool [37]. For cucumber plants growing on date palm waste substrate and
perlite, stem diameter and stem length were significantly higher in date palm substrate
compared to perlite [38]. Alifar et al. [39] investigating the effect of five substrates (coconut
fiber, coconut fiber-perlite, coconut fiber-perlite-peat and perlite-peat) on morphological
parameters and yield of cucumber obtained the highest stem diameter and the highest
number of fruits in plants grown in coconut fiber.

(b)

Figure 1. Cucumber plants of ‘Mewa F1” growing in cycle 1: (a) in mineral wool substrate. Photo by R. Lazny; (b) growing
in lignite substrate. Photo by R. Lazny.

Table 1. Selected morphological parameters of cucumber in cycle 1 and cycle 2 of cultivation depending on the type of

substrate.
Cultivation Cycle 1 Cultivation Cycle 2
Parameter Unit New Substrate Second-Hand Substrate
Mineral Wool Lignite Mineral Wool Lignite
Weekly increment shoot to length (cm) 518 £ 1.58a* 514+ 160a R6+1.22a R29+110a
Shoot length (cm) 213.6+322a 2121+ 307 a 4231+222a 4511+3.00b
Shoot diameter (mm) 58+0.07a 58+0.02a 6.6 +0.97a 65+ 110a
Number of leaves per week (pos-plant™?) 40£070a 42+037a 35+053a 40+ 069a
Leaf length (cm) 222+ 168a 228+190a 187 £195a 182+141a
Leaf width (cm) 255+ 171a 260£131a 243+147a 26+157a
Leaf area (em?) 600.0+135a 6290+ 121a 4552+1003a 4383 +1118a
Petiole length (cm) 114+ 156a 10.7 £1.39a 125+178a 129 +£1.34a
SPAD leaf 4 SPAD 371+124a 377+ 112a 401+110a 406 +1.06a

* Average values marked with the same letters are not significantly different within the analyzed parameter at p < 0.05. Values with the
prefix £ represent standard deviation.

In the study, higher total number of fruits per plant and higher total fruit weight were
recorded in plants grown on mineral wool in the 1st cropping cycle (Table 2). For the
second cropping cycle, the highest total fruit weight was obtained from plants growing on
reused lignite substrate compared to reused mineral wool. This is probably due to more
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favorable conditions for the activity of the cucumber root system (uptake of water and
mineral nutrients) as fertigation was similarly carried out for both substrates. Fruits in
the second cropping cycle grew faster, which may have been influenced by the date of
cultivation and mome favorable microclimatic conditions (Table 2).

Table 2. Total yield and average weight of cucumber fruit in cyde 1 and cycle 2 of cultivation depending on the type of

substrate.
Cultivation Cycle 1 Cultivation Cycle 2
Pararneber Unit New Substrate Second-Hand Substrate
Mineral wool Lignite Mineral wool Lignite
Number of fruits of the total crop (pes-plant™!) 148 £ 0.84b* 138 £091a 152 £1.10a 156 +£1.17a
Total weight of yield {g-plant™) 29230+ 2420b 26179+ 1440a 33998+ 1500a FFE30+1510b
Average weight of fruit (g fruit™1) 1975+ 20.51a 1857 £18.00 a 2368+114a 425+ 1000 a

* Average values marked with the same latters are not significantly different within the analyzed parameter at p < 0.05. Valuss with the
prefix £ represent standard deviation.

No differences were found for relative chlorophyll content in cucumber leaves SPAD
index, both on new and reused substrates (Table 1). The numerical value of SPAD is
ional to the chlorophyll content. The higher the numerical value of SPAD, the better

the plant nutrition, because the chlorophyll content increases with increasing nitrogen [40].

Dyéko et al. [29] investigating the effect of lignite substrate on the yield of tomato
cv. "“Growdena F1', did not obtain differences in yield compared to mineral wool Other
researchers, comparing organic substrates to mineral substrates also reported no significant
differences in vegetable yield at optimal plant nutrition [5,29,38]. Different results were
obtained comparing the yield of cucumber grown on mineral wool substrate and perlite
to coconut fiber, where the yield in the combination with coconut fiber was found to
be lower [41]. The number of buds and hence fruits per plant can be influenced by the
cultivation date, number of leaves and solar radiation efficiency [42].

Many authors report that fruit dry matter content depends on climate, excessive
temperature rise and regulation of the number of buds per plant [42-44]. The dry matter
content of fruit can also be affected by the substrate, which is confirmed by the results of the
study in cycle 1, where higher fruit dry matter content was found in plants grown on new
lignite compared to mineral wool (Table 3). Nurzyniski [16] also obtained a significantly
higher dry matter content in tomato fruits grown on rape straw substrate compared
to mineral wool. Analyzing the obtained results, organic substrate such as lignite also
influenced the concentration of TSS in cucumber fruits. In the present study, a significantly
higher TS5 content in cucumber fruits was recorded in the combination with lignite in cycle
1. In cycle 2 of cultivation, on the substrates used again, the TSS content in fruits was also
higher in the combination with lignite than with mineral wool (Table 3). As reported by
Peetetal. [44], yield and especially fruit quality (e.g., Brix value) depend on cultivar and
cultivation method, but the effect of substrate on these parameters is difficult to determine
unequivocally.

Biologically active components are particularly valuable for humans and are needed
to maintain proper functioning of the body [45]. In case of the first cultivation cycle,
significantly higher contents of f-carotene, lutein, chlorophyll a and the sum of chlorophyll
a and b were recorded in fruits of plants grown on a new mineral wool substrate as
compared to lignite. This tendency is not confirmed by the msults obtained in cycle 2,
where the contents of p-carotene, lutein and chlorophyll a, b and the sum of chlorophyll a
and bwere higher in the fruits obtained from plants grown on the reused lignite substrate
compared to mineral wool (Table 3).
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Table 3. Contents of dry matter and selected chemical components in cucumber fruit in cyce 1 and cycle 2 of cultivation

depending on the type of substrate.
Cultivation Cycle 1 Cultivation Cycle 2
Parameber Unit New Substrate Second-Hand Substrate
Mineral Wool Lignite Mineral Wool Lignite

Dry matter (%) 32+001a* 34 +£005b 37+ 006a 38+ 0.09

[P-carotene {mg 100 g~} FW) 63£011b 61+013a 55+ 0l6a 62+042b
Lutein {mg 100 g~ FW) 95£010b 92+013a 107 £0.25a 132 £ 1.14b
Chlorophyll a {mg 100 g~} FW) B62+070a 817 +0.66a 732 +172a 986+ 181b
Chlorophyllb {mg 100 g~ FW) 3524+19a 354 4+0.33a 331 +159a 493 4 2.84b
Total chlorophylla + b {mg 100 g~} FW) 1214 £ 16l b 181+05%a 1063+ 140a 1479+ 162b

= (®Brix) 31£0.05a 34 +010b 36+ 005a 39+£010b

* Average values marked with the same letters ame not significantly different within the analyzed parameter at p < 0.05. Walues with the
prefix + represent stand ard deviation.

Studies on tomatoes grown in organic substrates (pine bark, rapeseced straw, high
peat and their mixtures) proved a higher content of vitamin C and nitrogen in fruits
compared to fruits obtained from plants grown on mineral wool [16]. This is also confirmed
by the study of Kowalezyk et al. [46]. A higher content of dry matter and chlorophyll
in SPAD units was obtained by Nerlich and Dannehl [40] in lettuce growing in hemp
substrate in comparison to mineral wool, wood shavings and peat. In contrast, the highest
concentrations of secondary metabolites were obtained in lettuce grown on hemp and
wood sawdust substrates. Tzortzakis and Economakis, [47] adding shredded corn stalks
to perlite, showed an increase in total TSS and carotenocid content in cucumber fruits
compared to fruits obtained from plants grown in perlite and pumice.

Salad cucumber fruits are eaten raw. For this vegetable, hardness is the first important
parameter indicating their quality [48]. The conducted statistical analysis proved the
absence of differences in the case of hardness of cucumber fruits obtained from plants
grown in new substrates in one cultivation cycle. Fruits of plants grown in the combination
with reused lignite were characterized by higher hardness in comparison to reused mineral
wool (Table 4). Parks et al [49] reported no differences in the hardness of cucumber fruits
harvested from plants grown in coconut fiber and sawdust. According to many authors,
skin color is the second important indicator of cucumber fruit quality [50,51]. In the present
study, there was no effect of substrate on fruit color on the CIE Lab scale in the 1st and 2nd
cycle (Table 4). The CIE Lab scale is a mathematical transformation of the CIE XYZ space.
Perpendicular to the ab plane at the achromatic color point is the color brightness axis L
with a scale from 0 {black) to 100 (white). The coordinates a and b can take either positive or
negative values. Positive values for a indicate red, negative values indicate green. Positive
values of the b coordinate mefer to the proportion of yellow color and negative values to
blue color [52]. Schoutena et al. [53] in their study confirmed the effect of maximum plant
nutrition or adequate crop density on maximum,/ proper cucumber fruit color. However,
skin color also depends on varietal characteristics [51,53]. The obtained results of the
study do not allow to unequivocally state the influence of substrate type on fruit color and
hardness. No effect of applied substrates on cucumber fruit color parameters was found in
the study (Table 4).

Mineral {mineral wool), organic (based on peat, coconut fiber, lignite, straw, composted
bark and wood fiber) and organic-mineral (mixtures of organic with perlite, expanded clay,
vermiculite and sand) substrates can be used for cucumber cultivation [54-56]. The physical
properties, especially air-water properties of these substrates differ significantly [5]. The
recommended basic physical parameters for substrates intended for cucumber cultivation
such as volumetric density, porosity or water and air capacity at —10 cm H;O are within
avery wide range, i.e., volumetric density 30-1400 kgqn“a', total porosity 45-99 (% vol),
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water holding capacity at —10 cm HyO 15-85 (% vol) and air holding capacity at —10 cm
H; 2080 (% vol). Such discrepancies give great scope for using many substrates for
cucumber cultivation, which does not necessarily translate into yield quality and quantity.
With such varied parameters, it is important to maintain optimal air and water properties
in the substrate by controlling irrigation and fertilization [56,57].

Table 4. Cucumber fruit hardness and color in the CIE Lab system.

Parameter

Hardness

Color (CIE Lab)

Cultivation Cycle 1 Cultivation Cycle 2
Unit New Substrate Second-Hand Substrate
Mineral Wool Lignite Mineral Wool Lignite
(HFPE) 609+ 170a" 6Ll1+168a 568+ 1.51a 836+ L1L50b
a* —66 £ 0.95a —64 £0.5la —6.6+100a —68+£073a
b+ 117+ 229a 10.9+133a 111+141a 1224 2.02a
L 328+ 154a 3L6+155a ME+150a 301+ 151a

* Average values marked with the same letters am not significantly different within the analyzed parameter at p = 0.05. Values with the
peefix + represent standard deviation.

The parameters characterizing the mineral wool cultivation mats used in the experi-
ment, i.e,, bulk density, total porosity, water and air capacity (after gravity water drainage
and at a potential of —10 cm HzO) were within the optimum range for this substrate.
The new mineral wool before cultivation had low bulk density, high total porosity, high
water and air capacity at a potential of —10 cm H;O (Table 5). However, it lost its good
properties during cultivation and a significant deterioration in physical properties was
observed after cultivation compared to the new mineral wool. An increase in the bulk
densily of the mineral wool mat was observed after 2 cycles of cultivation compared to the
new one. However, this did not affect the overall porosity of the wool, but contributed to a
significant decrease in air content (Figure 2) and an increase inwater content at a potential
of —10 cm H;0 {Table 5). The deterioration of the air-water properties in the mat after two
cultivation cycles could also have been caused by substrate settlement [34] or an expanding
root system [58]. A decrease in total porosity and an increase in bulk density are observed
with longer cultivation on mineral wool [34]. This has important implications for changes
in air-water properties [34,59], which have a negative effect on plant growth over longer
cropping periods [59-62].

Less air in the root zone can lead to abnormal uptake of nutrients, contributing to
their accumulation, symptomatic of which is toxicity to plants manifested by chlorosis or
necrosis of leaves [58,59]. In the case of lignite, physical properties determined after two
cycles of cultivation underwent slight changes. These changes were not so unfavorable
in the case of air and water capacity of the substrate as in the case of mineral wool also
after two cycles of cultivation (Table 5). It was observed that the decrease in porosity in the
lignite subsirate after two cultivation cycles of cucumber was associated to a greater extent
with a decrease in air content, to a lesser extent with water content at a potential of —10 cm
H;O. Thus, no such changes in air-water properties as in other organic substrates were
observed [56,57]. The water retention curve (Figure 3) shows that at the end of cultivation
the water content changed to a greater extent in mineral wool than in lignite. The largest
fluctuations were observed at a potential of —10 cm H,O in both substrates and for mineral
wool at higher potentials {from —30 to —100 ecm H>0). No such significant differences in
waler retention were observed in the lignite subsirate. However, the retention curves show
that the substrates used in the experiment differed significantly in terms of plant-available
water content.
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Table 5. Physical and air-water properties of mineral wool and lignite mats, new and after second cucumber cultivation

cycles.
Minerl Wool Lignite
Parameter Units New Substrate New Substrate
Substrate after 2nd Caltivation Cycle Substrate after Zad Cultivation Cycle
Organic matter content (%o of dry matter) 22 +010a* 70+ 0680 a0+ 0.52a 846+ 05%8a
Bulk density (kg m—¥) ERS :0eda 654 + 200 b M43+ 890a 4201+ 1L50b
Total porceily (Mo wol) FEE002b w507 a 7al+055b 740 0T6a
Shrinkage (% wol) - - 130+ 125a 101 +236a
Water content after
drai of gravity water (% wol) 40 +05la WT+149a S0+ 1leba 5l4+28a
Water content pressure at (% vl 77O +05la 877 + 0.82b 4.6+ 135a 419+ 180a
=10 em HzO
Adr content after drai
of gravity waler (% wol) 38+ 054a 17 +0.6la 191 +216a 219+ 4495
Ajr content at
—10 em Ha0 (% wol) 199+ 0530 97 +1.02a 419+ 480 b 319+ 470a
Eagily available water (%o wol) El4x088a 698 + 0.7 b 81x019a 69+ 011a

* Average values marked with the same letters are not significantly different within the analyzed parameter at p < 0.05. Values with the
prefix £ represent standard deviation.

100

30

Air content (% val.)
un
]

20
10
fi] -
] 10 20 30 40 50 &0 70 &0 50 100
[- em H,0]
s W nEw MW re-used  =sie=Ch new ssss=Ch re-used

Figure 2. Air content for mineral wool and lignite substrate before and after two oy cles of cucumber cultivation

Easily available water is the water content between the water potential of —10 and
—50 em HyO [63]. The lignite substrate was characterized by a very low content of plant-
available water, which before cultivation in the new substrate was 8.12% and after bwo
cultivation cycles was 6.99%. In mineral wool, the easily available water content was
much higher and in the mat before cultivation it was 51.39% and after two cycles itwas
69.80%. The type of substrate and their sorption properties have a significant effect on
large differences in the easily available water to plants. The structure of the mineral weol
malt, Le., the horizontal arrangement of the fibers and the different density depending on
the height of the mat, favors water retention in low negative pressures (from 0 to —10 cm
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Water content (% vol.)

H,0), which has a significant impact on its content at the standard potential of —10 cm
H;0. At higher negative pressures (from —10 to —50 cm H;0), water is less retained and
more available for plants, thus significantly increasing the easily available water. Lignite,
as an organic substrate, has different properties compared to mineral wool (Table 5). It
is a heavier substrate and, depending on the fragmentation of carbon particles and their
diameter, has different porosity, which significantly affects the water and air content in the
substrate. Unfortunately, these properties are more unfavorable for water (Figure 3), which,
at low porosity, is more strongly bound by carbon particles, reducing the content of easily
available water. Verdonck et al. [64] report that 30-45 (% vol) of water defined as easily
available is needed for optimum plant growth. The content of easily available water in
lignite substrate is therefore much lower than that needed for proper plant growth. In fact,
not all of this content is used by plants, as a large part of the water during plant growth is
lost through evaporation and this amount reaches up to 30% of the total water supplied
during irrigation [65,66]. Therefore, the content of easily available water in substrates is of
great importance. In order to improve the availability of air and water in the substrate for
hydroponically grown plants, an effective fertigation taking into account the properties of
the substrates is very important.

10 20 30 40 50 60 70 80 90 100
[-cm H,0]

e MW new == MW re-used  =me=CM new wss=CM re-used

Figure 3. Water content for mineral wool and lignite substrate before and after two cycles of cucumber cultivation.

4. Conclusions

The reuse of lignite substrate in hydroponic cultivation did not reduce cucumber
growth, yield and fruit quality compared to the reuse of mineral wool substrate. In
addition, the reuse of lignite substrate resulted in higher cucumber yields and fruits with
higher firmness and higher dry matter and sugar extract and carotenoid content compared
to cucumber grown on reused mineral wool. In spite of the fact that the lignite substrate
was characterized by a very low plant-available water content, after its reuse in cucumber
cultivation the deterioration of air-water properties was not as high in relation to the
parameters of the new substrate as in the case of mineral wool. It was observed that the
recduction in porosity in the lignite substrate after two cycles of cucumber cultivation was
related more to the reduction in air content and less to the difference in water retention.
The results obtained indicate that the biodegradable lignite mat substrate can be reused
in hydroponic cucumber cultivation. With the reuse of lignite in cucumber cultivation



Agranomy 2021, 11, 998 120f 14

and appropriate fertigation management, good quality and high yield of cacumber can be
obtained compared to the reused mineral wool substrate. The ruse of lignite substrate is
pro-environmental and increases its effectiveness in comparison to substrates traditionally
used in hydropenic cultivation of cucumber.
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University of Life

Abstract Environmentally friendly substrates that are biodegradable may provide an alternative to
mineral wool, which is commonly used in hydroponic growing technology. Little is known about the
relationship between the physical characteristics of lignite substrate and cucumber yield. The study
analyzed the effect of bulk density and water holding capacity of lignite substrate in comparison to
mineral wool and EC of nutrient solution on plant morphological parameters, yield and fruit quality
of greenhouse cucumber. A positive relation was found between the bulk density of lignite mats
and the increase in the number of leaves per week, shoot diameter as well as leaf length and leaf
area (calculated as the product of leaf length x width) in cucumbers grown in this medium. Bulk
density of lignite growing mats also affected the macro- and micro-nutrient content of cucumber
leaves. The physical properties of the substrate and the high EC of the medium had a significant
effect on the hardness, color and lutein content of cucumber fruits. The content of biologically active
compounds in cucumber fruits depended on the water holding capacity of the medium and the
water readily available to plants; these parameters were lower in the lignite medium compared to
mineral wool. However, when the lignite substrate was used in hydroponic cucumber cultivation, for
a period of 51 days after planting (DAP) there was an increase of more than 23% in the bulk density
of the substrate and an increase of nearly 55% in the water readily available compared to the new
lignite mats.

Keywords: organic substrate; correlation coefficient; marketable yield; concentration of minerals in
leaves; fruit quality

1. Introduction

The world population has already reached 7 billion and will reach 9.7 billion by
2050 [1]. As the population grows, so does the demand for arable land and high quality
food all year round. To meet this, fertigation is used in conventional farming, which entails
problems of excessive soil salinization. Common causes of excessive salinity also include
poor agricultural practices, the use of excessive mineral fertilizers and a hot climate [2,3].
The solution to these problems in most countries of the world is soilless cultivation using
mineral and organic substrates, inert to plants. Soilless cultivation has many advantages,
one of which s isolation of the plant from the soil, which is often heterogeneous. Intensively
exploited, the soil may be degraded, become a habitat of pathogenic pathogens, and in
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addition is often excessively saline [2-4]. Controlled growing conditions in hydroponic
systems allow a significant increase in production efficiency compared to conventional
methods [4]. High efficiency and healthiness of cultivation are ensured by a substrate
with appropriate, stable physical properties [1,5]. This is usually mineral wool, which is
a versatile substrate, widely used in the commercial cultivation of vegetables and other
plants. Mineral wool in year-round cultivation is usually used for one season, which
leads to the creation of a large amount of post-production waste, of which only a small
part is recycled or reused for cultivation [6-9]. The process of utilization of mineral wool
after cultivation itself is expensive and is not neutral for the environment, and mineral
wool stored outside production facilities, without any protection, may adversely affect
human health [9]. Annually, from the area of 1 ha of greenhouses, about 150 m? of used
mineral wool remains after cultivation. The production of such an amount of mineral wool
emits to the atmosphere approximately 26 tons of CO; [6,10]. The growing awareness
of ecology and problems with mineral wool utilization have contributed to the search
for new pro-ecological substrates that will be fully biodegradable [9]. New substrates
being investigated for hydroponic cultivation include wood industry waste, composts
or biocarbon produced from many types of waste [10-12]. Plant residues such as grape
pomace and nut and almond shells are also being tested, along with many others [13-15].
These substrates are often used in mixtures with other organic or mineral substrates, such
as perlite or vermiculite, in order to improve physical properties [8,16]. Another type of
organic substrate is lignite, which retains a stable homogeneous structure due to its highly
condensed matter. Its suitability has been studied in tomato, cucumber and other vegetable
and soft fruit cultivation [17-19]. Lignite has good, stable physical properties that allow
it to be used for a longer period of time [19]. Additionally, during its production, CO,
emission is reduced by almost 40% in comparison to the production of the substrate from
mineral wool [20].

Lignite mining is associated with negative social and environmental impacts, but it also
has some benefits. Mining itself can cause rapid development of areas rich in coal resources
by creating new jobs and developing infrastructure [21]. However, the exploitation of
springs can take years, and during this period, negative effects on agriculture and the
environment can occur, as well as have a negative impact on the mental and physical
health of neighboring residents [22]. Positive public attitudes about lignite mining are
linked to perceptions of employment opportunities, cheaper fuel and energy [23,24]. The
increase in CO, and greenhouse gas emissions from the electricity sector has forced a
gradual shift away from the use of lignite as a fossil fuel. Coal extracted from low seams
can be used for food production, is not used as a fuel, and, therefore, does not emit CO,
or greenhouse gases. Detman et al. [25] found that lignite is difficult to recycle, and it has
been treated as problematic waste. From an agricultural point of view, it is organic matter
that contains cellulose, lignin, humins or humic acids and can be used as organic fertilizer
in conventional crops. The compounds contained in brown coal (huminous acids, humic
acids) play an important role in the absorption of nutrients by plants and act as chelates,
preventing leaching and degradation of nutrients. This also contributes to reducing the use
of artificial mineral fertilizers. Humic acids have also been found to contain substances such
as auxins and gibberellins, which are essential for proper plant growth and development.
It has also been proven that soil fertility is improved by the use of humic acids, whose
sources include lignite [26,27]. With this in mind, lignite after several seasons of hydroponic
cultivation can be intended as an organic fertilizer containing humic acids that improve
soil properties. This is a type of cascade proposal for the use of lignite, which was proposed
using a substrate of Miscanthus [7], but without combustion, which reduces greenhouse gas
emissions.

Despite strictly controlled conditions in hydroponic cultivation, both mineral and
organic substrates result in excessive accumulation of salts and ions in the substrate [28].
The accumulation of ions in the substrate and the increase in EC electrolytic conductivity
affect plant morphology, may lead to a reduction in leaf area and root and shoot length,
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and affect the amount of fresh and dry matter of the plant [3,29]. Salinity stress, where
there is also a high EC of the substrate, affects physiological activity through changes in
the transport of primary and secondary metabolites and disturbances of photosynthesis,
including disturbances of the proper functioning of photosynthetic pigments [2,29,50]. The
environmental pollution that results from hy droponic cultivation using mineral medium
is one of the problems to be solved. Another challenge is to increase the quality of fruits
and vegetables by increasing the content of biologically active substances. One way to
obtain an increased amount of secondary metabolites and biclogically active substances
is to apply eustressors in the form of salt stress and high EC of the substrate [20,31-33].
Salinity stress can affect the color of cucumber fruit [34], increase the content of vitamin
C [35], carotenoids, phenols [26], or acids and antioxidant compounds [37]. On the other
hand, salt stress is considered to strongly reduce plant yield [2,33]. By applying salt stress
to obtain an increase in biologically active compounds, a strong reduction in yield can be
induced [2,36,38] and lead to adverse physical changes, such as the ability to retain water
and minerals in the soil [9,39]. Increased nutrient solution ion concentration (high EC) in
hydroponic cultivation using lignite substrate increases cucumber fruit quality parameters
without significantly reducing yield [20].

There have been no reports to date on the effects of the physical properties of lignite
substrate on morphological parameters and plant nutritional status, as well as cucumber
fruit yield and quality. The results obtained will help direct research into improving the
universal lignite substrate and the use of meters to measure changing physical parame ters of
the substrate during cultivation. Such solutions will allow future control and management
of plant growth and yield in hydroponic crops with lignite substrate.

The aim of this study was to investigate the correlation between bulk density and water
holding capacity of the substrate and morphological parameters, macro- and micronutrient
content of leaves, and cucumber fruit yield and quality in hydroponic cultivation.

2. Materials and Methods

The trials were conducted at the Greenhouse Experimental Center of the Warsaw
University of Life Sciences in the growing rooms of the Department of Vegetable and
Medicinal Plants in 2020 and 2021, For testing, we selected greenhouse cucumber {Cucumis
sativus L.) cultivar “Mewa" F1 by Rijk Zwaan, which has marketable fruits growing up
to 24 cm in length and weighing 200-220 g, with dark, slightly glossy skin. The organic
substrate for hydroponic cultivation, carbomat lignite mats from CarboHort, measuring
100 x 20 x 8 cm, further denoted by the symbol I, were tested. The controls wer Grotop
Master mineral wool mats from Grodan, measuring 100 x 20 x 7.5 cm, further denoted
by the symbol MW. The microclimate in the growing rooms was controlled with the
Hortimax system. Fertilization was controlled using a DGT Volmatic controller with
Dosatron dispensers. Before starting the cultivation, new growing mats were flooded with
nutrient solution at pH 5.5 and EC 2.6 dS-m~1, at a rate of approximately & dm? per mat.
After 48 h, two 5 cm drainage holes were made in the lignite mats on each side of the longer
sides of the mat [19], while in the mineral wool mats, four drainage holes were made (two
horizontal in each of the shorter sides of the mat and two vertical in each of the longer sides
of the mat). Cucumber seedlings, 28 days after sowing (DAS) plants, in the first year of
the study were planted into the growing mats on 10 July 2020, and in the second year, on
12 July 2021, at a rate of 3 per mat. The crop was grown until the 35th week of the year.
In 2020, during the growing season, the average daily solar radiation sum was 1474.9 J
cm~2, while the average temperature D/N was 25/23 "C, and the experimental camera
humidity and CO5 concentration were about 70% and 800 ppm, respectively. In the second
year of the experiment, the mean daily sclar radiation was 1407.0] em~2, D/N temperature
25/22 °C, and humidity at the experimental camera and CO, concentration were about
70% and 800 ppm, respectively. Plants in the experiment were fed with cucumber standard
medium with EC 3.1dS-m™! and pH 5.5-5.8, designated as control EC. Ineach year of the
7 days after planting (DAF) experiment, the EC of the nutrient solution was varied for half
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of the plants in the experiment by dosing capillary medium with an EC of about 7 dSs-m~!
and pH 5.5-5.8, designated as high EC. Four treatments of the experiment were compared:
(1) MW/ control EC—mineral wool and medium with EC 3.1 dS:m~!, (2) L/control EC—
lignite and medium with EC 3.1 dS-m-1, (3) MW/ high EC—mineral wool and medium
with EC7 dS-m~!, (4) L/ high EC—lignite and medium with EC7 dS-m~. The experiments
were established using the randomized block method, in 3 replications, with 9 plants in
each repetition. The fertigation medium was prepared from one- and two-component
mineral fertilizers designed for hydroponic cultivation. The nutrient solution in the control
contained (mg'dm‘a): N-NO; 230, N-NHj 10, P-POy 50, K 330, Ca 180, Mg 55, S-S0 80, Fe
2.5, Mn 0.80, Zn 0.33, Cu 0.15 and B 0.33. Dosatron dosing devices (D25RE2 0.2-2%) were
used for diluting the concentrated nutrient solution and for nitric acid to adjust the pH of
the working medium. Working medium parameters (pH and EC) were measured daily
using a Senmatic portable measuring device. The nutrient solution was dosed into the
plants using a capillary system at a rate of 0.5 to 2.5 dm?® per day per plant. The amount and
frequency of the nutrient solution applied during the day depended on the developmental
stage of the plantand the current solar radiation and humidity of the substrate. Irrigation
was started 30 min after sunrise, and the last cycle was started 2 h before sunset. After
planting the cucumber seedlings on the growing mats, the first 4 buds were removed from
each plant. Plants were string trained, using the one-leader method, in which all side shoots
and clinging tendrils were removed.

2.1. Physical and Physico-Chemical Properties of the Substrate

During the experiment, the pH and EC of the substrate were tested in triplicate from
each treatment by taking the solution from the cultivation mats, the so-called mat extract,
with a syringe at several places on the mat, at a height of 2, 4 and 6 cm, counting from
the top surface of the mat—further defined as the top, middle and bottom of the mat,
respectively. For the study, medium samgles were taken from the substrate (mat extract)
with a volume of approximately 100 cm® (single sample). Measurements were carried
out 2 times a week 3 times a day at 9:00 am., 12:00 p.m. and 3:00 p.m. The method of
preparing the substrate samples for evaluating the physical properties of the growing mats
depended on the type of substrate. The physical properties of the lignite substrate were
determined in accordance with the current standard PN-EN 10041 [40]. An important
element of this method is the method of sample preparation, which is based on the natural
settling of a loose substrate (10 cm layer), brought to a water potential of —57 cm H;O. The
determination of physical properties of lignite mats was carried out in cylinders of 10 cm
diameter and 5 cm height (Figure S1a Supplementary Material) in a sand block (Eijkelkamp)
(Figure S1b Supplementary Material). The determination of air-water properties in the
vacuum range of (~100 cm H>O was conducted using a 24 h time to establish water
equilibrium at each of the 5 vacuum levels (—4.5, —10, —32, —50 and —100 cm H;O). The
samples were dried at 105 °C, and the shrinkage of the media was determined by measuring
volume loss. The organic matter content after incineration was determined in accordance
with PN-EN 13039 [41] (results are given in % DM), while porosity, bulk density of the
substrate, referred to in the paper as BD, and water content were calculated according to
the current standard PN-EN 13041 [40]. Physical properties of mineral wool mats, both new
and after the experiment, were determined by the method developed at the experimental
station Naaldwik in the Netherlands [40-44]. With a sharp knife, 15 cm x 15 cm substrate
samples were cut from the mats, placed in a grid box (Figure S1c Supplementary Material)
3 cm from the bottom and filled with distilled water to a level above 1 cm above the samples.
The samples were kept in the water for 24 h and then, after removing the water, allowed
to stand for 3 h before being flooded again with distilled water. After 30 min, the water
was drained, and the samples were transferred to a sand block (Eijkelkamp), establishing
a vacuum of —100 cm H>O for 30 min. The samples were then once again flooded with
distilled water 3 cm above the surface of the wool for 24 h, and then we proceeded to
determine air-water properties in the vacuum range of 0-100 cm H>O, using the 24 h time
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to establish water equilibrium at each of the 5 vacuum levels (—4.5, —10, —32, —50 and
—100 cm H30). After the sand block determinations were completed, the samples were
dried at 103 °C in a laboratory fan dryer, and the shrinkage of the substrate was determined
by measuring volume loss. Organic matter and ash content were also determined (PN-EN
13039) [41] in order to calculate the total porosity (FIN-EN 13041} [40].

The basic physical parameters of the substrate that have a significant effect on plant
growth and yield are bulk density, porosity and air-water properties. These characteristics
are closely correlated with each other {density—porosity; water capacity—air capacity), so
volumetric density and water capacity wemne selected for comparison. The volumetric
density (BD) results are presented in (kg m™2), while the results for the other substrate
parameters including water content pressure at —10 em H;O, referred to in the paper by
the abbreviation WHC, are presented in % vol

2.2. Morphological Studies

Morphological measurements were made on 9 plants from each treatment, every
7 days to 49 DAP. Weekly cucumber shoot growth in length was studied. For this purpose,
the distance from the shoot apex to the location of the shoot apex 7 days earlier {location
marked on the string) was measured in cm. The diameter of the shoot was measured with a
caliper in mm at two places on the shoot: between the 4th and 5th and 9th and 10th leaves,
counting from the top of the plant. The length and width, and the length of the peticles, of
the 5th and 10th leaves were measured in cm. The approximate leaf area of the 5th and 10th
leaves was calculated as the product of leaf length and width, giving the resultin em? The
weekly increment in the number of leaves per plant (pes/week) was also determined. The
results obtained from the measurements of the 5th and 10th leaves and the shoot diameter
measured at bwo shoot locations were averaged. The results presented in the tables are
averages over the 2 years of the study.

2.3. Macro- and Micronutrient Content in Cucumber Leaves

The macronutrient and micronutrient contents of cucumber leaves were examined
twice at 20 and 45 DAF; results are given as averages of the bwo dates. For the study, each
time, 3 leaves located at the height of 4.-5. and 3 leaves located at the height of 9.-10. leaf on
the shoot, counting from the shoot apex of the plant, were taken randomly from plants in
each treatment. Leaf blades were dried at 60 °C in a laboratory air dryer and then ground
in a Bosch TSM&AD13B grinder. The ground plant material was incinerated in HNOj. Ele-
ments (F, K Mg, Na, Ca, Fe, Mn, Cu, Zn, B) were determined using an inductively coupled
plasma spectrometer (ICF Model OPTIMA 2000DV, Perkin Elmer, Waltham, MA, USA),
giving results in nlg-kg—l DW. For determination of total N, plant material was digested in
concentrated sulfuric acid in the presence of copper-potassium cataly st. Nitrogen content
was determined using a Kijeldahl apparatus (Vapodest, Gerhardt, Kénigswinter, Germany).
After distillation of nitrogen as NHz, the N content was determined by titration (Official
Methods of Analysis of AOAC International. 19th Edition, 2012) [45], giving the results in
% DW.

24, Fruit Yield and Quality

Cucumber fruits were harvested every 2 days (start of harvest from 15-18 DAP). The
number and weight of all harvested fruits, marketable fruits and off-selected fruits were
determined. The number of fruits dropped was also estimated. Fruits for the study were
collected bwice, at 29 and 45 DAP. For the study, marketable fruits were taken randomly,
3 from each treatment. Fruit firmness was measured using an HPE hardness meter with a
5 mm shank diameter, at an angle of 90° to the fruit, averaging the mesult from 3 measure-
ments: at the peduncle, at the center of the fruit and at the post-flowering part. Results
were given on the HPE scale from 0-100units. Fruit color was measured using a portable
reflected light spectrophotometer MiniScan XE PLUS D/ &5 calibrated on a standard white
plate, on the CIE Lab scale: red share, a*; yellow share, b*; and brightness, L. From the data
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obtained, the polar coordinates of chroma (saturation) C* = (a*? + b*2)2, color intensity
(hue angle) H* = tan~! (b*/a*) and color index (ratio a*/ b*) were calculated [46-48]. Fruit
color and firmness were measured in 3 replicates.

2.5. Bioactive Compounds, Nitrate Content, Dry Matter and TSS in Fruit

Fruits for analysis were sampled randomly from the marketable yield at 29 and 45 DAP.
In cucumber fruits, f-carotene and lutein contents were determined by high-performance
liquid chromatography (HPLC) (Shimadzu Scientific Instruments Company), reporting
results in mg of 100 g'l FW. Three randomly sampled fruits from each treatment were
homogenized with 2 g Na, SOy per 100 g~. After weighing 5 g of homogenized material
on a laboratory balance to the nearest 2/100 g, the samples were ground in a mortar with
cold acetone (—20 °C) and the addition of a small amount of quartz sand. The samples
were extracted five times by transferring them into 50 mL volumetric flasks and topping up
with cold acetone. The samples in the flasks were then centrifuged (15,000 revolutions), and
the resulting supernatant was filtered through a 0.22 um syringe filter (Supelco IsoDisc™
PTFE25 mm x 0.22 um) into 1 mL containers placed in a SIL-20AC HT automatic sample
feeder (tray temperature 4 °C). A 5 uL extract was applied to a chromatography column,
where compound separation was achieved by isocratic elution with methanol at 40 °C
on a Kinetex 2.6 um C18 100 A 100 mm x 4.6 mm column from Phenomenex, flow rate
2 mL min~!. In this article, lutein and B-carotene were considered for study. The other
compounds analyzed in the fruit are presented in the published article that follows [20].
The retention times for lutein, chlorophyll b, chlorophyll a and B-carotene were 0.75, 1.27,
1.80 and 4.20 min, respectively. The wavelengths at which the signals of the individual
mixture components were integrated were 445, 470, 430, 445 and 450 nm. The analysis time
was 5 min

Four marketable fruits with a total weight of about 1 kg were randomly selected for
determination of nitrate content in fruits. They were then subjected to homogenization.
From the mixed sample prepared in this way, a 10 g sample of plant material was taken
three times by adding 0.5 g of activated carbon and 100 mL of 2% acetic acid, and then
shaken. After 30 min, the resulting solution was filtered through a fluted filter. Nitrate
content in mg N-NOz/100 g‘I FW of fruits was determined spectrophotometrically at
540 nm using a Fiastar 5000 Analyzer. The dry matter content of the fruits was determined
by the dry-weighing method at 105 °C, giving the results in %.

The content of soluble components in TSS cell sap was determined using a digital
refractometer (Hanna Instruments HI-96800), reporting the results in %.

2.6. Statistical Analysis

Results were analyzed as the average of 2 years of study. The results of the study
were statistically processed using Statistica 13.3 software. Data were analyzed for normal
distribution and homogeneity of variance, followed by multiple regression analysis for
the relationship between plant biometric traits and selected physical characteristics of
the substrates. Linear correlation (z) coefficient was calculated separately for each pair
of parameters. Numerical data for pH and EC of the mat extracts were checked for
homogeneity of variance for the mentioned parameters (Levene’s test), and then analysis
of variance (ANOVA) was performed. The means were compared using Tukey’s test (HSD)
ata significance level of p < 0.05.

3. Results

The physical properties of mineral wool and lignite mats before and after cacumber
cultivation are shown in Table 1. The new mineral wool mat has good physical proper-
ties typical of this substrate: density 61.13 kg m—3, porosity 97.70% and high content of
readily available water. The air-water properties were favorable for greenhouse cucumber
cultivation, and after cultivation (51 DAP), changes were observed in both physical prop-
erties and changes in organic matter content compared to the new substrate. There was
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a 58.7% increase in organic matter in mats after cucumber cultivation fed with standard
MW/ control EC medium and a 123% increase in MW,/ high EC mats fed with high EC
medium compared to new mats (Table 1). Water content at a potential of —10 em H,Or
increased by nearly 19% in MW /control EC mats and by 27.3% in MW /high EC mats. The
plant-available water content also increased by an average of about 41%. These changes
reduced the air content of the mat by more than 30% in the MW/ control EC treatment and
by 43% in the MW /high EC treatment, but it was still within the range of optimal levels
for cucumber. The results indicate that mat water content increased toward the end of
cultivation at the expense of air content. Higher EC did not cause much change compared
to the control {Table 1).

Table 1. Physical properties of mineral wool and lignite mats before and after cucumber cultivation
(average of 2 years).

Physical Parameter of the Substrate S MDaeEL e e Dl St
Otganic matier content a1y 503 707 8555 85.50 8507

Bulk density (BD) £1.13 6078 6189 WE15 8460 39196
Total porosity 97.70 9767 97.59 7707 76.68 7629
Shrinkage - - - 25.48 20.15 1974
Water content after drainage of gravity water 9201 93.08 9374 5057 62.41 7629
mﬁ:::‘ﬂt di’;“z:;::w‘)?ﬁigho 50,91 71.66 7624 413 5105 50,98
Afr content after dratnage of gravity water 568 460 385 2650 14.27 1592
Air content at — 10 cm Ha0 3778 26.01 2735 3574 25.62 2531
Readily accessible water 30.49 4095 4504 6.5 10.66 062

New lignite mat (New L) had high bulk density (378.15 kg m~3} and low porosity
(77.07% wol). Its water holding capacity was low (41.32% vol) and it gave up water quickly,
which promoted aeration of the mat and was reflected in the high air content regardless
of the potential tested (Table 1 and Figure la-d). There was a 0.3% decrease in organic
matter in mats after cacumber cultivation compared to new lignite mats. The lignite was
also characterized by low plant-available water content, which was about 78.7% lower
compared to the New MW mats. A beneficial feature of the amendments was the decrease
in shrinkage of lignite during cultivation by 20.9% in the L/ control EC treatment substrate
and by 22.5% in the L/high EC treatment substrate compared to the New substrate (Table 1).

Substrate parameters, measured in the mat extract, depended on substrate ty pe and
medium EC. The mineral wool substrate, when cucumbers were fed with standard nutrient
solution (MW /control EC), had approximately 14% higher pH compared to the lignite
substrate (L/ control EC) and 5% higher pH for plants fertilized with high EC nutrient
solution, regardless of mat height (Figure 2a,c,e). For ion concentration in the substrate,
mineral wool and lignite, when fed capillary nutrient solution with higher EC (7 d5 -m~1),
had higher EC at the top, middle, and bottom of the growing mat compared to mineral
wool and lignite mats fed control nutrient solution (Figure 2b,d,f). The lignite mats in
which the growing cucumber was fed with a high EC medium only had higher EC in
the upper part compared to the mineral wool, where the cucumber was also fed with a
higher EC medium (Figure 2b). In contrast, the middle and lower parts of the lignite mats
at high EC of the nutrient solution had lower EC of the substrate compamed to the EC
of the mineral wool substrate also fed with high EC (Figure 2d,f). The lignite substrate
where cucumbers were fed with high EC medium (L/high EC) had about 15% higher EC
compared to mineral wool mats, where cucumbers were also fed with high EC medium
(Figure 2b). At the middle height and bottom of the mat, the highest substrate EC values
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were found in the MW /high EC treatment and were 10.5% and 9.3% higher, respectively,

compared to L/high EC (Figure 2d,f).
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Figure 1. Air and water content of mineral wool (a,b) and lignite substrate (c,d) before and after
cucumber cultivation.
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Figure 2. pH and EC of mineral wool and lignite mat extracts, taken from the top (a,b), middle
(c,d) and bottom of the mat (e,f), respectively. Average values marked with the same letters are not
significantly different within the analyzed parameter at p < 0.05. Vertical bars indicate + standard
deviation.

3.1. Morphological Studies

Analyzing the results of linear correlation, there was a significant effect of water
capacity on the number of leaves emerging per week and petiole length of cucumber
in plants grown in mineral wool with both standard and high EC of nutrient solution
(Table 2). The high coefficient of determination confirmed these relationships of the studied

hysical characteristics of mineral wool on the average number of leaves emerging per
week (75.19%) and petiole length of cucumber (72.43%) (Table 3).

A significant negative correlation was found between the bulk density of lignite
growing mats in which cucumber was grown and plants were fed with standard EC
(L/ control EC) and the number of new leaves per week per shoot, shoot diameter, leaf
length and leaf area and petiole length (Table 2). This was confirmed by the high coefficient
of determination (D), where physical characteristics had a significant effect on the discussed
morphological traits of plants (Table 3). On the other hand, a positive correlation was found
between the water holding capacity, both of mineral wool when standard EC and high
EC of capillary medium were applied, and the water holding capacity of lignite in the
treatment with high EC, and the number of leaves growing weekly on the cuacumber shoot.
The petiole length of cucumber leaves also depended on the water holding capacity of
the mineral wool mats regardless of the EC of the capillary medium (Table 2). When
high EC of nutrient solution was applied in lignite substrate, a significant effect of water
holding capacity on the number of leaves growing per week was shown as evidenced by
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the coefficient of determination for this parameter, which was 72.98%. At the same time,
other treatments showed a high effect of BD and WHC on the weekly increase in number
of lkeaves in cucumber (Table 3).

Table 2. Linear correlation coefficient®) between selected morphological parameters of cucumber
and physical properties of medium (BD, WHC) depending on medium type and medium EC.

Physical Shoot Leaf
Parameter Length Shoot Leaf Leaf Leaf Petiole
Thescaent of the Increase  piUwf  Diameter  Length  Width  Area  Length
Substrate Per Week
BD 0.4667 0.2848 0.6429 0.4736 0.4376 0.4431 04253
MW/ constol BE WHC 0.2255 0.8476* 0.3794 07326 0.6361 0.7273 0.8508 *
BD —0.0145 —0.5190* —0.8082 * —07648* —0554 —-0.6573* 07552+
L/ control EC
WHC 0.1066 0.2659 —0.1366 —0.0405 0.0168 —0.0089 —0.0232
BD 0.4017 0.0680 0.4244 0.3765 03124 0.3360 0.3283
MW /high EC
WHC 0.3186 07968+ 0.3476 0.6339 0.4884 0.6060 0.8594 *
L = BD 0.3348 0.6103 —-02252 0.3156 0.2001 0.3115 0.5180
WHC 0.3143 0.8402* 0.0748 0.6068 0.4080 0.5651 0.6967
* significant at p < 0.05.
Table 3. Multiple correlation coefficient (R) and coefficient of determination (D) for selected morpho-
logical parameters of cucumber plants and type of medium and EC.
MW/Control EC L/Control EC MW/High EC L/High EC
Parameter
R D (%) R D (%) R D (%) R D (%)
Stem length increase per week 0.4672 21.82 0.4263 18.17 0.1245 155 0.3412 11.64
Leaf number per week 0.8671* 75.19 0.8749* 76.54 0.7393* 5471 0.8543+ 72.98
Diameter shoot 0.6451 41.62 0.4546 20.67 0.8366 * 69.99 0.5194 26.98
Leaf length 0.7406 54.85 0.6576 4324 0.8223 * 67.62 0.6937 4812
Leafwidth 0.6483 42.03 0.4962 24.62 0.6166 38.02 04771 22.76
Leaf area 0.7312 5347 0.6027 36.32 0.7198 * 51.81 0.6312 39.84
Petiole length 0.8510* 7243 0.8650 * 74.83 0.8188* 67.05 0.7049 3291

* significant atp < 0.05. D < 25%—low impact, 25-45%—average impact, 46-100%—high impact.

3.2, Effect of Bulk Density and Water Capacity of the Substrate on Macro- and Micronutrient
Content in Cucumber Leaves

Linear correlation analysis of the relationship between macronutrient content and
physical properties of substrates showed a high positive correlation of K content in leaves
of cucumber plants grown in mineral wool and fertilized with standard EC nutrient
solution, and BD of mineral wool and WHC substrates. No significant relationships
of macronutrient concentration in cucumber leaves were found with DB and WHC of
mineral wool when high EC of capillary nutrient solution was applied (Tables 4 and 5).
However, in the case of lignite and application of control nutrient solution in cucumber
cultivation, a positive relationship was found between K concentration in cucumber leaves
and WHC of lignite cultivation mats (Table 4).The significant relationship of these elements
was confirmed by the multiple correlation coefficient R and the value of coefficient of
determination (D = 96.67%) (Table 5). Significantly higher K concentration in leaves was
found in cucumber grown at high EC of mineral wool substrate than at EC standard for
cucumber and lignite substrate (Table S1 Supplementary Materials).
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Table 4. Linear correlation coefficient® for the relationship between macronutrient content in
cticumber leaves and physical parameters of the medium (BD, WHC) depending on the type of
medium and EC of the medium.

A S Physical Parameter of the Macronutrient
Substrate N P K Ca Mg 550y
BD 0.1434 0.7279 08977+  —04575  —03844  —0.3217
MW/ control EC WHC 0,253 08300  09284*  _05620 04981  _0AZ7
L {EC BD 0.0821 —0.4286 0.4593 0.1396 0.0871 —D.0737
{contro WHC 0.5042 0.1423 09115+ —0.3581 —020985  —0.4256
BD 0.2919 0.2542 0.3678 _03863  _04751  _0.6346
M el gh B WHC 0.3957 0.3472 0.3582 —04894 05737  —0.6828
L/ high EC BD 0.5357 0.7794 _04806 _0.8000* _05893 06150
gh WHC 03990 0.6296 —03213  —0.6539  —04329  —0.3402
* slgnificant at p < 0.05.
Table 5 Multiple correlation coeffident (R} and coeffident of determination (DY) for macronutrient
content in ciiciimber leaves vs. medium ty pe and medium EC.
MW/ Control EC L/Control EC MW/High EC L/High EC
Macronutrient
R D (%) R D (%) R D (%) R D (%)
04312 1859 0.7515 56.48 0.6896 47.56 0.6417 41.18
P 0.8648 7479 0.6494 4217 0.8459 7155 0.8570 73.44
0.9288 + 86,277 0.5832 96.67 0.3690 13.62 0.6479 4198
Ca 0.6322 39.97 0.7745 60.00 0.7345 53.96 0.8667 * 75.64
Mg 0.5953 3544 0.8053 * 64.85 0.7268 5282 07167 5137
550 0.5279 27.86 0.7251 52.59 0.5775 33.35 0,992 * 99,25

* significant at p < 0L05. D= 25%—low impact, 25-45%—average impact, 46-100%—high impact.

In cucumbers grown in lignite substrate, a significant negative correlation was found
between the physical properties of the medium, both BD and WHC, and the leaf concentra-
tions of macronutrients such as calcium and sulfate. Significant correlations were found
mainly when lignite was fertilized with high EC medium (Table 4), which was confirmed by
multiple correlation analysis and coe fficient of determination for these parameters (Table 5).
The concentration of calcium, and especially sulfur, in cucumber leaves was higher when
plants were grown in lignite substrate than in mineral wool, irrespective of the EC ion
concentration of the medium. On the other hand, the concentration of magnesium in
cucumber kaves depended more on the concentration of Mg ions in the capillary medium
than on the characteristics of the medium because both when cucumber was grown in
mineral wool and in lignite mats, more magnesium was in the leaves when plants were
fertilized with high EC medium (Table 51 Supplementary Materials).

The results of linear correlation between micronutrient content in cucumber leaves and
physical properties of the substrate indicated that there was a significant positive correlation
between water holding capacity of the lignite substrate fed with standard EC medium and
iron accumulation in cucumber leaves (Table &). The coefficient of determination for this
relationship was 64.06% (Table 7). There was also a significant positive correlation between
zine content in cucumber leaves and water holding capacity of lignite in the treatment with
high EC of nutrient solution (Table &), as confirmed by the significant multiple correlation
coefficient R and coefficient of determination (D} of 74.21% (Table 7).
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Table 6. Linear correlation coefficient® for the mlationship between micronutrient content in cucum-
ber leaves and physical parameters of the medium (BD, WHC) depending on the type of medium
and medium EC.

i i Micronutrient
atme: i mete trate
eRcien) PHpcal Lnelmtnt 5 Fe Mn Cu Zn B
BD 04407 04478 Q0E7T 04108 0.FT
MW /control EC WHC 01183 04784 Q2066 00947  0.5699
. LEC BD 0519 06525 05430 04872 —0.2190
{cantro WHC 0798 01002  Q0SE3 00778 0.0859
BD 00233 _0.0005 05077 02007  0.9756
bl 2l WHC 05472  —04904 —0597 01155  0.5356
) BD 00613  —0.0184 01885 05994 03615
L/high BC WHC 01214 —02324 04457 08429%  —0.2380
* slgnificant at p < 0.05.
Table 7. Multiple correlation coefficient (R) and coefficient of determination (D) for micronitsient
content in cuctimber leaves vs. media type and medium EC.
MWIControl EC L/Control EC MW/High EC L/High EC
Micronutrient
R D (%) R D (%) R D (%) R D (%)
Fe 06363 4071 0804* 6406 0.6352 4034 0.3144 9,88
Mn 0.5322 2832 0.5595 3131 L&a3 4601 03888 15.12
Cu 0.3179 1010 0.6480 42,00 0.5636 377 0.5910 34,93
Zn 0.43%7 1881 0.3147 9.90 0.5056 258  08614% 742
B 0.5521 3048 0.6058 36,69 02716 737 0.2780 14,29

* slgnificant at p < 0.05. D= 268%—low impact, 2545%—average impact, 46-100%—high impact.

The accumulation in cucumber leaves of iron, zinc and boron was significantly higher
in plants grown in lignite substrate than in mineral wool regardless of the concentration of
ions in the drip nutrient solution (Table 51 Supplementary Materials).

3.3. Effect of Bulk Density and Water Holding Capacity on Cucumber Fruit Yield and Quality
The number of harvested cucumber fruits grown in lignite substrate and fed with
standard EC medium depended on both BD and WHC of the growing mat. The water
holding capacity of this substrate was significantly positively correlated with both the total
number of harvested cucumber fruits and the number and weight of marketable fruits
and non-choice fruits. There was also a significant relationship of bulk density and water
capacity of lignite to total cucumber yield (Table ). The dependence of cucumber fruit
number and fruit weight on the physical properties of lignite was confirmed by significant
multiple correlation coefficients and the coefficient of determination for cucumber yield
in lignite with standard medium EC. In the case of cucumber grown in mineral wool and
fed with high EC of nutrient solution, such relationships were not found (Tables & and 9).
Growing cucumber in lignite substrate only with medium of standard EC proved a signifi-
cant effect of BD and WHC of this substrate on the number of dropped cucumber fruits.
This relationship was shown in the positive linear correlation for both these characteristics
of the lignite substrate and in the significance of the multiple correlation coefficient and the
coefficient of determination for this treatment, which was 96.47% (Tables & and 9).
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Table 8. Linear correlation coefficient® for the relationship between ctucumber fruit yield and
physical parameters of the medium (BD, WHC) depending on the type of medium and medium EC

Total Yield Marketable Yield Unmarketable Yield nt
Physical Parameter of Nuntbart
Treatment Y Substeste . Number ~ Weight ~ Number  Weight ~Number Weight  Aborted
of Fruits  of Fruit of Fruits ~ of Fruit  of Fruits  of Fruit Fruits
MW /control BD —0.5195 —0.1661 —-0.1675 —0.1397 —0.6762 —0.6763 0.4606
EC WHC —0.0597 02209 0.0108 0.0176 —0.1017 —0.1019 0.2020
i:Feontiel BD 08415+ 0.8409* 0.6908 * 0.6373 0.97%8 0.9588 0.8384 *
S WHC 0.9606 * 0.9485* 0.8678 * 0.8239* 0.9920* 0.9896 * 0.7560 %
MW /high BD 0.3216 07005 08114 0.8097 —0.4821 —0.3462 —0.7862
EC WHC 0.4177 07175 0.8055 0.8035 —0.3735 —0.2003 —-0.7108
L/high EC BD 0.5626 0.5961 07175 0.6840 0.169%0 0.3498 0.0107
gh WHC 07189 0.4632 0.5545 0.5446 02377 02578 0.3161
* significant atp < 0.05.
Table 9. Multiple correlation coefficient (R) and coefficient of determination (D) for cucumber yield
versus substrate type and medium EC.
MW/Control EC L/Control EC MW/High EC L/High EC
Yield of Fruit
R D (%) R D (%) R D (%) R D (%)
Total vield Number of fruits 07007 49.10 09999+ 9999 07376 5441 0.8164 66.65
¥ Weight of fruit 071%0 5170 0.9783 9571 05647 3189 0.6821 46,53
Number of fruits 08119 65.93 0.9989 * 9979 02729 745 08257 6818
Masinhiayield Weight of fruit 08102 65.64 0.9820* 9643 02383 568 07631 5823
Number of fruits 09433 88.99 0.9972 * 994 09339 8722 02998 89
Untnatketubla yield Weight of fruit Q7972 6365  09903* 9807 09339 8722 04240 17.79
Number of aborted fruit 09577 9173 09821+ 9647 08571 7347 08839 7813

* significant at p < 0.05. <25%—low impact, 25-45%—average impact, 46-100%—high impact.

A significant relationship was found between cucumber fruit firmness and the physical
properties of the medium in hydroponic cultivation (Tables 10 and 11). The higher the bulk
density of lignite substrate fed with standard nutrient solution, the firmer the cucumber
fruits were, as confirmed by the high (77.94%) coefficient of determination for this parame ter
(Table 11). In the case of plants grown in mineral wool and fed with high EC of nutrient
solution, the increase in moisture content of this substrate had a decreasing effect on
cucumber fruit hardness (Table 10). The multiple correlation coefficient in this case was
(R = 0.7569) and the coefficient of determination was 57.29% (Table 11). In both treatments,
when lignite growing mats were fed with standard nutrient solution and when in mineral
wool mats fed with high EC nutrient solution, a statistically significant negative correlation
was found between bulk density of these substrates and cucumber fruit skin color saturation
(C*). This was confirmed by the coefficient of determination, which was 75.03% and 75.84%,
respectively (Tables 10 and 11). Cucumber fruit skin color intensity (H*) and coloration
index (a*/b*) were positively correlated with the bulk density of the medium, but only in
the mineral wool medium treatment, where standard medium was used (Tables 10 and 11).
In the case of lignite substrate and high EC medium, a significant multiple correlation was
also found between physical properties of the substrate and color intensity (H*) and color
index (a*/b*) of cucumber fruit peel (Table 11).
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Table 10. Linear correlation coefficient®® for the relationship between firmness of fruit, fruit skin
color traits in the CIE Lab system: C* (color saturation), H* (color intensity) and a*/b* color index,
and physical parameters of the medium (BD, WHC) depending on the ty pe of medium and EC of the
medium.

Treatment Physical Parameter of the Substrate Firmness Cc* H* a*/b*
MW /control EC wek e . W~
L/control EC .3 i yrd a1120 o1n1
MW/ high EC -4 ot ik ke oo

L/high EC Wit Tewn  aum s et

* significant at p < 0.05.

Table 11. Multiple correlation coefficient (R) and coefficient of determination (D) for firmness of fruit,
fruit skin color traits in CIE Lab system: C* (color saturation), H* (color intensity) and b*/a* color
index vs. substrate type and medium EC.

MW/Control EC L/Control EC MW/High EC L/High EC
Parameter
R D (%) R D (%) R D (%) R D (%)
Firmness 0.7064 * 4991 0.8828+ 77.94 0.7569 * 57.29 0.6283* 39.48
(a4 0.4652 21.65 0.8662* 75.03 0.8708* 75.84 0.1959 3.84
H* 0.7550* 57.01 0.6122 3747 0.5957 3548 0.6781* 4598
a*/b* 0.7476 * 55.89 0.6141 37.71 0.5820 3387 0.6810* 46.38

* significant at p < 0.05. < 25%—low impact, 25-45%—average impact, 46-100%—high impact.

3.4. Effect of Bulk Density and Water Capacity of the Substrate on Dry Matter, Tss and Bioactive
Compound Content of Fruit

Using the standard EC of the medium in mineral wool mats, a negative correlation
was obtained between bulk density and TSS and B-carotene content in cucumber fruits
(Table 12). Coefficients of determination (D) illustrating the influence of selected physical
substrate characteristics on dry matter and TSS content in fruit were low and amounted to
15.19% and 12.57%, respectively (Table 13).This indicates a slight influence of the studied
substrate characteristics on the discussed parameters (Table 13). Additionally, no significant
correlation was obtained between the physical properties of the substrates and the quality
of fruits from plants grown in mineral wool and fertilized with high EC medium (Table 12).

There was a significant positive correlation between WHC and lutein content in fruits
from plants grown in lignite substrate, both fertilized with standard and high EC medium
(Table 12). It was also confirmed by high coefficient of determination (D) and value of
multiple correlation coefficient R, which was 0.8411 for plants fertilized with standard EC
and 0.8211 for those fertilized with high EC nutrient solution (Table 13). On the other hand,
no relationship was found between cucumber fruit dry matter, TSS, p-carotene and nitrate
content and physical properties of both lignite and mineral wool substrates, irrespective of
medium EC (Tables 12 and 13).
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Table 12. Linear correlation coefficient for the relationship between the content of dry matter, TS5,
selected bioactive compotinds and nitrates (in mg N-NOa /100 g_l FW) in cucumber fruit and the
physical parameters of the medium (BD, WHC) depending on the type of medium and EC of the
medium.

Treatment Physical Parameter of the Substrate ~ Dry Matter TSS B-Carotene Lutein Mitrates
BD 0.3399 —0.3775 —0.3837 0.1806 0.2598
MW / control EC
WHC 0.0137 —0.0542 0.1200 0.5242 —01685
BD 0.2636 0.4665 —0.1945 —0.0304 —0.3964
Gl HE WHC —0.2079 0.1375 0.2934 07782+ 0.1842
BD —0.0352 —0.3728 0.2074 0.2559 0.13%7
MW /high EC
WHC 0.5488 —0.5941 0.1863 0.5225 —01065
BD 0.5151 —0.0803 0.6098 0.5451 —0.1091
L/high EC
WHC 0.7108 —0.3257 0.2978 07962 —0.3576
* significant at p < 0.05.

Table 13. Multiple cortelation coefficient (R) and coefficient of determination (D) for the content of
dry matter, TS5, selected bicactive compounds and nitrates in cucumber fruit depending on the type
of substrate and medium EC.

MW/ Control EC L/Control EC MWi/High EC L/High EC
Parameter

R D (%) R D (%) R D (%) R D (%)
Dry matter 0.3898 1519 0.6469 41.85 0.4363 19.04 0.7232 52,30
Tss 0.3545 1257 0L.6040 3648 0.4704 2212 0.4704 2213
f-carotene 0.5359 2872 0.2296 527 0.4540 2061 0.7142 5101
Lutein 0.5351 28,64 054117 70.74 0.5226 3l 05211+ 67.42
Nitrates 0.4403 1539 0.2398 575 0.5504 3029 0.4901 24.02

* significant at p < 0L05. < 28%—low impact, 25-45%—average impact, 46-100%—high impact.

4. Discussion

Lignite substrate can be applied in hy droponic cultivation of cucumber. Studies have
confirmed that lignite growing mats at the beginning of their use in plant cultivation have
low water holding capacity and low content of readily available water [19]. Bulk density
(BD) increased in lignite mats after 51 DAP of cucumber cultivation in comparison to new
cultivation mats, which was associated with a decrease in air content in mats. The effect of
lowering this parameter was an increase inwater holding capacity (WHC) of the substrate
and water readily available to plants (Table 1). A similar frend was found when lignite
substrate was used bwice in hydroponic cultivation of greenhouse cucumber [19]. Water
holding capacity and water readily available to plants can significantly affect plant growth
and yield [19,49,50]. According to a study by Kennard et al. and Dannehl et al. [6,8] the
physical properties of the substrate recommended for most plants are in the following
ranges: 20-30 vol% readily available water, 85 vol% total porosity, and 10-30 vol% total
water holding capacity. Despite the low physical parameters of lignite mats, such as water
holding capacity and readily available water content, no negative effect of this substrate
on plant growth and yield was observed. As shown in previous studies, the yield of
cucumber grown in reused lignite mats was higher compared to reused mineral wool
mats. This may be due to the better conditions for the root system in the reused growing
mats [19]. The results for the nutrient extracts from the growing mats (substrate) indicated
that the pH of the lignite substrate was similar to that of the mineral wool substrate.
However, the EC level was lower in the lignite substrate compared to the mineral wool
substrate. The sorption complex of lignite may to some extent reduce the negative effect
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of high EC concentration in the substrate as for cucumber (Figure 2a—f). The EC and pH
values of the substrate and the physico-chemical characteristics of the plant root system
environment are mainly influenced by the material of the growing medium [51,52]. In
our study, a negative correlation was found between the water holding capacity of the
lignite substrate supplied with the standard EC of the growing medium and the average
length and surface area of the leaf. In the study, the average length of a fully developed
cucumber leaf was about 22.7 cm, and the calculated leaf area was about 629.8 cm? (Table S2
Supplementary Materials).Other researchers also reported a negative effect of low water
content on leaf area of tomato grown on sheep wool or hemp fiber substrate [6]. A negative
linear correlation (R = —0.8082) for water holding capacity of lignite substrate in L/control
EC treatment was also reported for shoot diameter of cucumber plants. In the present
study, the diameter of the cucumber shoot was on average 7.0 mm (Table S2 Supplementary
Materials). Other researchers report that for tomato shoot diameter, varying substrate had
no effect on this parameter [53,54]. Different results were obtained by studying the effect
of date palm waste substrate on shoot diameter and length of cucumber plants, where
this substrate significantly affected the morphological parameters in question compared
to, for example, rice husk substrate. According to Sonneveld et al. [55], the date palm
substrate had the highest porosity, bulk density and water holding capacity compared
to other tested substrates, which translated into good growth conditions for cucumber
plants. The availability of nutrients and appropriate physical properties of the substrate
affect vegetative growth, and this in turn affects the diameter of the stem. The larger the
stem is, the more the vegetative plant growth is. Stems with the thickest stem diameter
are less susceptible to damage and other abiotic stresses. Additionally, a thicker stem
transports water and nutrients more efficiently [56]. Studies on the effect of lignite substrate
on cucumber growth and yield in combination with eustress in the form of high EC showed
higher plant stem diameter in the treatment with lignite substrate [20]. It is likely that
the lignite substrate, due to its properties, humic acids and nutrient content [57], has a
beneficial effect on stem thickness and consequently on plant growth.

In the present study, a significant correlation was found between the WHC of the
medium in both MW /control EC and L/ control EC combinations to K content in cucumber
leaves. The potassium content of cucumber leaves grown in these combinations was
35,252.0 mg-kg ™! DM for MW/ control EC and 31,7417 mg-kg~! DM for L/ control EC.
Significantly more K was contained in the leaves of plants grown in mineral wool and
fertilized with higher EC of nutrient solution, where this content was on average about
42,275.0 mg-kg ™! DM. On the other hand, higher EC of the nutrient solution in the case
of lignite substrate did not result in higher K accumulation in cucumber leaves, as it was
only 34,358.3 mg-kg~! DM (Table S1 Supplementary Materials). However, when using
high EC of the medium in the lignite substrate (L/high EC), a significant correlation was
found between the physical properties of the medium and the S-504 content in cucumber
leaves. As reported by Nurzyfiski et al. [58], the content of mineral components in the
substrate changes during cultivation, while changes in the content of components in
the leaves are minimal; therefore, proper fertilization and pH in the root environment
are important. Similarly to the content of bicactive compounds in fruits, the content of
macro- and microelements in leaves may be influenced by many factors, starting from
antagonistic relationships of elements [59] through the correct pH of the solution and
irrigation strategies, to the right cultivation and plant care practices [55,58]. Micronutrients
are elements that are used by plants in small quantities, but a lack or excess of these
elements can disrupt the life processes of the plant and consequently reduce the yield [60].
The present study showed a significant correlation of water capacity of lignite mat to Fe
(L/ control EC) and Zn (L/high EC) content in cucumber leaves (Table 6). Lignite mats,
in spite of their stable chemical composition, low chlorine content and high humic acid
content, have large amounts of micronutrients in their composition, especially Fe and
Zn [17,57]. In the initial stages of cultivation, negative effects on the plant may occur, e.g.,
excessive accumulation of these elements in the root zone, although this phenomenon
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was not observed in the conducted studies. In a study by Sonneveld and Voogt [55] it
was proved that different Fe concentrations in the nutrient solution had no significant
effect on the content of this element in young cucumber leaves. On the other hand, ina
study on Zn content in tomato and cucumber leaves, nutrient solution containing different
concentrations of Zn was found to have little effect on the Zn content in tomato leaves,
while Zn significantly increased in cucumber leaves with increasing concentrations in the
nutrient solution. Excessive concentrations of Fe, Zn and other micronutrients may affect
the availability of other elements or vice versa [61]. Similarly, salinity stress can affect
elemental content in the leaves. Excessive ion accumulation in transpiring tissue may
differ between younger and older leaves because the latter transpire the longest, so they
accumulate ions the longest. Additionally, ion accumulation in older leaves depends on the
properties of these ions and their mode of transport [62]. Despite the introduction of high
EC in the nutrient solution, no significant correlation was found between the content of
other micronutrients and the physical properties of the media. Itis possible that the humic
acids present in the lignite substrate reduced the excessive accumulation of ions in the root
zone and did not lead to their accumulation in the leaves. Humic substances may mitigate
the effects of salinity by altering the absorption of macro- and micronutrients, accelerating
root growth and reducing damage to cytoplasmic membranes, the researchers say [59,63].

There was a significant positive correlation between water holding capacity and bulk
density and cucumber fruit yield in lignite mats compared to mineral wool, where no such
relationships were found. Plants grown in lignite medium fertilized with standard EC
(L/ control EC) obtained a 10% higher total yield compared to mineral wool (MW/ control
EC), while in the L/high EC combination, plants obtained a 14.8% higher marketable yield
and 10% lower non-marketable yield, respectively, compared to MW /high EC. Allaire
etal. [49] found a positive correlation in tomato marketable yield with the content of readily
available water in the substrate and a negative correlation with the amount of air in the
substrate. Other researchers also confirm that yield correlates with water buffer in the
growing medium [64]. Similar results were reported by studying the yield of cucumber
grown in perilla, where higher yield was dependent on the availability of water in the
substrate [50]. The obtained results confirm the correlation of bulk density (BD) and water
holding capacity (WHC) of the lignite substrate with cucumber yield. However, in the
studies with mineral wool substrate (MW /control EC), such a correlation of BD and WHC
of the substrate with cucumber yield was not proved (Table &). Physicochemical properties
of substrates affect plant yield and growth [65]. However, which parameter affects this
and to what extent is difficult to determine. In a study on the yield of cucumber and
tomato plants grown on Miscanthus substrate, there were no differences in yield compared
to mineral wool [7]. Similar results were reported in tomato plants, where the substrates
had no effect on fruit number or weight [54]. According to Luitel et al. [66] fruit number
and weight depend on the air and water content of the substrate, because insufficient air in
the soil reduces root respiration and negatively affects water and nutrient uptake.

Fruit quality is a very broad concept, and itis not possible to say unequivocally which
trait affects the final yield quality more significantly. Fruit firmness, texture, color and
organic content are important [32,67]. Table S3 in the Supplementary Materials contains
the average values of chosen quality traits of cucumber fruits grown hydroponically in the
conducted studies. Despite many studies on new substrates for hydroponic cultivation,
there is still little information on the correlation of physical characteristics of the substrate
with color and bioactive content. In the study, a significant correlation was found between
the bulk density of mineral wool substrate and the color intensity (H*) and color index
(a*/b*) of cucumber fruit peel in the CIE Lab system (Table 10). Color saturation (C*)
of cucumber fruit was strongly correlated with bulk density of lignite substrate (control
EC) and mineral wool (high EC) substrates. The obtained results also confirmed a strong
correlation between selected physical substrate characteristics and cucumber fruit firmness.
Physical characteristics of the substrate such as bulk density and water holding capacity
of lignite mats (BD and WHC) were also strongly correlated with color intensity (H*) and
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coloration index (a*/b*) of cucumber fruit peel. Many publications indicate that there is no
effect from salinity on the color and hardness of cucumber fruit [68,69]. In the case of tomato,
no differences were found in the firmness of fruit from plants grown in different organic
media [6]. According to Lagny et al. [19], the substrate and its physical characteristics
can affect the dry matter content and TS5 in cucumber fruits. In the present study, a high
correlation coefficient, but not statistically significant, was obtained between bulk density
of lignite growing mats (L/high EC) and dry matter of cucumber fruits. Similar results
were obtained in an experiment with bwice-used lignite substrate and high EC medium
in cucumber cultivation [20]. In studies conducted on tomato plants grown on organic
substrates, the highest dry matter content was obtained in fruits grown in sheep wool,
but no correlation was found between the physical properties of this substrate and fruit
quality [6]. Different results were obtained by examining the sugar extract content {TS5) in
tomato fruits, where the lowest level of TS5 was in fruits from plants grown in date palm
waste substrate [70]. Kraska et al. [7] obtained no differences in TSS content in fruits from
tomato and cucumber plants grown in organic medium compared to mineral medium.
The content of biclogically active compounds may also change under the influence of the
growing medium. Analyzing the obtained results, a high correlation was found between the
water capacity of the lignite substrate and the lutein content in cucumber fruits (L/ control
EC and L/high EC} (Tables 12 and 13). It is likely that the low water content readily
available in the lignite mats increased the lutein content in cucumber fruits. These results
are consistent with those for carotencid and phenolic content in tomato, where the low
content of readily available water in the medium was correlated with the content of these
compounds in fruit [6]. An increase in the confent of bicactive compounds in fruit was also
observed by studying the effect of reused lignite mats on cucumber fruit quality, where the
content of readily available water in the lignite substrate was lower compared to that in
mineral wool [19]. As reported by Peet et al. [71], tomato fruit quality and yield depend on
the cultivar, maintenance of appropriate substrate moisture level and cultivation method.
Despite the use of high EC in the nutrient solution, no significant correlation of selected
physical properties with the content of other bicactive compounds in cucumber fruit was
observed in both tested substrates. Studies conducted on salinity stress have shown that
an appropriate level of salt concentration can lead to an increase in the concentration of
carotenoids and phenols in bell pepper fruits [36] or lutein and f-carotene in romaine
lettuce [72]. However, the factors affecting the content of compounds in fruit are very
complex and also depend on air temperature, sunlight, cultivar or type of fertilizer used.

5. Conclusions

The growing demand for quality food is leading to a search for new alternative sub-
strates that are fully biodegradable and do not place an undue burden on the environment.
Unfortunately, many of the materials used as substrates do not have adequate physical
properties for plant growth and development. Moreover, knowledge regarding their effects
on the plant during the growing season is limited. In the present study, it was found that
both the substrate density (BD) and water holding capacity (WHC) affect such morpho-
logical features of plants as shoot diameter, leaf and petiole length, as well as the weekly
increase in the number of leaves in cucumber. A significant positive correlation was also
observed between the density (BD) as well as water capacity (WHC) of the substrate and
potassium content in cucumber leaves. It was also found that both the density and water
holding capacity (BD and WHC) of the lignite substrate significantly affected the number
and weight of fruits in greenhouse cucumber. A positive cormlation between water holding
capacity (WHC) of lignite substrate and hutein content in cucumber fruits in hydroponic
cultivation was also confirmed. The obtained results may contribute to the development
of new biodegradable hydroponic growing media, increasing the efficiency of vegetable
cultivation. At the same time, they can be used to develop new methods of monitoring and
controlling the parameters of the substrate in order to control the quantity and quality of
the yield.
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Abstract: Hydroponic cultivation using organic, fully biodegradable substrates that provide the
right physical properties for plant growth and development is now the future of soilless production.
Despite the high productivity and strict control of production conditions in this method, excessive
salinity of the substrate often occurs. However, recent research results indicate that salinity at a
high enough threshold can improve yield quality, while prolonged exposure to too high EC, or
exceeding the safe EC threshold for a given species, leads to reduced quality and reduced or even no
yield. The aim of this study was to determine the effect of biodegradable lignite substrate (L) and
eustressor in the form of high EC nutrient solution (7.0 dS-m~!) on morphological and physiological
parameters, as well as the quality and yield of cucumber (Cucumis sativus L.) in hydroponic cultivation
compared to the mineral wool substrate (MW). The MW /high EC combination showed a significant
reduction in shoot diameter by nearly 6% compared to the MW/ control EC combination. The stomatal
conductance (gs) and the transpiration rate (E) were also significantly reduced in this combination.
The present study indicates that the effects of eustressor application vary depending on the growing
medium used, and more favorable effects in terms of yield quality were obtained using biodegradable
lignite substrate. The high EC of nutrient solution combined with lignite substrate (L/high EC)
significantly increased in cucumber fruit the content of B-carotene, lutein, chlorophyll a, chlorophyll
b and the sum of chlorophyll a +b by 33.3%, 40%, 28.6%, 26.3% and 26.7%, respectively, as compared
to MW/high EC combination.

Keywords: organic substrate; eustress; photosynthetic pigment; photosynthetic efficiency; chlorophyll
fluorescence; bioactive compounds

1. Introduction

Cucumber (Cucumis sativus L.) is the second most economically important and widely
grown species in hydroponic systems after tomato [1,2], but it is one of the vegetables sensi-
tive to high salt concentrations in the medium. According to Chen et al. [2], cucumber plants
tolerate electrical conductivity up to a value of 2.5 dS:m~!, and an increase by each unit of
electrical conductivity results in a decrease in the yield of more than 10%. In addition to
direct effects on plant architecture and yield loss, salinity stress affects plant photosynthetic
pigments (chlorophyll a and b) and chlorophyll synthesis [3-5] and leads to disruption of
primary and secondary metabolite fluxes [3,6]. A decrease in photosynthetic pigment syn-
thesis under salinity stress has been observed in plants of the genus Pisum [7], in the species
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Vicia faba (L.) [8], and in the cucumber Cucumis sativus (L.) [3], among others. Excessive
salinity can result in a decrease in photosynthetic efficiency and excessive production of
reactive oxygen species (ROS) [6,9]. Several studies have confirmed that increasing salinity
levels cause stomatal closure, deprivation of proteins and cytoplasmic membranes of the
photosynthetic apparatus and destruction of chloroplast ultrastructure [4,9-11]. Stomata
play an important role in gas exchange between the plant and its environment. They allow
CO; entry and limit water loss, but are sensitive to environmental stresses [12]. Limited
diffusion of CO; into the leaf leads to reduced stomatal and internal conductance [12,13].
After entering the leaf, CO; diffuses into chloroplasts through intercellular air spaces [14].
Salinity can negatively affect stomatal conductance and CO, diffusion, which are important
factors in photosynthesis [12,13,15].

The constraints of land scarcity and a growing population have led to a search for
alternatives to conventional food production. Soilless cultivation is such an alternative,
but even with this cultivation method, salt accumulation in the soil can occur. [16]. In
the case of hydroponic cultivation with the solid substrate, where mineral wool is mostly
used, an additional problem is that this substrate after the growing season becomes waste
that should be disposed [17]. Currently, stone wool is used worldwide for hydroponic
cultivation of economically important vegetable species such as tomato, bell pepper and
cucumber. This is mainly due to the suitable physical properties of stone wool, which allow
for increased yields compared to conventional crops [18,19]. However, producing 1 m?
of this substrate emits 167 kg of CO, into the environment and consumes 275 kWh [17],
where the CO; emitted during transportation of the substrate to the customer and the
disposal of stone wool waste after the production process are not taken into account.
These problems have led to a search for alternative organic substrates that will reduce
the use of mineral wool in hydroponic production [18,20,21]. For comparison, the CO,
emitted during the production of 1m3 of lignite is about 63 kg of CO,, which allows to
reduce the emitted CO; by almost 40%. Calculations based on the life cycle assessment
(LCA) methodology [22,23] A fully biodegradable substrate that has comparable physical
properties to mineral wool is lignite substrate [20], which can be used as an organic fertilizer
in conventional crops after the production process. Using such substrate instead of mineral
wool could help reduce the carbon footprint. In addition to the above-mentioned problems,
soilless cultivation can not only provide a solution to the problem of lack of arable soil or
excessive salinity but also help to improve food quality, such as an increase in bioactive
compounds through the use of an elevated EC of nutrient solution combined with an
organic substrate [24,25]. Following biological, chemical and physical factors that induce
stress, plants switch on defense responses by producing various phytochemicals and
bioactive compounds [26]. Available research results clearly indicate that salinity stress can
be a tool to improve vegetable quality, including their nutritional value, which is essential
for the proper functioning of the human body [25,27]. Many biotic and abiotic factors can
be classified as eustressors, depending on their mode of action, composition or origin. An
example of such an eustressor can be salinity [25,27,28]. The appropriate level of salinity can
affect the color and firmness of cucumber fruit or increase the content of soluble solids [28]
or dry matter [29]. Current food trends and processing market requirements are centered
around foods with increased content of bioactive compounds [24,30]. Studies have shown
that appropriate crop control, together with a stress factor applied at the right growth phase
and level, can lead to an increase in bioactive compounds, affect chemical properties and
the broader quality of final products [24,30]. There are several research works regarding
the use of eustressor in the form of high EC of the nutrient solution (7 dS-m™1) in the
cultivation of cucumber (Cucumis sativus L.) in biodegradable lignite medium. Perhaps the
combination of a high EC nutrient solution and an organic lignite substrate will increase
bioactive compounds without adversely affecting plant growth and development. The aim
of the study was to evaluate the effect of the eustressor, i.e., high EC of the medium on the
selected morphological, physico-chemical parameters and the activity of the photosynthetic
apparatus in cucumber plants was determined. It was also examined how lignite substrate
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and eustress affect the yield, selected quality parameters and the content of bioactive
compounds in the fruits of cucumber plants growing in lignite substrate.

2. Materials and Methods
2.1. Plant Material, Location and Experimental Conditions

The research was conducted at the Greenhouse Experimental Center of the Warsaw
University of Life Sciences, in the cultivation chambers of the Department of Vegetable and
Medicinal Plants following two seasons 2020 and 2021.

Microclimate conditions and fertigation were controlled by a climate computer. A
greenhouse cucumber cultivar “Mewa” F1 by Rijk Zwaan, with fruits reaching 20-24 cm in
length and weighing 200-240 g, was used for the study. The fruit of “Mewa” are charac-
terized by dark, glossy skin with slight ribbing. The substrate for cultivation was made
of lignite—carbomat by the CarboHort company, 100 cm x 20 cm x 8 cm (L), and mineral
wool Grotop Master by the Grodan company, 100 cm x 20 cm X 7.5 cm (MW). Before
cultivation, lignite and mineral wool mats were flooded with pH 5.5 and EC 2.6 dS'm ™!
nutrient solution, at a rate of 8 dm? per mat. After 48 h, two 5 cm long vertical drainage
cuts were made in the lignite mat covering plastic film on each of the longer sides of the
mat starting at a height of 1 cm from the bottom of the mat. In the mineral wool mat, two
horizontal cuts in each of the shorter sides of the mat and two 5 cm vertical cuts in the
middle of the longer sides of the mat were made. In the first season, cucumber seedlings
were planted on 10 July 2020. The daily solar radiation averaged 1474.9 ] /cm?, growing
season temperatures were set to averaged D/N 25/23 °C (Figure 1) and the average hu-
midity and CO, concentration were 70% and 800 ppm, respectively. In the second season,
plants were planted on 12 July 2021 on mats prepared in the same way as in the first
growing season. The daily solar radiation averaged 1407.0J/cm?, the D/N temperature
was 25/22 °C (Figure 2), and the average humidity and CO; concentration were 70% and
800 ppm, respectively.
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Figure 1. Climate parameters in the cultivation chamber during the experiment—season 2020.
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Figure 2. Climate parameters in the cultivation chamber during the experiment—season 2021.

In both seasons the research was carried out in the same way. Just after planting, the
plants were fed with a control medium recommended for cucumber growing in mineral
wool. Then, 7th day after planting, the experimental conditions were varied by changing
the EC of the nutrient solution, for half of the growing plants. An increase in the EC of
the nutrient solution was obtained by increasing the concentration of the control nutrient
solution to an EC of about 7 dS'm~!. The treatment tested were determined as follows:
(1) MW /control EC—mineral wool substrate and control nutrient solution, (2) L/control
EC—lignite substrate and control nutrient solution, (3) MW /high EC—mineral wool sub-
strate and concentrated control nutrient solution, (4) L/high EC—lignite substrate and
concentrated control nutrient solution. In combination MW/ control EC and L/control
the EC of the nutrient solution was 3.3 dS-m ™!, in combination MW / high EC and L/high
the EC of the nutrient solution was 7 dS'm~!. pH of the nutrient solution in all tested
combinations was 5.8. The treatment was set up using the randomized block method, in
3 replications, with 9 plants in each. Irrigation was conducted using a computer, and con-
centrated nutrient solution and acid for pH regulation of the nutrient solution were applied
using a Dosatron dispenser (D25RE2 0.2-2%). The concentrated fertilizer solution was
divided into two tanks, A and B, where in tank A the following fertilizers were dissolved:
calcium nitrate and potassium nitrate, while in tank B—potassium nitrate, magnesium
sulphate, monopotassium phosphate and microelements in appropriate proportions. The
third tank C contained concentrated HNOj3 acid to regulate the pH of the nutrient solution.
Dosatron proportioners took from each of the tanks A and B appropriate, equal parts
of concentrated fertilizer solutions to the mixer, where, after adding water, the nutrient
solution of the desired EC was obtained. The third proportioner dispensed nitric acid from
tank C to bring the nutrient solution to pH 5.8. The nutrient solution was prepared from
one- or two-component mineral fertilizers The composition of the nutrient solution in the
control was as follows (mg dm—3): N-NOj3 230, N-NHj 10, P-POy 50, K 330, Ca 180, Mg 55,
S-S0, 80, Fe 2.5, Mn 0.80, Zn 0.33, Cu 0.15, and B 0.33. The nutrient solution was dosed
through the drip system by computer based on actual solar radiation and substrate water
content measurements. Plants were trained on a single fruiting shoot, which was wrapped
with a wire-tied twine installed above the cultivation bed at a height of 2.5 m. Twice a week,
all lateral shoots and clinging tendrils were removed from the fruiting shoot, as well as the
3 oldest leaves from each plant. In both the first and second year of the study, the first fruit
buds up to 4 leaves were removed. Both experiments were terminated at the 35th week of
the year.
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Fruits and leaves for destructive physico-chemical analyses were taken twice on the
29th and 45th days after planting (DAP). At each date 3 marketable fruits and 3 young fully
developed leaves from each combination were taken randomly. Fruit and leaf analyses
were performed in 3 repetitions.

2.2. Morphological Measurements

In each combination, 9 representative plants were chosen and measured every 7 days.
The increase in length of the cucumber shoot was measured from the point at which the
top of the shoot was located 7 days before (place appropriately marked on the string). The
diameter was measured at two points on the shoot (with an electronic caliper) in the middle
of the internode, between the 4th and 5th and 9th and 10th fully expanded leaves, counting
from the shoot top. Leaf length, leaf width, and petiole length, consecutively of the 5th and
10th leaf on the shoot counting from the shoot top, were measured with a ruler. The weight
of removed leaves, lateral shoots, and tendrils from each plant was weighed to determine
the total green mass-produced.

2.3. Gas Exchange and Chlorophyll Fluorescence

Relative chlorophyll content in leaves by the SPAD (Soul Plant Analysis Systems) test
was determined using a Minolta SPAD-502 Plus portable meter. The measurement was
performed on the 5th and 10th fully expanded leaf, counting from the shoot apex of the
plant. Net photosynthetic rate (Px), stomatal conductance (gs) and the transpiration rate (E)
were measured using a LI-6400 Photosynthesis System (LI-COR, Inc., Lincoln, NE, USA)
equipped with a 6400-40 Leaf Chamber fluorometer and a 6400-01 CO, mixer. Measure-
ments were made on 3 randomly selected plants from each combination at 10 am to 12 pm
with relatively little change in microclimate. Measurements were made at a reference CO,
concentration (500 pmol s~!), constant flow rate (400 pmol s!), relative humidity between
30% and 50%, and photosynthetic photon flux density (PPFD, 1000 mmol m~2 s~ 1!). In ad-
dition, photosynthetic water use efficiency (WUE) and instantaneous photosynthetic water
use efficiency (iWUE) were calculated from the Pn/E and Py /gs quotients, respectively.
Once the device was stabilized, leaves for the experiments were taken from each plant
immediately before measurements were taken so as to limit the effect of leaf ontogeny on
net assimilation rate and stomatal conductance. Chlorophyll fluorescence was measured
on each of 9 plants in all 4 combinations using the FMS-2 Field Portable Pulse Modulated
Chlorophyll Fluorescence Monitoring System (Hansatech Instruments Ltd., King’s Lynn,
Norfolk, UK), measuring parameters such as (Fs)—steady-state fluorescence yield, (Fm’)—
light-adapted fluorescence maximum, and (PPSII)—maximum quantum efficiency of PS
II. Maximum efficiency of PS II photosystem in the dark—(Fv/Fm) was obtained after
30-min adaptation of leaves to the dark. A pocket PEA fluorescence meter (Hansatech
Instruments Ltd., King’s Lynn, Norfolk, UK) was used to measure direct fluorescence.
Chlorophyll fluorescence and gas exchange measurements were made on the 5th and 10th
leaves, counting from the shoot apex of the cucumber plant, and conducted in both growing
seasons every 7 days and the results were averaged.

2.4. Contents of Dry Matter and Photosynthetic Pigments in Leaves

The dry matter content of the leaves was determined by the weight method at 105 °C,
after the preparation of the samples. The (5th and 10th) leaves were taken twice during
the experiment, with secateurs. Leaves taken randomly from each combination were cut,
and then 5 g samples of plant material were placed in a laboratory dryer. The contents
of B-carotene, lutein, and chlorophyll a and b in leaves and fruits were determined by
high-performance liquid chromatography HPLC (Shimadzu Scientific Instruments). Cu-
cumber leaves were homogenized with 2 g Na,SO, per 100 g~! f.w. of the sample. The
homogenate prepared in this way was weighed on a laboratory scales at 2 g (leaves) and
5 g (fruits) and then grinded in a mortar with cold acetone (—20 °C) and quartz sand. The
extracted samples were quantitatively transferred into 50 mL volumetric flasks and made
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up to 50 mL with cold acetone. Samples were centrifuged in tubes (15,000 rpm), and the
resulting supernatant was filtered through a 0.22 um syringe filter (Supelco IsoDisc'™ PTFE
25 mm x 0.22 um). Extracts were placed in 1 mL containers in a SIL-20AC HT automatic
sample feeder (tray temperature 4 °C). An extract of 5 uL was applied to a Kinetex 2.6 pm
C18100 A 100 mm x 4.6 mm chromatography column from Phenomenex. Compound sep-
aration was achieved using isocratic elution with methanol at 40 °C. The wavelength range
was for 3-carotene, chlorophyll a and b, respectively: 450 nm, 430 nm and 470 nm. From
the obtained chlorophyll a and b results, the sum of chlorophyll a and b was calculated. All
analyses were performed in triplicate.

2.5. Yield Quantity and Fruit Quality

The fruit was harvested every two days, and the number and weight of fruits were
determined considering marketable and unmarketable yield. Based on the results, harvest
index (HI) was calculated as the ratio of total yield to the above-ground part of the plant
(leaves and shoots) including fruits [31].

The color of the fruit peel was determined on three randomly selected fruits using
a MiniScan XE PLUS D/8-S portable color spectrophotometer (CIE Lab-scale—red color
proportion—a*, yellow color proportion—b* and brightness—L*). The polar coordinates
of chroma (saturation) C* = (a* 2 + b* 2)1/2 color intensity (hue angle) H* = tan~1(b*/a*)
and staining index (ratio a*/b*) were also determined from the obtained data [32-34]. A
standard white calibration plate was used to calibrate the spectrophotometer.

Fruit firmness was determined using an HPE hardness tester with a shank diameter
of 5mm. The measurement was made at 3 points on the fruit, at an angle of 90° from its
plane. The results were given on the HPE hardness scale (0-100 units).

The dry matter and -carotene, lutein, and chlorophyll a and b content of the fruits
were determined by the methods described in Section 2.4. The total soluble solids content
(TSS) was determined in freshly squeezed juice from randomly selected 3 fruits, 200 mL in
volume, giving the results in % using a digital refractometer (Hanna Instruments HI96801).

The nitrate content of the fruits was determined using a mixed sample of randomly
selected fruits with a total weight of 1 kg, which were homogenized. From the mixed
sample prepared in this way, 10 g samples of plant material were taken three times by
adding 0.5 g of activated carbon and 100 mL of 2% acetic acid (C;H40;) and the samples
were then shaken. After 30 min, the samples were filtered through a fluted filter. Nitrate
content in mg N-NO;3~ /100 g f.w. of fruit was determined using a Fiastar 5000 Analyzer
by reducing nitrate (V) to nitrate (III) by passing the sample solution through a cadmium
column. The resulting colored solution was measured spectrophotometrically at 540 nm.

2.6. Statistical Analysis

The results are reported as the mean from a total of two experiments + standard error
(SE) values of nine biological replicates (1 = 9). The SE was calculated directly from crude
data. Data were evaluated by analysis of variance (ANOVA) and differences between the
means were compared by Tukey’s test (HSD) at a significance level of p < 0.05. Statistical
analyses were performed using Statistica 13.3. Prior to analyses, we tested whether the
assumptions of an ANOVA, homogeneity of variances were achieved. The homogeneity of
variances for all the studied parameters was evaluated by Levene’s test.

3. Results
3.1. Morphological Parameters

Although there were no significant differences in weekly shoot length growth between
the combinations, at the high EC of the nutrient solution a significant shortening of the total
length of shoot was observed in MW /high EC cucumber plants by nearly 2.6% (Table 1),
moreover, this combination also recorded a smaller cucumber shoot diameter by nearly
6% compared to MW /control EC. Plants fertilized with the high EC nutrient solution and
grown in lignite medium had the smallest width of the tenth leaf, compared to the control
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(Table 1). The high EC of the nutrient solution reduced the total leaf and shoot weight of
plants growing in lignite by nearly 20% compared to the lower EC of the nutrient solution
and mineral wool. There were no significant differences in the SPAD index of cucumber
leaves depending on the substrate and EC of the nutrient solution applied (Table 1).

Table 1. Chosen morphological parameters of cucumber plants and chlorophyll content (SPAD) in
relation to medium and nutrient solution EC (average from two years).

Combination
Parameter Unit MW/ L/ MW/ L
Control EC Control EC High EC High EC
Weekly increase in length o 579 +19ns 62.2+ 1.7 ns 576 +19ns 60.0 £ 1.7 ns
i Total length 276.8 + 3.0 ab 2869+ 14a 269.7 + 3.8b 2804 +44a
oot

Diameter under 5th leaf 66+ 01a 6.5+ 0.1ab 62+01b 64 +0.1ab

Diameter under 10th leaf mm 77+01a 80+01a 734+01b 7.6 +0.1 ab

Number per week pes plant~! 414+01ns 41+01ns 40+ 01ns 41+01ns

Length 203+ 04ns 212+ 0.4ns 203+ 03ns 20.0 £ 0.4 ns

5th Width = 23.8+04ns  248+05ns  242+04ns  237+04ns

leaf Petiole length 140+ 04 ns 142+ 04 ns 13.6 £ 03 ns 13.6 +£ 0.3 ns

Leat Chlorophyll content ~ SPAD unit ~ 414+07ns  41.2+0.6ns  420+07ns  423+0.7ns
Length 253+ 05ns 25.6 + 0.6 ns 240+ 05ns 248 +£0.5ns

10th Width o 315+ 06a 315+ 06a 307 +06ab  292+06b

leaf Petiole length 182+ 04 ns 18.0 + 0.4 ns 17.7 £ 03 ns 17.0 £ 0.3 ns
Chlorophyll content SPAD unit 443+ 04 ns 44.8 +04ns 448+ 07ns 449 + 04 ns
Total leaf and shoot weight g plant™! 1267.8 +286a 11957 +222a 11640+285a 9349+285b

Average values marked with the same letters within the same row are not significantly different within the
analyzed parameter at p < 0.05. Values with the prefix + represent standard deviation. Abbreviations: ns,
not significant.

3.2. Gas Exchange and Chlorophyll Fluorescence

Eustressor in the form of high EC of the nutrient solution did not affect the rate of
photosynthesis (Py) in plants growing in all four combinations (Figure 3a). However, this
factor reduced stomatal conductance (gs) by more than 60% in the case of plants growing
in mineral wool, which was not observed in the combination growing in lignite (Figure 3b).
In the case of plants growing in the lignite substrate, stomatal conductance (gs) started to
decrease only on the 14th day of the experiment—14 DAP, 7 days after the stress factor
was switched on (days after introduction of high EC 7 DAEC. Plants growing in mineral
wool substrate showed a significant decrease in gs immediately after the stress was turned
on (Figure 3b). On day 28 DAEC, a temporary significant (by more than 50%) decrease in
gs was observed in plants fertilized with nutrient solution with standard EC growing in
mineral wool compared to those grown on lignite (Figure 3b). At the end of the experiment,
the high EC of the nutrient solution significantly reduced transpiration rate (E) in the
mineral wool substrate by more than 30% (Figure 3¢c). During this period, an increase in
photosynthetic water use efficiency (WUE) was also observed in combination with high EC
of nutrient solution (MW /high EC and L /high EC) (Figure 3d). In both tested media, the
eustressor (high EC) did not affect the instantaneous photosynthetic water use coefficient
(WUE), while it was found to decrease significantly in combination L/control EC compared
to MW /control EC by more than 8% (Figure 3e).
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Figure 3. Effect of high EC of nutrient solution on net CO, assimilation intensity (Py) (a), stomatal
conductance (gs) (b), transpiration intensity (E) (c), photosynthetic water use efficiency (WUE) (d),
instantaneous photosynthetic water use efficiency (iWUE) (e), of cucumber plants depending on the
applied medium on 7, 14, 21, 28, 35 DAEC (average from two years). Vertical bars indicate + standard
deviation. Abbreviations: ns, not significant. Average values marked with the same letters are not
significantly different within the analyzed parameter atp < 0.05.

There was no effect of high nutrient solution EC on the maximum photochemical
yield of PSII (Fv/Fm), regardless of the combination (Figure 4a). The maximum quantum
yield of PS II (®PS II) followed a similar pattern, where no differences were obtained until
day 21 DAEC of the experiment. At the end of the experiment, there was a significant
reduction in ®PS Il in plants fertilized with nutrient solution of standard EC growing in
lignite compared to plants growing in mineral wool of standard EC and treated with high
EC nutrient solution (Figure 4c). Steady-state fluorescence yield (Fs) varied throughout the
experiment. The application of eustressor did not affect this factor at the beginning and at
the end of the experiment, while 14 DAEC plants growing in the combination with lignite
at standard EC showed a significant increase in Fs, as compared to the other combinations
by nearly 10%. On the other hand, on day 21 DAEC, plants treated with high EC of the
nutrient solution showed a significant decrease in Fs in the mineral wool substrate by more
than 7% compared to the combination with lignite (Figure 4d).
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Figure 4. Effect of high nutrient solution EC on maximum photochemical yield of PSII (Fv/Fm) (a),
maximum chlorophyll a fluorescence in dark-adapted leaves (Fm’) (b), the maximum quantum yield
of PSII (®PSII) (c), and stationary fluorescence (Fs) (d) of cucumber plants depending on the medium
used on 7, 14, 21, 28, and 35 DAEC (average from two years). Vertical bars indicate + standard
deviation. Abbreviations: ns, not significant. Average values marked with the same letters are not
significantly different within the analyzed parameter at p < 0.05.
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3.3. Photosynthetic Pigment Content and Leaf Dry Matter

The highest content of lutein was recorded in plant leaves—combinations L/control
EC by more than 28% compared to the MW /control EC—leaf 5. While in combination
L/high EC 9% higher content of this compound was found in the tenth leaf compared to
leaves from plants of the MW /high EC combination (Table 2). Higher content (by nearly
10%) chlorophyll a content was found in plants grown in combination L /high EC (fifth and
tenth leaves) as compared to leaves of plants from combinations MW /high EC. Lignite
medium also significantly increased chlorophyll (a + b) and -carotene content (Table 2).

Table 2. Dry matter content and photosynthetic pigment in leaves of cucumber plants (average from
two years).

Number

Parameter Unit Combination
of Leaf

MW/Control EC L/Control EC MW/High EC L/High EC
Dry matter % 114+01a* 11.0+£0.1a 11.5+02a 114+01a
-carotene 16.6 £0.1¢c 205+ 06b 204+05b 224+03a
5th Lutein 106 +0.2¢ 148+ 03a 13.6 + 0.4 ab 132+ 04b
Chlorophyll a mg 100 g~ FW 1244+ 12c¢ 1429 +22b 139.7+4.0b 155.0+4.2a
Chlorophyll b 39.6+04c 498+ 11a 458+ 1.1b 460+ 0.7b
Total chlorophyll a + b 1640 + 1.6 ¢ 2048 +£53a 1855+ 5.1b 1889 +29b
Dry matter %o 118+ 0.1b 124 +£0.2ab 131+03a 132+ 03a
B-carotene 149 + 0.1 ab 162 + 0.5ab 147+ 03¢ 164+ 04a
10th Lutein 9.7 +0.1ab 103 + 0.1 ab 95+ 04b 104 +£0.03 a
Chlorophyll a mg 100 g~ FW 1144+ 09 ab 1169+ 2.7 ab 109.9 £47b 1226+ 14a
Chlorophyll b 420+05a 381+ 10ab 369+15b 40.8 + 09 ab
Total chlorophyll a + b 156.5 + 1.0 ab 155.0 £ 3.7 ab 1468 £ 62b 1634+ 23a

* Average values marked with the same letters are not significantly different within the analyzed parameter at
p < 0.05. Values with the prefix + represent standard deviation. Abbreviations: ns, not significant.

3.4. Yield, Fruit Quality and Content of Biologically Active Compounds in Cucumber Fruit
(Average from Two Years)

High EC reduced yield in the MW /high EC by nearly 27% and in the L/high EC
combination by 22% compared to the control (Table 3). The highest number and weight
of marketable fruits, with the lowest number of unmarketable fruits, were obtained from
plants grown on lignite substrate—L/control EC combination produced 11% more number
and nearly 9% more weight of marketable fruits. More than 9.4% fewer unmarketable
fruits were obtained from the L/high EC combination compared to MW /high EC, this
combination also received obtained more than 5% lower HI index compared to the other
combinations. (Table 3). Plants treated with high EC nutrient solution dropped some of
their buds, both in the case of mineral wool and lignite substrate but the other one had
more than 12.3% fewer dropped buds compared to MW /high EC (Table 3).

Regardless of the EC of the nutrient solution and the type of substrate, no differences
were observed for firmness and the L* and a* components of the CIE Lab-scale (Table 4). The
high EC of the nutrient solution had an effect on reducing the parameter of the b* (by 15.5%)
component of the CIE Lab-scale (L/high EC) compared to L/high EC (Table 4), which
indicates a higher proportion of blue. Fruit color indices did not differ significantly after
eustressor application, regardless of the applied medium (a*/b*), while cucumber fruits
from plants grown in combination MW/ control EC and L/control EC were characterized
by a significantly lower color index by respectively 5% and 10% (Table 4).
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Table 3. Cucumber fruit yield by marketable and unmarketable fruit, number of fruit abortion and
harvest index (average from two years).

Harvested Fruit Unit Combination
MW/ 17} MW/ 17}
Control EC Control EC High EC High EC
— Total fruit 65032+ 131.1b 70045+1021a 4766.0£2027d 54714+ 1453 ¢
eighto Marketable fruit gplant-! 61903+ 1135b 68342+837a 34865+217.8d 43119 +150.2¢
fruit Unmarketable fruit 3129+ 719b 1703+ 607b  12795+1087a 11595+ 0.8a
¢ Total fruit 295+ 08b 320+06a 229+04d 26.1+04c
N“;“b_e’ ° Marketable fruit ant=1 279+ 05b 312+ 03a 16.0+09d 198+ 07¢
Euit Unmarketable fruit P P/l 1.6+03b 0.8+ 03¢ 69+06a 63+05a
Aborded fruit 0 0 73+04a 64+03a
HI index 084+0.02a 0.85+0.02a 0.80 + 0.02b 085+ 0.02a

Average values marked with the same letters within the same row are not significantly different within the
analyzed parameter at p < 0.05. Values with the prefix + represent standard deviation. Abbreviations: ns,
not significant.

Table 4. CIE Lab-scale color and firmness of cucumber fruit (average from two years).

Combination
P " Unit MW/ L/ MW/ L/
Arameter o Control EC Control EC High EC High EC
Firmness HPE 63.1 + 0.8 ns 63.7 £ 05ns 61.8 +04ns 63.9 +£ 0.6 ns
a* —-72+03ns —-7.0+02ns —6.7+02ns —6.6+0.2ns
b* 12.7 + 0.7 ab 129+ 05a 11.2+ 03 ab 109 +0.3b
Colour I* 321+ 11ns 334+ 09ns 31.7+03ns 320+ 08ns
[ 8.2 14.6 + 0.8 ns 14.7 £ 0.6 ns 13.0 + 04 ns 12.7 + 04 ns
H* 1248 +21ns 1280+ 12ns 1222+ 1.6ns 1221+ 1.0ns
a*/b* —-057+0.02ab —-054+001b —0.60+0.01a —0.60=+0.01a

Average values marked with the same letters within the same row are not significantly different within the
analyzed parameter at p < 0.05. Values with the prefix + represent standard deviation. Abbreviations: ns,
not significant.

Application of eustressor in the form of high EC increased dry matter of fruits in the
MW /high EC combination by nearly 17% and in the L/high EC by 10%. In contrast, the
high EC of nutrient solution and type of substrate had no effect on dry matter content
(TSS) in cucumber fruits (Table 5). The highest content of bioactive compounds such as
{-carotene, lutein, chlorophyll a, b, total of chlorophyll a + b was found in fruits from the
L/high EC combination. These values were significantly higher in comparison to fruits
from MW /high EC combination by respectively 33.3% (f3-carotene), 40% (lutein), 28.6%
(chlorophyll a), 26.3% (chlorophyll b) and 26.7% (chlorophyll a +b). Similar relationships
were found in fruit from the L/control EC versus MW /control EC combination (Table 5).
At the same time, when eustressor was applied to the test media, nitrate accumulation
was found to be 50% higher in fruit from the MW /high EC combination compared to fruit
from the L/high EC combination, from which it follows that fruit from the L/high EC
combination had in nearly 45 mg NO; kg~! FW less nitrate (Table 5).
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Table 5. Contents of dry matter, TSS and bioactive compounds in cucumber fruits (average from

two years).
Combination
Parameter Unit Mw/ L/ Mw/ L/

Control EC Control EC High EC High EC
Dry matter o 38+0.1c 40+0.1bc 46+02a 44 +0.1ab

TSS ¢ 38+ 0.1ns 40+02ns 43+01ns 43+ 02ns
{B-carotene 02+0.01b 03+001a 02+001b 03 +001a
Lutein 04+0.01b 05+0.03a 03+001b 05+001a
Chlorophyll a mg 100 g” FW 3.7+0.1b 46+0.2a 3.0+02c 42+009a
Chlorophyll b 1.7 + 0.07 be 22 +0.02a 14+ 007 ¢ 1.9+ 0.04 ab
Total chlorophyll a + b 54+02b 6.7+ 03a 44+02c 6.0+0.1a

1
Nitrates mg le)& kg 82+16c  155406d 899+£04a  450+13b

Average values marked with the same letters within the same row are not significantly different within the
analyzed parameter at p < 0.05. Values with the prefix + represent standard deviation. Abbreviations: ns,
not significant.

4. Discussion
4.1. Morphological Characteristics of Cucumber Plants Grown on Organic and Mineral Substrates
at High EC

Excessive salinity modifies plant growth and development parameters, negatively
affecting the entire plant organism [13]. However, using appropriate salt concentrations and
a suitable cultivation strategy, salinity stress can improve the intrinsic quality of vegetables
or fruits [25]. Combining controlled salinity stress with organic (biodegradable) substrates
that can improve plant growth will achieve the desired effects with environmental benefits.
The application of eustressor in the form of high EC at a level of 7.0 dS-m ™! of the nutrient
solution did not affect the inhibition of shoot growth in the case of combination with lignite,
while it significantly reduced the shoot length in plants growing in mineral wool. Despite
the introduction of excessive salinity stress, which strongly shortens shoot growth [2], the
lignite substrate reduced its negative effects. Salinity stress caused a significant reduction
width 10th leaf. in the L/high EC, which probably resulted in a reduction of their area.
Reduced leaf area leads to limitations in a light interception and interferes with its proper
distribution within the canopy [2,35], which directly reduces plant productivity [36]. High
EC simultaneously resulted in a significant reduction of the total leaf and shoot weight
gained by the plants, especially in lignite substrate. The results are in agreement with many
studies, where it has been proved that plant biomass or leaf area decreases with increasing
salt stress intensity [13,37,38].

4.2. Variation in Photosynthetic Efficiency and Chlorophyll Fluorescence of Cucumber Grown on
Organic and Mineral Substrates at High EC

The net photosynthetic rate (Py) followed a similar pattern, where no sensitivity of
cucumber plants to the high EC of the nutrient solution was observed (Figure 3a), while at
the end of the experiment a strong reduction of stomatal conductance (gs) in the MW /high
EC combination (Figure 3b). A reduction in transpiration rate (E) was also observed
in both combinations with eustressor. Perhaps by the end of the experiment, the ion
accumulation in the substrate was at a level that led to changes in the parameters discussed.
In a study of tomatoes under high salinity conditions, Schwarz and Kuchenbuch [39]
found that transpiration rates decreased for the total dry weight as the EC of the nutrient
solution increased. Ding et al. [40] reported no change in Py in leaves of pakchoi plants
(Brassica campestris L. ssp. Chinensis) at a nutrient solution EC of 4.8, while an EC of
9.6 strongly reduced Py in leaves. For gs and E, parameters decreased significantly with
increasing nutrient solution EC (4.8-9.6). Perhaps the use of an intermediate EC nutrient
solution in cucumber cultivation in combination with a lignite substrate would not result
in changes in the parameters discussed. Changes in gs under salt stress can occur rapidly,
reducing CO, availability, which directly translates into a reduction in Py [14]. Different
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results were obtained by treating cucumber plants with NaCl, where Py and g5 were
reduced after only 1 day of the experiment [15], which may indicate that the high EC stress
used in the experiment does not have as strong an effect as NaCl. However, changes in
PN, gs, and E can be caused by both high EC treatment of the nutrient solution as well as
nutrient deficiencies and also different nutrients management [40-42].

The iWUE index is a frequently used parameter to assess gas exchange in plants. It
has been found to be closely related to the CO, concentration [43]. In the environment,
CO; levels in the plant can be regulated precisely by stress conditions. As indicated by
studies conducted on the bean Phaseolus vulgaris L. iWUE clearly increases under mild
stress conditions [44]. In cucumber stress studies where plants were treated with NaCl,
iWUE decreased significantly [45,46], and Chenopodium quinoa Willd. plants responded
similarly in a pot experiment that simulated salt stress in the groundwater [47]. In the
results obtained, WUE and iWUE index did not change significantly in the combinations
with high EC compared to the plants with standard EC nutrient solution. This indicates
that the iWUE of plants is sensitive to salt stress, but if the salt stress level is moderate,
plants tolerate its presence without changes in WUE or iWUE. This may indicate that plants
are experiencing mild stress, or that some mechanisms are activated to tolerate this level
of stress.

With numerous links to the processes of conversion of absorbed light to a stable
chemical form, chlorophyll fluorescence analysis has become the most widely used tool for
monitoring the state of the plant [15,48]. The current study showed no significant effect on
Fv/Fm and Fm’ in cucumber leaves, regardless of the EC of the nutrient solution and the
substrate used. Similar results were obtained in a study on the effect of NaCl on Fv/Fm
in cucumber leaves where no effect of salinity on this parameter was recorded [15], but
other results show a strong reduction of Fv/Fm and ®PSII in cucumber and strawberry
leaves after the application of NaCl as a stress factor [49,50]. In the results presented here,
OPSII did not decrease until day 28 DAEC (Figure 4c). Stationary fluorescence (Fs) did not
change under the influence of the applied eustressor and nutrient solution for most of the
experiment duration, except for the 14th and 28th DAEC, where lignite with standard EC
and lignite with high EC obtained a significantly higher Fs index, respectively (Figure 4d).
As reported by other authors, in the case of NaCl-induced salt stress, the chlorophyll
fluorescence and gas exchange parameters in question are reduced, which is evident even
after several hours of stress incorporation [2,9,51].

4.3. Dry Matter and Photosynthetic Pigment Content of Cucumber Leaves Grown on Organic and
Mineral Substrates at High EC

The highest content of all discussed compounds was found in the leaves of plants
grown in lignite in the fifth leaf of the combination with standard EC and in the tenth leaf of
the combination with increased EC. In general, the content of the discussed compounds was
higher in the combinations with lignite (Table 2). The presented results are in agreement
with the results of chlorophyll a and b content in cucumber and tomato leaves, where
the content of the compounds in question increased with increasing salinity [3]. Different
results were obtained by studying bean (Vicia faba L.) leaves, where with the increase
in salinity, the content of carotenes, chlorophyll a and b and total of chlorophyll a + b
decreased [8]. Other researchers also confirmed, where the increase in salinity decreases
significantly the content of chlorophyll a, b and total (a + b), in Centaurium erythraea (L.)
Paspalum vaginatum (L.) plants [52,53].

4.4. Yield, Quality, and Bioactive Compound Content of Cucumber Fruit Grown on Organic and
Mineral Substrates at High EC

Many vegetable species show different responses to the salinity [25]. Cucumber is
considered a crop susceptible to high salinity [4]. The conducted studies show that the
application of eustressor in the form of high EC of the nutrient solution at the level of
7 dS-m~! strongly reduced the amount and weight of marketable yield in plants growing
on mineral wool (Table 3). Dorai et al., 2001 confirmed in their study that high EC of the
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nutrient solution can lead to lower yield. In their study, Schwarz and Kuchenbuch [39]
also obtained a 50% decrease in tomato yield in the combination where nutrient solution
with EC 6 dS‘m~! was applied compared to plants fertilized with nutrient solution with
1dS-m~! EC. Similar results were obtained by Albornoz and Lieth [54] who reported that
a high concentration of nutrients in the root zone leads to reduced yield. The application
of lignite reduced the effect of stress and increased the number and weight of marketable
yield compared to mineral wool (Table 3). At the same time, the number of unmarketable
fruits was not significantly different between the combinations with high EC (Table 3).
The total number and weight of fruits were significantly higher in plants grown in lignite
compared to mineral wool (Table 3). The results indicate a significant effect of lignite on
stress reduction and yield increase. Sources report that salinity affected both the reduction
in the number and average weight of fruits [55]. Analyzing the results obtained, it can be
concluded that the plants set a similar number of fruits in the combination of high EC and
standard EC, but at the same time, the former dropped the excess fruit set. This translated
into a reduced total yield (Table 3), while the unmarketable yield increased in stressed
plants. Other researchers have also reported that high EC of nutrient solution leads to
a decrease in yield and deterioration of yield quality [56,57]. Available research results
prove that high EC reduced the total yield of lettuce grown in hydroponic systems [58,59].
For average fruit weight (total fruit number/total fruit weight quotient, eustressor in the
form of high EC of nutrient solution affected its reduction compared to plants fertilized
with a nutrient solution of standard EC, which is consistent with other results of stressed
plants [60].

Cucumber fruits contain high amounts of water, a characteristic that contributes to
the firmness and fresh appearance of the product on the store shelf. Considering the
preferences of the final consumer, it is the physical quality and appearance of the product
that determines the purchase [25,61]. The vegetable texture is a very complex trait, and the
main compounds contributing to the firmness and overall texture are pectins, celluloses and
hemicelluloses. In general, firmness is an important sensory trait in vegetable cultivation
that is subject to high variability [25,62]. In the present study, the effect of eustressor of high
EC of the nutrient solution on the firmness of cucumber fruit was not confirmed, regardless
of the medium used. This is in agreement with the results of other researchers, where no
effect of salinity stress on fruit firmness of cucumber and bell pepper was proved [28,63].
The high EC of the nutrient solution decreased the color index and the b* component
parameter. This is consistent with other results of salinity effects on the L* component of
CIE Lab and a*/b* ratio in greenhouse cucumber fruit, where no significant differences
were found [64]. In contrast to vegetables, where the usable part is the fruit, in leafy
vegetables salinity can have a more significant effect on color [25]. Perhaps salinity induced
by a high concentration of minerals in the nutrient solution (high EC) does not affect fruit
and/or leaf color as significantly as the application of NaCl. Appropriate fruit skin color
also determines the final consumer choice [25]. Studies conducted show that salinity may
have no effect on peel color, given the right intensity of the stress factor or when a suitable
substrate is used.

The high EC of the nutrient solution led to an increase in fruit dry weight in MW /high
EC combination, intermediate values were recorded for fruit from the L /high EC combina-
tion. Similar results were obtained by Schwarz and Kuchenbuch [39], where high EC of
nutrient solution led to an increase in dry matter in tomato fruit. Dry matter content also
increased after treating lettuce plants with high EC of nutrient solution, where the highest
content of the trait in question was recorded at a concentration of 4.0 dS-m~! [65]. Similar
results were obtained in the cultivation of pakchoi (Brassica campestris L. ssp. Chinensis) in
hydroponic systems, where the dry matter content also increased with increasing EC of
the nutrient solution 4.8-9.6 dS‘m~! [40]. The presented results do not support the effect
of eustressor and substrate type on TSS (Table 5). Rubio et al. [60] also found no effect
of NaCl-induced salinity on TSS, while other researchers reported a decrease in TSS in
bell pepper fruits after application of sodium sulphate and sodium chloride [63]. On the
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other hand, Rosadi et al. [57] found the highest concentration of TSS in tomato fruits when
the nutrient solution with EC 5 dS-m ™. If the application of a eustressor in the form of
a high EC activates signaling pathways leading to the production of a higher content of
biologically active compounds in the fruit, this may not lead to a reduction in yield. [25,26].
For the bioactive compounds studied in fruit, the combination of eustressor and lignite
substrate significantly increased lutein, 3-carotene, chlorophyll a, b and total chlorophyll
(a +b) compared to mineral wool (Table 5). Similar results were obtained by studying the
effect of reused lignite mats on the content of chosen bioactive compounds in cucumber
fruit [20]. Low salinity intensity in romaine lettuce increased lutein and p-carotene [66].
An increase in carotenoids and anthocyanins in lettuce following a combination of higher
salinity and CO; concentration was also noted by Pérez-Lépez et al. [67]. Unfortunately,
increased salinity may also influence the accumulation of more nitrate in the fruit or leaves,
which is an undesirable characteristic. This is confirmed by the presented results of this
study, where high nitrate content was demonstrated in fruits from plants grown in medium
with elevated nutrient EC. However, it can be clearly seen that fruits from plants growing
in lignite were characterized by lower nitrate content (Table 5). However, Scuderi et al. [58]
report that high EC reduced nitrate content in the leaves. Different results were obtained
by Ding et al. [40] where high EC of nutrient solution led to a significant increase in nitrate
in pakchoi leaves. The results of nitrate content in cucumber fruits shown in Table 5 are not
high, while fruits obtained from plants grown on lignite accumulated less nitrate, which
is more desirable for the consumer. The negative effects of nitrates on consumer health
make it necessary to control their content in food, focusing at the same time on proper
fertilization and agronomic treatments [25,68].

5. Conclusions

A high EC of nutrient solution along with a lignite-based organic substrate can improve
the nutritional and functional value of cucumber fruit, and the use of lignite in cultivation
can reduce the negative effects of salinity during plant growth. However, the proper
intensity of the stress factor and the developmental stage of the plant at which it should
be introduced should be determined. Reducing excessive solid waste production and the
search for new biodegradable substrates are further challenges for researchers. At the same
time, the study of prospective organic substrates for hydroponic vegetable production and
strategies for yield and quality control should continue. The results obtained indicate that
growing cucumber in a lignite substrate in hydroponic technology using a nutrient solution
with an EC of 7 dS'm~! increases cucumber fruit quality, and, compared to cultivation
using rockwool, reduces negative environmental impacts.
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ARTICLE INFO ABSTRACT

Keywords: Cucumber is an economically important vegetable grown all over the world. Consumers demand that high-
Organic 5“"’5“"‘“"‘ quality cucumber fruit is available throughout the year. The aim of this study was to evaluate the effects of
Hydroponic growing growing conditions such as lignite substrates and assimilation lighting in hydroponic cultivation and storage
zﬁzllfhl?fr:c“ weight loss methods on the quality and post-harvest shelf life of greenhouse cucumber fruit. Cucumber fruit quality was
Sensory Guality analysed from harvest through cold storage and simulated trading conditions.

Plants were grown in lignite and mineral wool growing mats. Sunlight supplementation was carried out using
sodium and LED lamps. Post-harvest fruit were packed in plastic crates, cardboard boxes or plastic bags and
stored in a cold store (5 days) and under simulated trading conditions (10 days - 5 days in a cold store and
another 5 days at 22 °C). The weight loss of cucumber fruit during storage was determined depending on the
combination. After fruit harvest, after fruit storage in the cold store and after 10 days of storage under simulated
trading conditions, fruit hardness, dry matter content, TSS, nitrate content of cucumber fruit were studied and
sensory evaluation of fruit quality was carried out.

Fruit from plants grown in lignite substrate had lower weight loss during storage and significantly higher TSS
(total soluble solids) and dry matter content. They also had a lower nitrate content compared to fruit harvested
from plants grown in mineral wool substrate. Furthermore, the best sensory parameters were found in fruit from
plants grown in lignite substrate under LED lighting. It was also found that PE film packaging reduced the weight
loss of fruit during transport and storage, and that fruit removed from the film and placed in a cardboard box lost
weight more slowly compared to the other packaging tested.

1. Introduction and increased compared to 2020 (close to 115,66 million tonnes were
recorded that year) (Food and Agriculture Organization Corporate Sta-
Cucumber fruits (Cucumis sativus L.) are one of the most popular tistical Database) (FAOSTAT 2022). Unfortunately, a proportion of the

vegetables eaten raw. They contain many vitamins, minerals and are a world’s food is still wasted, from production and harvest stages, through
rich source of antioxidants (Patel and Panigrahi, 2019). Cucumber is the transport and storage, to sale (Owoyemi et al., 2021; Valverde-Miranda
most widely grown vegetable species after tomato. The demand for etal., 2021). Demand for cucumber fruit depends, amongst other things,
high-quality cucumber fruits does not diminish even during the winter on quality characteristics such as fruit size and shape, skin colour,
season (Kowalczyk et al., 2018; Soleimani et al., 2009). The global cu- firmness and undesirable characteristics such as visible damage to the
cumber production volume in 2021 was close to 119.2 million tonnes fruit skin caused by insects or disease, skin scars and bruises

* Corresponding author.
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(Valverde-Miranda et al., 2021). In production and during transport,
cucumber fruits are subject to deformation or mechanical damage and
may also lose firmness, which in turn is caused by loss of water and
changes in polysaccharide content (Nishizawa et al., 2018; Valve-
rde-Miranda et al., 2021). Cucumber fruits are also susceptible to mi-
crobial decomposition caused by bacteria (e.g. Erwinia spp. and
Xanthomonas spp.) or fungi (e.g. Alternaria spp., Rhizopus spp.) (Olawuyi
and Lee, 2019; Reddy, 2016). To reduce quality loss, cucumber fruits are
usually stored at 10-12.5 °C (Gutiérrez-Pacheco et al., 2020). Research
on maintaining fruit quality for longer periods of time, and thus
extending shelf life, has been conducted using, amongst other things, wax
coatings with added plant extracts (Gutiérrez-Pacheco et al., 2020),
edible coatings (Chlebowska-Smigiel et al., 2008; Kokoszka and Lenart,
2007; Patel and Panigrahi, 2019), perforated biodegradable packaging
(Owoyemi et al., 2021), active and intelligent packaging (Dobrucka and
Cierpiszewski, 2014) and modified atmosphere packaging and storage
(Glowacz et al., 2015; Manjunatha and Anurag, 2014). Post-harvest
treatment of cucumber fruit with hot water, saccharide treatment and
chitosan-g-salicylic acid has also been investigated in order to extend
shelf life and reduce cold damage (Nasef, 2018).

The storage quality of fruit depends on the cultivar (Diaz-Pérez et al.,
2019) and agrotechnical and climatic factors such as, for example,
excessive fruit load on the plant, high temperature (Marcelis, 1993),
irrigation and fertilisation method (Wang, 1997), as well as low levels of
solar radiation (Marcelis et al., 1998). In order to ensure a year-round
supply of fresh fruit, producers grow cucumber in hydroponic systems
with LED (Light-Emitting Diode) or HPS (High-Pressure Sodium) light
during periods of insufficient solar radiation (IKowalczyk et al., 2018).
Cucumber fruit quality may also depend on the substrate in which the
plants are grown (R. Lazny et al., 2022a, 2021; Olle et al., 2012). In
hydroponic cultivation, the solid substrate is usually mineral wool.
However, organic, fully biodegradable substrates that do not put such a
strain on the environment after production has ended are now being
sought (Lazny et al., 2021). Previous studies have shown that cucumber
fruit grown in lignite substrate had higher firmness and higher contents
of -carotene, lutein and chlorophyll a and b compared to fruit obtained
from plants grown in mineral wool (Lazny et al., 2021). However, there
is no information on the effect of the use of lignite substrate during
production on the quality of cucumber fruit during storage and sale.

The aim of this study was to evaluate the effects of lignite substrate
and assimilation lighting and storage method on the quality and stor-
ability of hydroponically grown cucumber fruit. After fruit harvest, cold
storage and simulated commodity trading conditions were used in the
study: storage, transport under cold storage conditions and sale of fruit
on an unrefrigerated shop shelf.

2. Materials and methods
2.1. Experimental conditions

Plants from which fruit was taken for research were grown in the
chambers of the WULS Greenhouse Experimental Centre. The cultiva-
tion chambers, with an area of 40 m? each, were equipped with 3
cultivation troughs, each trough being 9 m long. Six cultivation mats
were placed on each trough. Half of the mats were Grodan’s Grotop
Master mineral wool substrate and half were Carbomat lignite substrate
from Carbohort. Before cultivation, the growing mats were flooded for
48 h with a nutrient solution (8 dm®), with an EC of 2.0 dS'm™" and a pH
of 5.5. The composition of the nutrient solution in drip irrigation was: N-
NOs 230, N-NHy4 10, P-PO4 40, K 290, Ca 180, Mg 45, S-SO4 60, Fe 2.5,
Mn 0.80, Zn 0.33, Cu 0.15, B 0.33 and Mo 0.05 (mg-dm 3). The fertil-
isers used for the concentrated 100-fold nutrient solution were in tank A:
Ca(NO3)y, KNO3, and in tank B such fertilisers as KNO3, KHyPO4, K2SOy4,
MgSO,4 and Superba Mikromix (Yara company), while container C
contained 55% nitric acid. After this time, two 5 cm vertical drainage
holes were made in the mineral wool mats in each of the 2 longer sides of
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the mat and 2 holes in the shorter sides of the mat. In the case of lignite
mats, two 5 cm vertical drainage holes were made in the longer sides of
the mat, according to a previously developed method (f.azny et al.,
2021). A greenhouse cucumber of the "Mewa’ F1 variety from Rijk
Zwaan was used in the study. This variety is characterised by fruit
20-24 cm long and weighing 200-240 g, with dark green, smooth skin
and light ribbing. According to the producer, the variety is resistant to
light deficiency and has an even yield. Cucumber plants were planted in
the 42nd week of 2021 at 6 plants per mat, with a density of 2.7 plants
per m? Plants were grown under 18 HPS lamps (top lighting- Gavita
GAN 600 W) (control) and 24 LED lamps (top lighting- Philips Green
Power LED (DR/W - LB, 195 W) + interlighting - 2 lines of LEDs with 18
pes. of Philips Green Power LED, 2.5 m HO DR/B 100 W module). Cu-
cumber plants were exposed to light for 16 h per day and light condi-
tions in terms of PAR (Photosynthetically Active Radiation) were
maintained in each chamber as close as possible to ~320 ymol m~ 257!
(PPFD - photosynthetic photon flux density). The PPFD was measured at
the horizontal position and in the middle of plants canopy. The lamps
were placed over the tops of the plants and were automatically switched
off at a solar radiation level of 250 W/m 2 Temperature and other
microclimate parameters were set and maintained at 23/21 °C D/N, RH
70% and CO3 800 ppm. The nutrient solution was prepared from one-
and two-component mineral fertilisers (Yara company). The composi-
tion of the nutrient solution in drip irrigation was: N—NO3 230, N—NH,
10, P-PO4 50, K 330, Ca 180, Mg 55, S-SO4 80, Fe 2.5, Mn 0.80, Zn 0.33,
Cu 0.15, B 0.33 and Mo 0.05 (mg-dm 3). The nutrient solution was
dosed using a FertiMiX-Go automatic fertiliser dosing system equipped
with a Ridder HortiMaX-Go controller. The nutrient solution parameters
were set at 3.2 dS m~! EC, pH 5.5 and checked daily with a portable
pH/EC metre. The nutrient solution was dosed in interval cycles at a rate
of 0.8 to 2.5 dm® per plant, depending on the developmental stage of the
plant. Irrigation was started at 6 am. and finished at 8 p.m. After
planting the seedlings, the first five buds of each plant were removed.
The plants were managed on strings using the guide method, in which all
lateral shoots and clinging tendrils were removed. Once the plants were
rooted, every second bud on the guide shoot was removed. When the
plants were fully fruiting, the lower oldest leaves were removed every
three days (maximum three at a time). For the study, 6 growing mats (36
plants) were randomly selected from each combination, i.e. 3 replica-
tions, 2 growing mats each (12 plants per replication - n = 12).

2.2. Plant material

Cucumber was grown hydroponically in a solid lignite substrate and
a mineral wool substrate. The plants were grown under HPS and LED
lamps. Cucumber fruits weighing 200-240 g were harvested every 2
days and divided into marketable yield and non-marketable (malformed
and crooked fruits) yield. Random fruit samples were taken from such
harvested fruits for testing. A single sample was 4 fruits, i.e. approxi-
mately 1 kg +/- 0.1 kg (commercial yield only). Fruits were uniformly
green in colour, with no signs of damage or disease. Fruits for storage
were sampled twice: on date I - week 47 of 2021 and on date II - week 2
of 2022. A diagram of the trials is shown in Fig. 1. The total number of
fruit taken for storage at each date was 192 fruit, with 4 fruit in 4 rep-
licates for each combination.

2.3. Packaging tr and storage conditi

Fruit destined for storage, at each of the two dates, was packaged
appropriately and their storage started. The storability of fruit from 4
growing combinations was studied: fruit growing in mineral wool sub-
strate under HPS light (HPS+MW), fruit growing in lignite substrate
under HPS light (HPS+L), fruit growing in mineral wool substrate under
LED light (LED+MW) and fruit growing in lignite substrate under LED
light (LED+L). The study included 3 ways of packaging the cucumber
fruit: 1 - a 16 cm x 40 cm x 30 cm HDPE (High Density Polyethylen)
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Cucumber growing conditions
investigated:

HPS+MW HPS+L LED+MW LED+L

[ /

Storage dates for cucumber fruit
« term 1
« term 2

The packaging methods tested

« HDPE box
« Cardboard box
« PE film

Storage methods tested

« 5days in cold storage (12°C),
« 10 days under simulated store
conditions:
-first 5 days (12°C)
-next 5 days under storage in
in-store conditions (22°C)

l

Analyses of fruits

% weight loss of fruit
assessment of fruit quality:
-dry matter and TSS content
-hardness

-sensory quality of fruit

Fig. 1. Research scheme and experimental factors: 1) Cultivation method
(light + substrate): HPS + mineral wool (HPS+-MW), HPS + lignite (HPS+L),
LED + mineral wool (LED+MW), LED -+ lignite (LED+L), 2) Post-harvest fruit
packaging: HDPE box, PE film, Cardboard box, 3) Storage conditions: 5 days in
cold storage (12 °C) and 10 days under simulated store conditions (22 °C): 5
days in cold storage and next 5 days under shop conditions.
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plastic box, 2 - a 19.7 cm x 39.5 cm x 29.7 cm vegetable cardboard box
(Cardboard box), 3 - a 59 cm x 21.5 cm PE (Polyethylene) film bag for
food storage. All packaging was certified to meet the requirements of EU
standards. The sampled fruits were placed 4 at a time (1 +/- 0.1kg) inan
HDPE box, a Cardboard box and a PE film bag in four equal replicates.
Six perforation holes were made in the PE film bag with a G22 x 1.5
(0.70 x 40 mm) hypodermic needle (Pikdare S.p.A. a company of MTD
Medical Technology and Devices S.A.).

The fruit was stored for 5 days in a cold storage (12 °C), and 10 days
under simulated store conditions: first 5 days in a cold storage (12 °C)
and the next 5 days under in-store conditions (22 °C). Fruits were
initially placed in a cold store with a temperature of 12 °C and relative
humidity (HR) of 85-90%, in the dark, for 5 days, which resembles
typical transport and storage conditions. The fruit was then placed at 22
°C for 5 days, simulating sale on an unrefrigerated shop shelf (HR
~60%). The tests were carried out on two dates, in 4 replicates for each
combination (Fig. 1).

2.4. Quality assessment

Percentage weight loss was calculated by weighing the fruit from
each combination and repetition, recording the initial weight. For 5
consecutive days of cold storage (12 °C), the fruit and its packaging were
weighed daily on a laboratory scale accurate to two decimal places. The
weight of the packaging was taken into account when compiling the
results. After 5 days of storage, the fruit was removed from the cold store
and placed at 22 °C for a further 5 days, where the weight loss of the fruit
in each combination was weighed and recorded daily in the same
manner. Percentage weight loss was calculated as follows (Rab et al.,
2013):

Water loss in stored cucumber fruit was calculated from the results of
the fresh weight of the samples and the dry matter content of the fruit.
From the water content of the cucumber fruit directly after harvest, the
water content of the stored fruit was subtracted. The water loss was
expressed as% relative to the water content of the fruit directly after
harvesting. The results of water loss from stored fruit are included in the
supplementary materials under the names Table S1 and Table S2. After
removing the fruit from the cold room, 1 replicate from each combi-
nation was randomly selected and destined for analysis The remaining 3
replicates were left for 5 days at 22 °C. After 5 days in the cold store,
fruits from the PE film combination were removed from the plastic bags
and placed in cardboard boxes, as is practised at the point of sale, and
then stored for another 5 days at 22 °C, like the other fruits. After such a
simulated sale on an unrefrigerated shelf, the fruit was also destined for
analysis.

Fruit analysis included determination of fruit firmness, dry matter,
TSS and nitrate content. On all fruit from each combination, firmness
was measured using an HPE hardness tester with a shank diameter of 5
mm (Bareiss, USA). Measurements were taken at 3 points on the fruit (at
the peduncle, in the middle and in the bract area) at a 90" angle to the
fruit, giving results on the HPE scale from 0 to 100 units. After ho-
mogenisation of 4 fruits (including the peel) from each combination, the
dry matter content of the fruits was determined using the dryer-weight
method at 105 °C (SUP-65 W laboratory dryer, Poland). Total Soluble
Solids (TSS) content in the sample was determined using a digital
refractometer (Hanna Instruments HI-96,800), giving the results in
percentages (%). TSS was determined by taking approximately 5 g of
homogenised fruit with a plastic spoon and applying it to the digital
refractometer. After each measurement, the refractometer was rinsed
with distilled water and wiped dry. The nitrate content was determined
in a 10 g sample, which was weighed on a laboratory scale accurate to
two decimal places and transferred quantitatively to plastic bottles.
Then 0.5 g of activated carbon and 100 ml of 2% acetic acid (CoH405)
were added and the samples were shaken for 30 min on a laboratory
stirrer. After this time, the resulting solution was filtered through a
fluted filter. In the clear solution, the nitrate content was determined



R. tazny et al.

spectrophotometrically at 540 nm using a FIAstar 5000 analyzer FOSS
instrument and the results are given in mg/kg * fresh weight; FW.

Sensory analysis of the fruit was carried out in the Sensory Analysis
Laboratory of the Department of Vegetable and Medicinal Plants, which
complies with PN-EN SO 8589:2010/A1:2014-07 ("Polish Standards.
PN-EN ISO 8589:2010/A1:2014-07 - English version - Sensory analysis -
General guidelines for the design of sensory analysis laboratories. Polish
Standards; PKN: Warsaw, Poland," 2014). Fruit evaluation was per-
formed just after fruit harvest and after cold storage (5 days) and after 5
days under simulated trading conditions (10 days after harvest). Six
fruits from each combination were randomly selected, then washed and
peeled with a fruit and vegetable peeler (Tescoma Presto Expert). Four
5-mm-thick slices were then cut from the central part of the fruit
(cross-section) and sticks representing approximately one-quarter of the
cucumber fruit (longitudinal section) were cut from the rest of the fruit.
Each sample consisted of 2 longitudinal sticks of cucumber fruit and 1
slice 5 mm thick. The fruit samples prepared in this way were placed in
appropriately coded plastic containers with lids, intended for food. The
fruit samples were evaluated by a trained team of 10 people for the
distinguishing characteristics of aroma, colour, texture and flavour. The
overall quality of the fruit was also assessed. A quantitative descriptive
analysis (QDA) method - sensory profiling - was used to assess the cu-
cumber fruit. Distinguishing characteristics were assessed on a contin-
uous graphical scale from 0 to 10 contract units, labelled with
appropriate terms. Each of the 10 people in the evaluation team was
given an individual number and a set of 6 samples in a random order
(according to the numbering codes). Between each sample, a piece of
wheat bread roll had to be consumed and washed down with water to
neutralise the taste. The assessors took 120-minute breaks before the
next assessment.

The following cucumber fruit quality characteristics were assessed in
the overall evaluation:

(a) smell
o fresh cucumber - characteristic smell of freshly sliced cucum-
ber, scale: undetectable - very intense
o "foreign" - unusual for a fresh cucumber, if foreign smells were
perceptible they had to be specified, scale: not perceptible -
very intense
(b) the colour of the flesh, ranging from light cream to light green
(c) texture
o size of the seed cavity, scale: small - very large (3/4 of the
diameter of the fruit)
o firmness of the flesh - the resistance of the flesh when biting
into a piece of peeled cucumber, scale: soft, flabby - firm, hard
e juiciness of the fruit - sensation perceived when the piece of
fruit is assessed orally, scale: not very juicy - very juicy
(d) taste
e fresh cucumber - taste characteristic of fresh cucumber fruit
o sweet - sensation of sweetness associated with the presence of
carbohydrates in the sample, occurring with some delay after
tasting
o sour - basic flavour
e bitter - basic flavour
o unfamiliar - taste unusual for a fresh cucumber, if felt, it had to
be determined what the taste was

(d) overall evaluation - the overall sensory impression perceived
when evaluating the sample, which included the texture and flavour
attributes evaluated, scale: bad - very good

2.5. Statistical analysis
Statistical analysis was performed with Statistica software system

[Dell Inc. Dell Statistica. Version 13. 2016. Available online: software.
dell.com (accessed on 20 April 2022)]. Data were subjected to
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multifactorial analysis of variance (ANOVA) and Tukey's HSD test for
evaluating the differences amongst means at p < 0.05. The biplot display
of principal component analysis (PCA) was used to determine the rela-
tionship between sensory evaluation scores and multivariate differences
of substrate and lighting combinations.

3. Results and discussion
3.1. Weight loss, firmness and dry matter of fruit

Weight, firmness, colour and flavour are key indicators of vegetable
quality that are influenced by post-harvest handling (Nishizawa et al.,
2018; Valverde-Miranda et al., 2021). The results show that the lowest
fruit weight loss was recorded in the PE film combination and the
highest in the control (HDPE box) (Table 1). The lowest weight loss
during cold storage, as well as during simulated shelf sale, was observed
in fruit from the PE film combination grown under LED light and in
lignite substrate (Table 1). This was probably due to the use of PE film,
while a significant effect of lignite substrate on cucumber fruit shelf life
and reduction of weight loss during both cold storage and shelf storage
was demonstrated (Table 1). Fruit grown in lignite also had significantly
lower water loss during storage compared to fruit grown on rockwool
(Table S1). A similar trend was noted for fruit stored at 22 °C (Table S2).
Lignite substrate has stable physical properties during plant growth and
development and contains a number of chemicals that can directly affect
cucumber plants (Lazny et al., 2021, 2022b). In a study comparing co-
conut fibre substrate and mineral wool Xing et al. (2019) indicate the
induction of complex proteome changes in tomato roots related to
mineral ion binding and transport in coconut fibre substrate. Similar
changes may occur in lignite substrate and may indirectly affect

Table 1
Lffect of packaging, supplementary lighting and growing medium on cucumber
fruit weight loss [%] (average of two terms).

Packaging Supplementary Growing medium Mean
lighting Mineral Lignite
wool
after 5 days in cold storage
HDPE box HPS 4.04 4.27 4.11 4.31
=0.10 +0.31 +0.22 b +0.49 ¢
LED 4.82 4.21 4.51
=0.77 +0.26 +0.61 ¢
Cardboard HPS 4.40 3.75 1.08 3.96
box =0.39 +0.19 +0.45b  +0.37 b
LED 3.99 371 3.85
=0.29 +0.09 +0.25 b
PE film HPS 0.20 0.22 0.21 0.21
=0.01 £0.01 +0.01 a +0.01 a
LED 0.20 0.21 0.20
=0.01 +0.02 +0.01 a
Mean 2,94 271
=2.04 +1.84 *
after simulated trading 10 days - 5 days in cold storage and 5 days at 22 °C
HDPE box HPS 12.54 12.39 12.19 13.18
=118 =1.51 +1.27b +2.06 ¢
LED 15.49 12.85 14.17
+2.84 +0.28 +231c¢
Cardboard 11Ps 13.26 11.14 12.20 11.89
box -1.36 +1.36 +1.52 b +1.18 b
LED 12.14 11.02 11.58
=0.35 =0.35 +0.72b
PE film HPS 9.11 9.23 9.17 8.97
=1.41 +0.32 +0.92a +0.86 a
LED 8.64 8.92 8.78
=0.19 +1.28 +0.83a
Mean 11.86 10.83
=274 £1.61 *

Means marked with the same small letters are not significantly different at o =
0.05 (Tukey test).
Means marked with an asterisk are significantly different (p < 0.05).
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cucumber fruit quality, which is confirmed in previous studies con-
ducted on lignite substrate (Lazny et al., 2021, 2022b). Lignin and cel-
lulose are also present in the lignite substrate, which can cause
immobilisation of soluble N (Atzori et al., 2021). The presence of a range
of nutrients that lignite substrate has and the ability to immobilise N can
translate into fruit quality. As shown in Table 1, after 5 days of storing
cucumber fruit in cold storage, the fruit had less weight loss than fruit
stored for a further 5 days at room temperature (22 °C) (Table 1). In both
cases, the best preserved, i.e. with the lowest weight loss compared to
fruit immediately after harvest, were fruit packed with PE film, followed
by fruit stored in a cardboard box, and the highest weight loss was
shown by fruit stored in an HDPE box. (Tables 1). The results of the
dynamics of weight loss during storage of cucumber fruit clearly show
the best effects in reducing the rate of fruit weight loss when PE film was
used both under cold storage conditions and after removal of the fruit
from the film and further storage for 5 days at 22 °C (Fig. 2). The fastest
weight loss was experienced by fruit stored in HDPE box plastic har-
vested from the crop grown in mineral wool substrate (Fig. 2).

Research findings by Abisoet al. (2015) demonstrate that storing
tomato fruit at ambient temperature accelerates weight loss through
transpiration, which is consistent with the results obtained for cucumber
fruit (Table 1). According to Owoyemi et al. (2021) cucumber fruit
without individual packaging or foil loses weight faster compared to
fruit with packaging, which also confirms the results obtained in their
study (Table 1). The study did not show any significant interactions
between the compared combinations for weight loss for the two modes
of cucumber fruit storage analysed.

The climatic parameters occurring at the time of cultivation, as well
as the fruit load, the variety and a number of other factors directly affect
the quality of the fruit (Marcelis, 1992). The hardness/firmness of cu-
cumber fruit is considered to be one of the most important quality traits
(Gomez-Lopez et al., 2006). The marked decrease in firmness of stored
fruit at ambient temperature is due to the rapid loss of water and
respiration of the fruit. This parameter is also influenced by packaging,
which is clearly noticeable in the case of fruit removed from the plastic
bag (PF film) and placed in a cardboard box, as used by most super-
markets (Table 3). When analysing the hardness of cucumber fruit
measured at harvest, there were no significant relationships between
fruit hardness and the way the plants were grown: substrate and sup-
plementary lighting (Table 2).

= == LED Rockwool HDPE box ,
14 | LEDLignite HOPE box P
LED Rockwool Cardboard box 74
LED Lignite Cardboard box P
42 - === LED Rockwool PE fim 4
e LED Lignite PE film /
* *** HPS Rockwool HDPE box /
10 | wmmmmHPS Lignite HDPE box /
* * ** HPS Rockwool Cardboard box ’
m HPS Lignite Cardboard box o7
« ¢+« HPS Rockwool PE fim
— HPS Lignite PE fim

Days

Fig. 2. Effect of packaging on dynamics of cucumber fruit weight loss during
storage in simulated trading 10 days - 5 days in cold storage and 5 days at 22 °C
(average of two terms).
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Table 2
Lffect of supplementary lighting and growing medium on cucumber fruit
hardness at harvest [HPE] (average of two terms).

Lamp Growing medium Mean

Mineral wool Lignite
HPS 62.9310.62 63.20£0.84 63.06£0.70 ns
LED 64.80£0.65 64.2840.75 64.71£0.66 ns
Mean 63.86+1.16 ns 63.91+1.06 ns

ns - not significant (p < 0.05).

In contrast, there was a significantly higher hardness of stored cu-
cumber fruit from plants grown in lignite substrate compared to those
from plants grown in mineral wool (Table 3). Fruits stored under
simulated trading conditions (5 days in cold storage and a further 5 days
at room temperature) harvested from plants grown under LED light also
showed higher firmness than those from the crop grown under HPS light
(Table 3). In a study by Freitas et al. (2021) and Hovi-Pekkanen &
Tahvonen (2008) there was no effect found of LED light on cucumber
fruit quality and extension of post-harvest shelf life. The results obtained
after storage under simulated trading conditions (Table 3) indicate a
significant effect of the lignite substrate and LED light on cucumber fruit
firmness, with this parameter being also influenced by the packaging
method. Fruit packed in a cardboard box had significantly the lowest
firmness, while loss of firmness was reduced by PE film packaging,
which is particularly evident after simulated trading (Table 3). This
confirms previous reports that adequate packaging reduces weight loss
and firmness loss in cucumber fruit (Mahajan et al., 2016; Owoyemi
et al., 2021).

Table 3
FEffect of packaging, supplementary lighting and growing medium on ecucumber
fruit hardness [HPE] (average of two terms).

Packaging Supplementary Growing medium Mean
lighting Mineral Lignite
wool
after 5 days in cold storage
HDPE box HPS 61.03 62.15 61.59 6111
+0.74 +0.31 +0.80 a +1.73a
LED 59.05 63.13 61.21
+0.58 +0.46 4238 a
Cardboard HPS 53.15 54.90 54.03 57.47
box +0.74 +0.74 +1.16 b +391b
LED 59.00 62.83 60.91
+0.32 +0.46 +2.08 a
PE film HPS 60.80 60.93 60.86 61.94
+0.73 +1.09 +0.87 a +1.47 a
LED 62.20 63.83 63.01
+0.59 +0.82 +1.09a
Mean 59.20 61.34
+3.05 +3.16 *
after simulated trading 10 days - 5 days in cold storage and 5 days at 22 °C
HDPE box HPS 52.80 53.36 53.09 56.94
+0.36 +1.35 +0.96 d +4.46 b
LED 58.25 63.35 60.80
+0.74 +0.26 +2.77
ab
Cardboard 1PS 50.95 50.65 50.80 53.86
box +0.44 +0.97 +0.71 +4.90 ¢
cd
LED 51.98 61.86 56.93
+1.71 +0.68 +5.43
be
PE film HPS 57.00 541.06 55.54 58.65
+1.23 +0.54 +1.79d +3.52a
LED 60.98 62.55 61.76
+0.92 +0.39 +1.06 a
Mean 56.33 57.65
+3.81 £5.23 *

Means marked with the same small letters are not significantly different at o =
0.05 (Tukey test).
Means marked with an asterisk are significantly different (p < 0.05).
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3.2. TSS and nitrate content of cucumber fruit

Cucumber fruits harvested from plants grown on lignite substrate
and under LED lamps had significantly higher TSS content than those
from plants grown in mineral wool, under HPS light (Table 4). For TSS
content in cucumber fruit, there was no interaction between the sub-
strate used and supplementary lighting. Published studies show that the
TSS and dry matter content of cucumber fruit can vary depending on the
date of fruit harvest, the month of cultivation and the method of storage
(Valverde-Miranda et al., 2021). According to Lazny et al. (2022b) the
TSS content of the fruit also depends on the type of substrate in which
the plants are grown.

After cold storage of cucumber fruit, and after 10 days of simulated
trading, higher concentrations of cell sap soluble components (TSS)
were found in fruit from plants grown in lignite substrate compared to
plants grown in mineral wool substrate (Table 5). A similar trend was
also observed for plants grown under LED light. The type of packaging
also had an effect on the TSS content of cucumber fruit. Fruit stored for 5
days in the cold storage in HDPE boxes contained more than 4% more
TSS than fruit stored in other packaging (Table 5).

However, after 10 days of storage, the HDPE box and PE film com-
binations had the highest TSS content (by more than 4%) compared to
fruit stored in a Cardboard box (Table 5). Ahmad et al. (2011) found no
effect of organic substrates (date-palm peat, cocopeat) on increasing TSS
content in cucumber fruit compared to mineral substrate (perlite). Fruit
stored for 5 days in cold storage had lower TSS concentrations than fruit
stored for another 5 days at 22 °C (Tables 5). Similar results were ob-
tained by Bahnasawy & Khater (2014) where the concentration of TSS in
cucumber fruit increased as the storage temperature increased from 5 °C
to 25 °C. On the other hand, researchers in Spain found that the TSS
content in cucumber fruit decreased with the storage length (Valve-
rde-Miranda et al., 2021). Results of the study by Kahramanoglu &
Usanmaz (2019) also confirm a decrease in TSS content in fruit with the
storage length.

Similarly to the TSS content of cucumber fruit, the dry matter con-
tent was also significantly higher in fruit obtained from plants grown in
lignite substrate and under LED lamps (Table 6). Researchers Kahra-
manoglu and Usanmaz (2019) showed a linear relationship between TSS
and fruit dry matter content until ageing. In the study it was found that
as the TSS content of the fruit increases, the dry matter content increases
and vice versa. In the results presented, for fruit stored for 5 days in cold
storage, the average dry matter content of the fruit was 3.59%, and for
fruit stored a further 5 days at 22 °C it was 3.84% (Tables 7).

After storing cucumber fruit under simulated trading conditions (5
days of cold storage and another 5 days at 22 °C), there was a signifi-
cantly higher dry matter content in fruit from plants grown in lignite
substrate than in plants grown in mineral wool (Table 7). It is likely that
the increase in dry matter in the fruit correlated with water loss through
the fruit. There was no effect of the supplementary lighting on the cu-
cumber plants, whether with HPS or LED lamps or the packaging used in
the study on the dry matter content of the fruit, either after 5 days of cold
storage or after a further 5 days at 22 °C (Table 7).

Valverde-Miranda et al. (2021) showed that the concentration of dry
matter in cucumber fruit decreases with the increasing storage length.
Previous findings by fazny et al. (2021) also showed the effect of lignite

Table 4
Effect of supplementary lighting and growing medium on cucumber fruit TSS at
harvest [*Brix] (average of two terms).

Lamp Growing medium Mean
Mineral wool Lignite

HPS 3.55+0.06 3.38+0.05 3.16:0.11

LED 3.68:0.05 3.93+0.06 3.86+0.21 *

Mean 3.61+0.08 3.714+0.36 *

Means marked with an asterisk are significantly different (p < 0.05).
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Table 5
Lffect of packaging, supplementary lighting and growing medium on cucumber
fruit TSS content [*Brix] (average of two terms).

Packaging Supplementary Growing medium Mean
lighting Mineral Lignite
wool
after 5 days in cold storage
HDPE box Hrs 3.58 3.98 3.78 3.95
+0.05 +0.05 +0.22 b +0.30 a
LED 3.88 4.38 4.13
+0.05 +0.05 +0.27 a
Cardboard HPS 3.68 3.68 3.68 3.79
box +0.05 =0.05 +0.05 b +0.18 b
LED 3.73 1.08 3.90
+0.05 +0.05 +0.19
ab
PE film HPS 3.55 3.78 3.66 3.79
+0.06 +0.05 +0.13 b +0.20 b
LED 3.78 1.08 3.93
+0.05 £0.05 +0.17
Mean 3.70 3.99 ab
+0.12 +0.24 *
aflter simulated trading 10 days - 5 days in cold storage and 5 days at 22 °C
HDPE box HPS 4.23 4.25 4.24 4.25
+0.05 +0.06 +0.05 a +0.11a
LED 4.15 4.2 4.26
+0.06 +0.13 +0.15a
Cardboard HPS 3.85 4.03 3.94 3.99
box +0.10 =0.05 +0.12Db +0.15b
LED 3.93 4.18 4.05
+0.10 =0.10 +0.16
ab
PE film 11Ps 3.78 4.38 4.08 4.05
+0.05 +0.05 +0.32 +0.27 a
ab
LED 3.85 4.20 4.03
+0.06 =0.14 +0.21
Mean 4.09 4.23 ab
+0.18 +0.15 *

Means marked with the same small letters are not significantly different at o =
0.05 (Tukey test).
Means marked with an asterisk are significantly different (p < 0.05).

Table 6
Lffect of supplementary lighting and growing medium on cucumber fruit dry
matter content at harvest [%] (average of two terms).

Lamp Growing medium Mean
Mineral wool Lignite

HPS 3.2040.01 3.3540.06 3.28+0.09

LED 3.2040.11 3.73+0.01 3.17+£0.30 *

Mean 3.2040.07 3.51+0.21 *

Means marked with an asterisk are significantly different (p < 0.05).

substrate on the dry matter content of cucumber fruit. In addition, it was
found that despite the significantly higher dry matter content of fruits
grown in lignite, these fruits also lost water more slowly. Despite storing
fruit at 22 °C, fruit obtained from plants grown on brown coal also lost
water to a lesser extent compared to fruit grown on mineral wool as
presented in table S1 and S2. Thus, lignite substrate can influence the
dry matter content, increasing the post-harvest shelf life of cucumber
fruit.

The results also show that the fruit obtained from plants grown in
lignite substrate and under LED lamps had a significantly lower nitrate
content (Table 8.). By controlling the growing conditions, it is possible
to influence the content of desirable components in cucumber fruit, i.e.
quality. A reduction in nitrate content can be achieved, amongst other
things, by controlling the concentration and composition of the nutrient
solution by inducing eustress, as well as by using appropriate lighting
(Lazny et al., 2022b; Rouphael et al., 2018). Also, studies by Diugosz
Grochowska et al. (2016) showed that light control during the
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Table 7
Effect of packaging, supplementary lighting and growing medium on cucumber
fruit dry matter content [%] (average of two terms).
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Table 9
Lffect of packaging, supplementary lighting and growing medium on cucumber
fruit nitrates content [mg/kg" FW] (average of two terms).

Packaging Supplementary Growing medium Mean Packaging Supplementary Growing medium Mean
lighting Mincral Lignite lighting Mineral Lignite
wool wool
after 5 days in cold storage After 5 days in cold storage
HDPE box Hrs 3.45 3.65 3.55 3.69 HDPE box HPS 198.7 + 160.8 + 179.7 135.8 +
+=0.22 +0.04 +0.18 +0.21 1.28 0.11 +2.23 5.17a
ab ns b
LED 3.74 3.92 3.83 LED 116.8 + 67.1 + 91.9 +
=0.10 +0.06 +0.13b 0.76 0.12 276 a
Cardboard HPS 3.39 3.51 346 3.51 Cardboard HPS 221.5 197.6 £ 209.5 150.8 =
box =0.21 +=0.26 +0.23 =0.29 box 0.18 0.06 =131 6.11b
ab ns b
LED 3.32 3.90 3.61 LED 1126 = 71.4 92.0 +
=0.21 +0.12 +0.35 1.09 0.51 2.38a
ab PE film HPS 217.5 + 181.9 + 199.7 133.7 =
PE film HPS 3.50 3.31 341 3.55 0.85 1.47 +2.23 7.07 a
=0.02 +0.10 +0.12a +0.24 b
LED 3.64 3.71 3.69 ns LED 71.8 + 63.6 = 67.7 +
=0.40 +0.03 +0.26 0.64 0.41 0.66 a
Mean 3.51 3.68 ab Mean 156.5 = 123.7 +
=0.24 ns +0.24 6.05 593 *

us
after simulated trading 10 days - 5 days in cold storage and 5 days at 22 °C

HDPE box HPS 3.90 3.90 3.90 3.87
=0.10 +0.01 +0.06 +0.08
ns ns
LED 3.78 3.91 3.85
=0.07 +0.04 +0.09
ns
Cardboard Ps 3.74 3.87 3.78 3.83
box =0.16 +0.10 +0.14 +0.14
ns sn
LED 3.74 3.98 3.80
=0.14 +=0.03 +0.16
ns
PL film 1Ps 3.77 4.14 3.95 3.83
=0.10 +0.16 +0.24 +0.21
ns ns
LED 3.65 3.76 3.70
=0.02 +£0.03 +0.06
Mean 3.76 3.93 ns
=0.12 £0.14 *

Means marked with the same small letters are not significantly different at o« =
0.05 (Tukey test).
Means marked with an asterisk are significantly different (p < 0.05).

Table 8
Lffect of supplementary lighting and growing medium on cucumber fruit ni-
trates content at harvest [mg/kx’1 FW] (average of two terms).

Lamp Growing medium Mean

Mineral wool Lignite
HPS 214.5 £ 2.00 198.9 = 0.95 230.6 £3.75b
LED 118.7 £ 0.67 71.7 £ 0.05 95.2+2.6la*
Mean 190.5 £ 7.98 1353 =7.00 *

Means marked with an asterisk are significantly different (p < 0.05).

cultivation of leafy vegetables allows a reduction in nitrate and an in-
crease in the content of ascorbic acid, folic acid, polyphenols and
chlorophyll in leaves (Rouphael et al., 2018).

Stored cucumber fruits from plants grown in lignite substrate and
under LED light were also found to have significantly lower nitrate
content than those from plants grown in mineral wool and under sodium
lamps (Table 9). There was more than 50% reduction in nitrate content
in fruit stored for 5 days in cold storage for fruit from combinations with
LED lamps, compared to fruit from plants grown under HPS lamps
(Table 9). A similar trend was observed for fruit after simulated trading,
where the nitrate content was lowest in the combination grown in lignite
substrate and under LED lamps (Table 9). The content of these

after simulated trading 10 days - 5 days in cold storage and 5 days al 22 °C

HDPE box HPS 1264 + 149.2 + 137.8 111.5 +
0.53 0.36 +1.31 3.48b
b
LED 111.3 % 59.3 85.3 +
0.57 0.59 290a
Cardboard HPS 200.5 = 759 £ 114.3 100.8 =
box 1.19 0.16 +6.87 6.12a
b
1ED 74.3 + 52.4 + 63.3 +
0.46 0.05 1.23a
PE film HPS 197.7 = 85.1 £ 141.4 1024 £
174 0.43 =627 6.58 ab
b
1ED 72.0 + 54.9 + 63.4 +
0.07 0.39 0.97 a
Mean 130.3 + 79.5 +
5.44 3.44 *

Means marked with the same small letters are not significantly different at « =
0.05 (Tukey test).
Means marked with an asterisk are significantly different (p < 0.05).

compounds was also influenced by the method of packaging, where fruit
stored in a Cardboard box had a significantly higher nitrate content after
5 days of cold storage (Table 9). After a further 5 days of storage at room
temperature, the nitrate content of the cucumber fruits decreased and
the fruits in the Cardboard box had a lower nitrate content than those
stored in the HDPE box (Table 9).

The nitrate concentration in cucumber fruit was found to decrease
with the length of storage (Table 9). The results obtained are consistent
with the results of Wieczorek and Traczyk(1995), where it was proven
that the nitrate content of white cabbage decreases during cold storage.
Different results were obtained by studying lettuce (Lactuca sativa L.),
where it was shown that the nitrate content increases with the length of
storage (Silalahi et al., 2016).

Not only the type of light, composition and temperature of the me-
dium, but also the type of substrate influences the content of nutrients
and substances harmful to human health. However, knowledge on this
subject is still limited. Available studies on tomatoes only show a
beneficial effect of nutrient solution temperature at 20 °C on the rate of
nutrient uptake and increased fruit quality (Rouphael et al., 2018). On
the other hand, the results of previous experiments in cucumber culti-
vation clearly indicate that the type of substrate significantly affects the
fruit quality of greenhouse cucumber (Lazny et al., 2021, 2022b).

3.3. Sensory assessment

In the assessment of sensory quality of fruit at harvest, PCA principal
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component analysis was applied to the QDA data, and the first two
principal components explained 87.46% of variance (PC1 63.23% and
PC2 24.13%). PCA was used for dimensionality reduction and explor-
atory data analysis. A dataset that includes sensory evaluations of cu-
cumbers depending on the packaging (when fruits were stored),
supplementary lighting and growing medium was used. PCA identifies
the principal components (PCs), which are linear combinations of the
original sensory parameters that explain the maximum variance in the
data. Objects that are close to each other in the PCA plot are more similar
in terms of their sensory parameters. Parameters that have similar values
on the same PCs are positively correlated, indicating that they tend to
vary together. Conversely, sensory parameters with values of opposite
signs on the same component are negatively correlated, indicating an
inverse relationship. The projection of samples on the plane defined by
PC1 and PC2 is shown in Fig. 3. Applying principal component analysis
showed significant sensory variation in cucumbers harvested from
plants grown in the substrate and supplementary lighting combinations
tested. The most homogeneous group were the fruit samples from the
lignite substrate cultivation grown under LED lamps, which were also
characterised by the best sensory parameters: fresh cucumber smell
(A1), fruit firmness (A5) and sweet taste (A8). Sour taste (A9) and bitter
taste (A10) were very poorly or not perceptible at all. Some assessors
also indicated the foreign smell (A2) and foreign taste of the fruit (A11),
which were described positively as being similar to melon and water-
melon. In fruit grown under LED light but in mineral wool, the most
noticeable was the taste of fresh cucumber fruit (A7) and fairly high
juiciness (A6) (Fig. 3).

Fruits from cultivation under HPS lamps were characterised by
different sensory quality - samples from cultivation in lignite substrate
were dominated by sour taste (A9) and bitter taste (A10), while fruits
grown in mineral wool were characterised by low fresh cucumber
flavour intensity and green flesh (A3), with large seed nest size (A4). As
reported by Kowalezyk et al. (2018), fruit grown under HPS and LED
lamps did not differ significantly in terms of sensory evaluation pa-
rameters. However, the presented study indicates higher ratings of
sensory parameters of fruit obtained in cultivation under LED lamps, but
the substrate used in the cultivation may also play a role here. According
to a study by Luoto (1984), tomato fruits grown in peat substrate were
tastier in the assessors’ perception compared to fruits from plants grown
in mineral substrate.

In the analysis of fruit after simulated trading, PCA principal
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component analysis was applied to the QDA data, and the first two
principal components explained 67.68% of variance (PC1 54.79% and
PC2 12.89%). The results of the PCA after storage under different con-
ditions made it possible to distinguish groups correlated with combi-
nations of substrate, light type and packaging for the fruit after storage.
Two opposite groups were clearly distinguished, suggesting a relation-
ship between their location and descriptor vectors. The first group
consisted of fruit obtained from the cultivation grown in lignite sub-
strate, while the second one consisted of cucumbers from plants grown
in mineral wool. Within these groups, varied sensory scores were
recorded for fruit stored in different packages under the light combi-
nations tested. The most homogeneous group consisted of fruit samples
originating from cultivation in lignite substrate under LED light,
regardless of the type of packaging. They were characterised by an
intense sweet taste (A8) and high firmness (A5), similar to the analysis of
fruit at harvest, indicating that these characteristics were retained after
storage. Cucumbers stored in a foil bag (PE film) received the highest
ratings within these samples, similar to cucumbers grown in lignite
substrate under HPS light, although this group was more diverse. Fruit
stored in the PE film bag was characterised by the most intense fresh
cucumber smell (A1) and flavour (A7), while cucumbers stored in the
cardboard and HDPE box were characterised by high juiciness (A6) and
intense green flesh colour (A3).

Stored fruit from the cultivation in mineral wool also varied
depending on the light used in cultivation and post-harvest packaging.
In samples of cucumbers grown under HPS light and later stored in a
cardboard box and plastic bag, the most noticeable foreign smell (A2)
was described by the assessors as musty. The fruit stored in the card-
board box was further characterised by a sour taste (A9). Samples from
plants grown in mineral wool under LED lighting, regardless of the
packaging used during storage, were characterised by a strong bitter
taste (A10) and a foreign taste (A11), described as musty, while low
scores for parameters such as fresh cucumber smell (A1), sweet taste
(A8) and firmness (A5) (Fig. 4).

As reported by Owoyemi et al. (2021), the flavour of cucumber fruit
changes with storage length, and the flavour ratings of fruit stored in
sealed packages were significantly lower. During simulated cucumber
fruit trading, taste ratings of unpackaged fruit (stored in bulk) decreased
and were significantly lower compared to fruit packed in micro-
perforated packaging (Owoyemi et al, 2021). In a study where
shrink-wrapped cucumbers were stored at 12 + 1 °C with 90-95%
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Fig. 3. Results of PCA presenting the relationships between sensory evaluation scores and multivariate differences of substrate and lighting combinations of the fruits
at harvest (red point in the biplot): Al - smell of fresh cucumber fruit, A2 - foreign smell, A3 - colour of the flesh, A4 - size of the nest, A5 - hardness, A6 - juiciness, A7
- fresh cucumber fruit flavour, A8 - sweet, A9 - sour, A10 - bitter, A11 - foreign flavour (black vectors).
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Fig. 4. Results of PCA presenting the relationships between sensory evaluation scores and multivariate differences of substrate, packaging and lighting combinations
of the fruits after storage (red point in the biplot): Al - smell of fresh cucumber fruit, A2 - foreign smell, A3 - colour of the flesh, A4 - size of the nest, A5 - hardness, A6
- juiciness, A7 - fresh cucumber fruit flavour, A8 - sweet, A9 - sour, A10 - bitter, A11 - foreign flavour (black vectors).

relative humidity, sensory scores of 7.02 were recorded after 15 days of
storage, after which flavour deteriorated (Dhall et al., 2012). The results
presented in this study show that fruit from combinations grown in
lignite substrate and under LED light received higher sensory scores.
There was no significant effect of packaging apart from the indication of
a foreign taste, defined as musty, in the case of fruit stored in PE film and
cardboard from combinations grown in mineral wool and under HPS
lamps. These results indicate that the growing medium can have a
greater influence on the taste and overall desirability of cucumber fruit
than the method of storage, provided that the fruit is stored at the right
temperature and in packaging dedicated to this type of vegetable.

4. Conclusions

One way to prolong the post-harvest quality of vegetables is through
proper packaging, transport and storage. However, if certain solutions
during production are applied, higher quality cucumber fruit with
increased post-harvest quality can be obtained. Organic lignite substrate
and LED supplementary lighting have a positive effect on the quality and
post-harvest shelf life of greenhouse cucumber fruit. Packing cucumber
fruit in foil extends the shelf life and post-harvest quality of these fruits
compared to storing fruit in plastic crates or cardboard boxes.
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The substrate in hydroponic cultivation is one of the basic factors for proper plant growth, and current envi-
ronmental trends suggest replacing the previously used mineral wool with organic substrates. Light is also
essential for proper plant growth, which is why LEDs (Light Emitting Diode) are increasingly used to provide plants
with supplementary light, allowing, among other things, to control the spectral composition. The aim of this
study was to determine the effect of lignite substrate and LED supplementary lighting on morphological and
physiological parameters as well as quality and yield of cucumber (Cucumis sativus L.) in hydroponic cultivation
compared to the cultivation in mineral wool substrate. Lignite mats applied in cultivation with LED supple-
mentary lighting had a beneficial effect on cucumber plant growth and development and plant nutrition in Fe, K,
P, Ca, Mg and Zn compared to cultivation in mineral substrate and HPS supplementary lighting. The combination
of LED lighting and lignite mats also improved the physiological parameters of the cucumber plants, as well as
fruit hardness. Fruits harvested from plants grown in lignite substrate and supplemented with LEDs had the

lowest nitrate content and increased TSS value, as well as increased fruit firmness.

1. Introduction

Increasing human activities in the second half of the 20th century
and the ever-increasing demands of many economic sectors, mainly
agriculture and forestry, have led to soil degradation across Europe and
beyond (Virto et al., 2014). Therefore, for these reasons, as well as the
need to increase the efficiency of vegetable crops, still largely tradi-
tionally grown in monoculture, soilless cultivation is being introduced
(Hossain et al., 2020). Hydroponic cultivation using inert substrates is
becoming increasingly important and technologically feasible. There are
an estimated 135 000 ha of glass-covered greenhouse crops in Europe
(Paris et al., 2022) and it is predicted that, due to the ever-increasing
global population, the area of these crops will show an increasing
trend (I<han, 2018). In intensive production under covers, a hydroponic
growing system using solid substrates (organic or mineral) is usually

* Corresponding author.
E-mail address: radoslaw_lazny@sggw.edu.pl (R. Lazny).

https://doi.org/10.1016/j.scienta.2023.112839

used. The main advantage of growing in a soilless system is the isolation
of the plant’s root system from the soil and the possibility to optimise the
physical and chemical characteristics for the root environment (Savvas
and Gruda, 2018). Often the soil is highly degraded, saline or becomes a
habitat for pathogenic organisms, eliminating it as a potential envi-
ronment for crop root development (Barrett et al., 2016; Kamran et al.,
2019). Substrate is one of the key factors for adequate plant develop-
ment, and the most commonly used substrate in cover cultivation is
mineral wool, which provides good air and water conditions, has a high
water-holding capacity, moderate porosity and a stable structure
(Kleiber et al, 2012; Xiong et al., 2017). Mineral wool is mainly ob-
tained from diabase and limestone, which are melted at 1600 °C. Min-
eral wool substrates are a non-organic material that is not biodegradable
(Xiong etal., 2017). A1 haproduction greenhouse leaves 150 m> of used
rockwool after one year. Problems with the management of used
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substrate are forcing the search for greener, but equally efficient sub-
stitutes (Lazny et al., 2021). A widely used substrate in greenhouse
cultivation is coconut fibre and dust from the outer shell or mesocarp of
coconut fruits. These have good physical properties for plant growth, but
depending on the country of origin they can vary (Tuckeldoe et al,
2023; Xiong et al., 2017). Dried wood bark, which is a by-product of
wood production, can also be a good substrate, characterised by its high
water-holding capacity, neutral pH in the range 5-7 and long durability.
The high variability of the material and the increasing costs caused by
the use of wood bark as an alternative fuel and landscaping application
reduce the attractiveness of this product as a substrate (Yang et al,
2023). In recent years, biocarbon has also gained interest due to its
nutrient retention capacity and energy neutrality, but its variable
physicochemical parameters and high production costs pose a problem
(Savvas and Gruda, 2018). Miscanthus (Miscanthus x gigantus) substrate
has become a promising alternative to mineral wool in recent years
(Kraska et al., 2018), the production of which is possible locally, without
much financial input (Nguyen et al., 2022). As indicated by studies,
composted miscanthus has high porosity and high oxygen diffusion
(Kraska et al., 2018).

A substrate with suitable physical properties for plants is lignite
substrate (Lazny et al., 2022a, 2021b). Lower CO» emissions by 40 %
during production of lignite growing mats (Lazny et al., 2022a)
compared to mineral wool and the possibility to use the spent substrate
as organic fertiliser in conventional cultivation, reduces the negative
environmental impact. Fresh lignite is characterised by a high content of
fatty acids, humic acids, hymatomelan and fulvic acids, in addition to
being a rich source of cellulose and lignin (fLazny et al, 2022b). As
noted, the substrate can also influence the health-promoting properties
of food. Many researchers indicate that the production of nutrient-rich
foods should be a priority, as should the protection of the environ-
ment (Garcia-Mier et al., 2013; Lisiewska et al., 2008; Tuckeldoe et al.,
2023). Previous studies confirm the effect of lignite substrate in hy-
droponic cultivation on the content of bioactive compounds in cucum-
ber fruit (Lazny et al., 2022a, 2021).

A very important factor in the proper development of plants is light,
which, as the primary source of energy, determines proper plant growth.
Light scarcity in autumn and winter in the countries of the European
continent necessitates the use of artificial lighting for plants. For this
purpose, lamps with a broad emission spectrum in the PAR range are
used (Gaje-Wolska et al., 2021). At present, the most commonly used
light sources are HPS (High Pressure Sodium) lamps. They are charac-
terised by a high proportion of photosynthetically active radiation
(PAR-Photosyntheticdlly Active Radi ), but a low proportion of blue
light (5 %). Blue light affects the efficiency of photosynthesis and thus
plant growth. For comparison, sunlight contains 18 % blue light
(Gaje-Wolska et al., 2021; Islam et al., 2012). The light spectrum of HPS
lamps is strictly defined by their design, so changing it is not possible. In
addition, this light source emits very high amounts of heat and can cause
thermal damage to plants (Islam et al., 2012). In recent years, LEDs
(Light Emitting Diode) have become a replacement for traditional HPS
lamps. Technological developments of LEDs have made it possible,
among other things, to control the spectral composition (Wojciechow-
ska et al., 2015). The introduction of higher amounts of blue light in
LEDs contributes to increased photosynthetic intensity and increased
chlorophyll and dry matter content in plants such as cucumber and
lettuce, among others (Gaje-wolska et al., 2021). The high efficiency of
LED lamps and the lack of excessive heat production allows them to be
placed in the inter-rows (Sarkka et al., 2017; Wojciechowska et al.,
2015). LED lamps have a high life expectancy, currently around 50 000
h and expected to reach up to 200 000 h in the future (Cole and Driscoll,
2012; Olle and Virsile, 2013). In addition, LED lamps are low in energy
consumption, which translates into cost savings. There are no datain the
literature on the effect of lignite substrate and LED supplementary
lighting on the growth and development and yield of greenhouse cu-
cumber in autumn-winter cultivation.
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The aim of this study was to investigate the effects of lignite substrate
and sunlight supplementation with LED lamps on growth, plant devel-
opment, leaf photosynthetic activity and yield quantity and quality of
greenhouse cucumber in autumn-winter cultivation compared to min-
eral cultivation in mineral wool substrate with HPS supplementary
lighting.

2. Materials and methods
2.1. Plant material and experimental conditions

The research was conducted at the Greenhouse Experimental Centre
of the Warsaw University of Life Sciences (SGGW) in Warsaw in two
terms, term 1. winter year 2020/2021, term 2. winter year 2021/2022.
The cucumber used for the research was the greenhouse cucumber
cultivar 'Mewa’ F1 by Rijk Zwaan with fruit length of 20-24 cm and
weight of 200-240 g. The plants were grown in two identical experi-
mental chambers. One chamber was equipped with HPS lamps (HPS
combination) and chamber two was equipped with LED lamps (LED
combination). The microclimate parameters in the chambers were
controlled using a Ridder HortiMaX-Go climate computer. Cucumber
seedlings on the first and second test dates were prepared by sowing
cucumber seeds into mineral wool seedling cubes, which were soaked in
nutrient solution with pH 5.4 and EC 1.8 mS- ecm'. At each date,
seedlings were supplemented with HPS lamps (Gavita GAN 600 W) at
light levels averaging 170 pmol m 2.5 ! PPED (Photosynthetic Photon
Flux Density) for 16 h per day. The average temperature was D/N 22/
21 °C, the average daily relative humidity (RH) was about 60-70 %.

Two experimental chambers, each with 40 m® of usable area, were
equipped with 9 m long cultivation troughs. Six cultivation mats were
placed on each trough; half were Grodan's Grotop Matser mineral wool
mats measuring 100 em x 20 em x 7.5 cm and half were Carbomat
lignite mats from Carbohort measuring 100 cm x 20 em x 8 em. The
cultivation mats were flooded 48 h before planting the seedlings with
nutrient solution (in the amount of 8 dm® mat ') with an EC of 2.0 dS-
m ! and pH of 5.5. After this time, drainage holes were made in the
mineral wool mats according to the methodology described in previous
reports (Lazny et al., 2022a, 2021). The ready cucumber seedlings 35
days after sowing (DAS) were placed in the holes in the growing mats.
On the first experimental date, plants were planted on 14 October 2020
(42nd week of the year), on the second date on 21 October 2021 (42nd
week of the year), at a rate of six plants per growing mat, while cu-
cumber cultivation was completed in the 10th week of the year in term 1
and in the 11th week of the year in term 2. The 35 DAS transplants had
three to four proper leaves and a well-developed root system, the plants
had no signs of diseases and pests. The plants were illuminated in the
HPS combination with 18 HPS lamps, (Gavita GAN 600 W) in the
cultivation camera. In the LED combination, the plants were supple-
mented with LED lamps: the top lighting was provided by 24 Philips
Green Power LED lamps (DR/W - LB, 195 W) and the inter-row lighting
consisted of 2 lines of 18 LED lamps, in the Philips Green Power LED
interlight chamber (2.5 m HO DR/B 100 W module). Light conditions in
terms of PAR were maintained at approximately ~320 pmol m™ 2. s~ !
PPFD in both cultivation chambers. The lamps placed over the tops of
the plants switched off automatically at a solar radiation level of 250 W/
m 2 The temperature was maintained at D/N 23/20° C on the first and
second test dates, and the air RH and CO, concentration were main-
tained at 70 % and 800 ppm, respectively. At term 1, daily solar radi-
ation averaged 475.8 J/cm?, and at term 2 it averaged 533.4 J/cm?
(Figure S1 and 82).

Fertilisation of the cucumber was carried out using a HortiMaX-Go
fertilisation computer. The nutrient solution was composed based on
single and multi-nutrient fertilisers. The contents of the individual nu-
trients in the working medium were (mg-dm %): N—NO; 230, N—NH,
10, P-PO, 50, K 330, Ca 180, Mg 55, S-SO, 80, Fe 2.5, Mn 0.80, Zn 0.33,
Cu 0.15, Mo 0.05 and B 0.33. Nitric acid 55 % was used to adjust the pH
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of the nutrient solution. The nutrient solution with pH 5.5 and EC 3.1 -
3.3 mS-cm ! was dosed to the plants by capillary in interval cycles.
Depending on the development stage of the plant and the cultivation
parameters, between 0.5 and 3.5 litres of the nutrient solution were used
per plant per day. At the beginning of cultivation, after planting the
seedlings on the growing mats, the first 5 fruit buds were removed from
each cucumber plant. At full fruiting of the cucumber, the number of
buds per plant was regulated by removing every second bud from the
main shoot to prevent fruit drop. The plants were string-trained,
removing side shoots and tendrils. The number of leaves per plant was
regulated by removing every three days a maximum of three leaves each
of the oldest leaves, the lowest leaves on the plant shoot and damaged
leaves.

2.2. Morphological measurements

For morphological studies, six test plants were selected in each
combination, on which the weekly cucumber shoot increment in length,
shoot diameter, petiole length, and the length and width of the 5th and
10th leaves, counting from the plant apex, were measured. Weekly shoot
increment was obtained by measuring the shoot segment from where the
shoot apex was a week earlier to the current position of the shoot apex.
Shoot diameter was measured with an electronic calliper at two loca-
tions, between the 4th and 5th and 9th and 10th fully developed leaves
counting from the top of the plant. The total number of leaves on the
plant and the number of buds dropped during the cultivation period

were also determined.
2.3. Gas exchange and chlorophyll fluorescence

The relative chlorophyll content of the leaves was measured with the
SPAD (Soul Plant Analysis Systems) test using a Minolta SPAD-502 Plus
portable meter.

Chlorophyll content was measured on the 5th and 10th fully devel-
oped leaf of the test plants. Net photosynthetic activity (PN), stomatal
conductance (gs) and transpiration rate (E) were measured using a LI-
6400 photosynthesis system (LI-COR, Inc., Lincoln, NE, USA) equipped
with a 6400-40 Leaf Chamber Fluorometer and CO, mixer 6400-01.
Measurements were made on 6 randomly selected plants on both the 5th
and 10th fully developed leaf, counting from the top of the plant.
Measurements were taken between 10:00 am and 12:00 am. Measure-
ments were made at a reference CO, concentration (500 pmol s ~ 1),
constant flow rate (400 pmol s ~ ), relative humidity between 30 % and
50 %, and photosynthetic photon flux density (PPFD, 1000 mmol m ~ s

"). The measuring device was brought into the greenhouse and the
required parameters were set. After a time of about 20 min for stabili-
sation of the device parameters, measurements were taken. Leaves were
cut from the shoot with a pruning shear immediately before the mea-
surements, so as to limit the effect of leaf ontogeny on the net assimi-
lation rate and stomatal conductance. Leaves were not removed from the
cultivation chamber and, after cutting, were directly transferred to the
analyser chamber. The procedure was repeated for each combination.

Chlorophyll fluorescence was measured on each of 6 plants in all
combinations using the FMS-2 Field Portable Pulse Modulated Chloro-
phyll Fluorescence Monitoring System (Hansatech Instruments Ltd.,
King's Lynn, Norfolk, UK), measuring parameters such as maximum
quantum efficiency of PS II (PPSII) and maximum efficiency of PS I
photosystem in the dark-(Fv/Fm). Maximum efficiency of PS II photo-
system in the dark was obtained after 30-min adaptation of leaves to the
dark. A pocket PEA fluorescence meter (Hansatech Instruments Ltd.,
King's Lynn, Norfolk, UK) was used to measure direct fluorescence.
Measurements were taken three times during the experiment.

2.4. Macro- and micronutrient content of cucumber leaves

The macro- and micronutrient content of cucumber leaves was
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examined twice during the experiment at 50 and 90 days after planting
(DAP). Three leaves were sampled each time: younger leaves at 4.—5th
leaf height and older leaves at 9.—10th fully expanded leaf height from
the top of the plant. Petiole-free leaf blades were dried at 60 °C in a
laboratory air dryer and then ground in a Bosch TSM6A013B grinder.
The ground plant material was incinerated in HNO;. Elements (P, K Mg,
Na, Ca, Fe, Mn, Cu, Zn, B) were determined using an inductively coupled
plasma spectrometer (ICP Model OPTIMA 2000DV, Perkin Elmer, Wal-
tham, MA, USA), giving results in mg-kg ' DW. Nitrogen content was
determined using a Kijeldahl apparatus (Vapodest, Gerhardt,
Konigswinter, Germany). After distillation of nitrogen as NHs, the N
content was determined by titration (Official Methods of Analysis of
AOAC International. 19th Edition, 2012), ("Official Methods of Analysis
of AOAC International. 19-th Edition," 2012) giving the results in% DW.
For its determination, the powdered plant material was digested in
concentrated sulphuric acid in the presence of a copper catalyst.

2.5. Fruit yield and quality

2.5.1. Yield assessment

The first fruits were harvested from the plant after 15 DAP on date 1
and 18 DAP on date 2. Fruits were harvested from each plant every 2
days, determining their number and weight. Total yield, marketable
yield and non-marketable yield were determined. Non-commercial yield
consisted of fruit that was undeveloped, crooked or had damage caused
during plant care.

2.5.2. Analysis of fruit firmness

The material used for fruit quality analyses was commercial fruit
only. Fruit quality analyses were carried out 3 times during the course of
the experiments at both experimental date 1 and experimental date 2.
Fruit hardness was determined using an HPE hardness meter with a 5
mm shank diameter. Measurements were taken at 3 points on the fruit,
at an angle of 90° from the plane of the fruit. The results were given on
the HPE hardness scale (0-100 units).

2.5.3. Dry matter, TSS and nitrate content

The dry weight of the fruit was carried out using the dryer-weight
method. Cucumber fruits selected at random from each combination
and replicate weighing approximately 1 kg, which corresponded to 4-5
cucumber fruits, were homogenised together with the peel. Total soluble
solids (TSS) were determined in freshly pressed cucumber fruit juice of
200 ml. The results were obtained using a digital refractometer (Hanna
Instruments HI96801) and given in%. Nitrate content was determined
by taking 10 g of homogeneous plant material, adding 0.5 g of activated
carbon and 100 ml each of 2 % acetic acid (C;H405), and then the
samples were shaken in specially designated containers. After 30 min,
the samples were filtered through a fluted filter. Nitrate content in mg
kg ™! FW of fruit was determined using a Fiastar 5000 Analyzer by
reducing nitrate (V) to nitrate (II) by passing the sample solution
through a cadmium column. The resulting coloured solution was
measured spectrophotometrically at 540 nm.

2.5.4. Analysis of carotenoids and chlorophyll content

The content of p-carotene, lutein and chlorophyll a and b in the fruit
was determined by high-performance liquid chromatography HPLC
(Shimadzu Scientific Instruments). The sample preparation methodol-
ogy was described in an earlier publication (fLazny et al., 2022a).

2.6. Statistical analysis

The multifactorial analysis of variance (ANOVA) was used to analyse
the influence of the substrate and lighting on variables describing plants,
leaves and fruits. The homogeneous groups for a combination of factors
were obtained using Tukey’s procedure at a significance level of 0.05.
Statistical analyses were performed using Statistica 13.3. Prior to
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analyses, we tested whether the assumptions of an ANOVA, homoge-
neity of variances were achieved. The homogeneity of variances for all
the studied parameters was evaluated by Levene's test.

3. Results
3.1. Morphological parameters

The results obtained from the two cucumber cultivation dates
showed no significant differences in the weekly growth of the plant
shoot to length depending on the HPS and LED supplementary lighting
used and the mineral and organic substrate (Table 1). Weekly cucumber
shoot growth to length averaged about 60 cm, and the plants reached a
height of about 12.5 m during the growing period (Table 1). Cucumbers
growing in lignite substrate and supplemented with LED lamps (LED/L)
were characterised by a larger shoot diameter compared to plants grown
under sodium lamps and in mineral wool substrate (HPS/MW). At the
height of the 5th leaf, counting from the shoot apex, and at the height of
the 10th leaf, this difference in shoot diameter, on average from the two
cultivation dates, was about 5 % and more than 7 %, respectively
(Table 1). Especially at the first cultivation date, the difference in plant
shoot diameter was greater in LED-supplemented plants than in HPS-
supplemented plants (Tab. S1). The number of leaves in HPS- and
LED-supplemented plants and in plants grown in mineral wool and
lignite substrate was similar (Table 1). Only on the first cultivation date,
the HPS/MW combination had a higher number of leaves than the LED-
supplemented combination (Table S1). No significant differences were
found for most of the tested cucumber leaf size parameters depending on
the applied light supplementation and substrate. However, it was found
that the 5th younger leaves counting from the top of the cucumber

Table 1

Selected morphological parameters of cucumber plant according to supple-
mentary lighting: HPS, LED and substrate: MW - mineral wool, L- lignite
(average of two terms).
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shoot, higher up on the plant, were wider when supplemented with LED
lamps than those supplemented with HPS and when grown simulta-
neously in lignite substrate (Table 1).

3.2. Gas exchange and chlorophyll fluorescence

The leaf chlorophyll content in both 5th and 10th cucumber leaves
did not differ significantly among the tested combinations (Table 2, Tab.
S2). Analysing the results obtained from the two years of the study, a
higher photosynthesis intensity score (PN) was found in the 5th and 10th
leaves supplemented with LED than in those supplemented with HPS
(Table 2). Higher PN and stomatal conductance (gs) values of more than
29 % and 28 %, respectively, were recorded for plants supplemented
with LED lamps (10th leaf). In plants grown under HPS lamps, higher
values for the PSII maximum photochemical yield index (Fv/Fm) were
recorded for the 5th leaf compared to the LED-lamp-supplemented
combination (Table 2, Table S2). In contrast, in leaves lower on the
plant (10th), no such difference was found. For the 10th leaf, indices
such as PN, gs and E were lower in the HPS/MW combination, by more
than 34 %, 31 % and 23 %, respectively, compared to the other com-
binations (Table 2). Cucumber supplemented with LED lamps and grow
in mineral wool substrate (LED/MW) had 22 % higher PN activity
compared to plants supplemented conventionally with sodium lamps
and grown in mineral wool (HPS/ MW). In term 2, plants were char-
acterised by a higher photosynthetic rate (PN) by more than 26 %
compared to term 1 (Table §2). The gas exchange parameters of the 10th
leaf were found to be highest for plants supplemented with LED lamps
and grown in lignite substrate (LED/L). Leaves of plants grown in the
LED-lamp-supplemented combination in both substrates had more than
40 % higher photosynthetic rate (PN) compared to plants grown in the
HPS-lamp-supplemented combination at term 1 (Table S2).

Table 2
Chlorophyll content and photosynthetic rate (PN), stomatal conductance (gs)

Parameter Unit Combination
HPS/MW HPS/L LED/MW LED/L
Shoot
Weekly Cm 60.61 = 60.44 = 60.7 = 59.42 +
increase in 7.87 ns 7.66 ns 10.21 ns 11.01 ns
length
Total length 1272.92 1262.94 1274.40 = 124772
+55.54 ns = 36.95 ns 118.75 ns 142.43 ns
Diameter mm 6.66 = 6.95=0.5 6.95 = 6.99 =
under 5th 0.45a ab 0.65 ab 0.46 b
leaf
Diameter 7.07 = 7.38 = 7.56 = 7.97 £2.1
under 10th 0.46 a 0.54 ab 0.62ab b
leaf
Leaf
Total number No./ 67.25 = 66.17 = 67.00 = 67.50 =
ofleavesper  plant 10.16 ns 10.2ns 11.43 ns 12.07 ns
plant
Sth leaf
Length cm 22.19 = 21.19 = 2291 + 2264 =
3.17 ns 1.94ns 2.82ns 2.8ns
Width 26.15 = 2412 = 26.86 = 27.01 =
4.84ab 255a 4.86b 4.99b
Petiole length 13.5 = 1441 = 13.88 = 13.54 =
1.25ns 1.55ns 257 ns 1.99 ns
10th leaf
Length 25.84 25.82 + 26.49 £ 26.09 =
3.26 ns 2.59ns 3.14ns 3.15 ns
Width 30.57 = 28.59 = 31.5% 3149 =
4.86 ns 2.64ns 5.64 ns 5.53 ns
Petiole length 16.15 = 16.61 = 16.7 = 16.06 =
1.6 ns 1.67 ns 222ns 1.88 ns

and transpiration rate (E) and chlorophyll fluorescence parameters: ®PSII and
Fv/Fm for the 5th and 10th leaf according to supplementary lighting: HPS, LED
and substrate: MW - mineral wool, L- lignite (average of two terms).

Parameter  Unit Combination
HPS/MW  HPS/L LED/MW  LED/L
Sth leaf
Chlorophyll  SPAD unit 4175 = 43,08 = 40.48 = 41.33 =
content 7.06 ns 9.25ns 3.80 ns 374ns
PN umol CO, 8.75 = 971+ 1122+ 11.44 =
m s 3.75a 4.48ab 2.95b 260b
gs mmol H0 0.45 = 045 = 0.50 = 054 =
m st 0.14 ns 0.16 ns 0.16 ns 0.12ns
E 7.25 = 7.36 = 7.25 = 7.95 =
1.76 ns 178 ns 1.91 ns 1.32ns
oPsII Relativeunit  0.75 = 075 = 0.72 = 074 =
0.07 ns 0.03 ns 0.06 ns 0.03ns
Fv/Fm 0.81 = 081 = 0.79 = 079 =
0.01 b 0.02b 0.03 a 0.02a
10th leaf
Chlorophyll ~ SPAD unit 40.24 = 42.55 = 4143 = 41.20 =
content 7.59 ns 841ns 3.82 ns 4.68ns
PN umol CO, 6.64 = 8.90 = 10.16 = 11.82 =
m st 4,01 a 5.12ab 3.67b 434b
gs mmol H0 0.24 = 029 = 0.36 = 0.40 =
m3s7! 0.14a 0.15ab 0.15b 0.14b
E 4.55 = 526 = 5.85 = 6.64 =
221a 218ab 2,07 ab 203b
oPSII Relativeunit  0.78 = 077 = 0.77 = 077 =
0.02 ns 0.03ns 0.04 ns 0.03ns
Fv/Fm 0.82 = 0.82 £ 0.82 = 081+
0.01 ab 0.01 ab 0.01 ab 0.02a

Average values marked with the same letters within the same row are not
significantly different within the analysed parameter at p < 0.05. Values with the
prefix + represent standard deviation. Abbreviations: ns, not significant.

Average values marked with the same letters within the same row are not
significantly different within the analysed parameter atp < 0.05. Values with the
prefix + represent standard deviation. Abbreviations: ns, not significant.
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3.3. Macro- and micro element content in leaves

PCA was performed for young (5th) and old (10th) leaves for the
following variables (average of two terms content of macro and micro-
elements in cucumber leaves) as N, P, K, Ca, Mg, Na, S-SO, Fe, Mn, Cu,
Zn and B (Fig. 1). The first two components provide 71.77 % total
variability of the data set. PC1 determines the most important differ-
ences i.e. between young and old leaves. Young leaves (red dots in
Figure) were strongly positively correlated and had high values of N.
Young leaves had low values of P, K, Ca, Mg, Na, S-SO4, Fe, Mn, Cu, Zn
and B. Old leaves (blue dots in Figure) except of LED lignite were
strongly positively correlated and had high values of P, K, Ca, Mg, Na,
Fe, Mn, Cu, Zn and B. LED lignite had high value of $-SO, and was
negatively correlated with Cu.

In the case of first date, the first two components provide 66 % total
variability of the data set (Fig. 2). PC1 determines the most important
differences i.e. between young and old leaves. Young leaves (red dots in
Figure) were grouped together and had high values of N and Cu. Young
leaves had low values of P, Ca, Mg, Na, S-SO,, Fe, Mn, Zn and B. Old
leaves (blue dots in Figure) were grouped together and had high values
of P, Ca, Mg, Na, Fe, Mn, Zn and B. The highest content of Na, Fe and K
were observed for old leaves in HPS lignite treatment. The highest
content of P, S-SO4, Mg, Zn and Ca was observed for old leaves in both
treatments with LED (LED lignite and LED mineral wool).

Most of the elements are correlated positively with each other. The
exceptions are Cu and N which are negatively correlated with all other
elements, the strongest negative correlations were observed between
these two elements (Cu and N) with B, Mn, Ca, Zn and Mg.

In the case of second date, the first two components provide 77 % of
the total variability of the data set (Fig. 3). PC1 determines the most
important differences i.e. between young and old leaves. Young leaves
(red dots in Figure) were grouped together and had high values of N and
low values of Ca, K, Mg, Fe and B. Old leaves (blue dots in Figure) were
grouped together and had high values of P, Ca, Mg, Na, Fe, Mn, Zn, Cu
and B. The most similar treatments of old leaves are both treatments
with mineral wool (HPS mineral wool and LED mineral wool). These two
treatments are characterised by the highest content of Cu, Mn, P, Zn, B,
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Mg and Fe. Old leaves from both treatments with lignite (HPS lignite and
LED lignite) are characterised by medium content of most elements and
the highest content of Na. Most of the studied elements were strongly
positively correlated, the exceptions were S-SO; and N which were
negatively correlated with all other elements.

3.4. Fruit yield and quality

Analysing the average results from the two dates, there were no
significant differences in the total, marketable and non-marketable yield
of cucumber plants in the combinations tested (Table 3). The share of
marketable yield in total yield in the combinations HPS/MW; HPS/L;
LED/MW; LED/L was 98.3 %; 98.9 %; 99.7 % and 99.7 %, respectively.
In contrast, the number of fruits in total yield was higher for HPS-
supplemented plants than for LED-supplemented plants, especially
when plants were grown in mineral wool. The proportion of the number
of marketable fruit in the total yield, on average from the two dates, was
97.9 %; 98.56 %; 99.65 %; 99.6 % for the combinations tested,
respectively (Table 3). On the other hand, the percentage of fruit
dropped during the growing season in relation to the total number of
fruit on the plant was 2.07 %; 1.39 %; 0.38 %; 0.36 % for the combi-
nations, respectively (Table 3).

Fruits harvested from LED-supplemented and mineral wool-grown
plants had the lowest dry matter and cell sap soluble component con-
tent, relative to the other combinations (Tab 4). Fruit from this combi-
nation also had the highest nitrate concentration and the lowest HPE
hardness (Tab 4). There were no significant differences in the content of
B-carotene, chlorophyll a and b and lutein in cucumber fruit depending
on the light (HPS and LED) and substrate (MW and L) used in the study.
Instead, fruit from plants grown in lignite had a higher hardness
compared to fruit harvested from plants grown in mineral wool. The
increase in fruit hardness was recorded at 10.7 % in the HPS/L combi-
nation compared to HPS/MW and by 11.5 % in the LED/L combination
compared to LED/MW (Table 4).

PC2:122,153 %

- T -

Fig. 1. Results of PCA presenting the relationships between macro and micro elements in young 5th (red) and old 10th (blue) leaves and multivariate differences of

lighting and substrate combinations (average of two terms).
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Fig. 2. Results of PCA presenting the relationships between macro and micro elements in young 5th (red) and old 10th (blue) leaves and multivariate differences of

lighting and substrate combinations in the first date of harvesting.
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Fig. 3. Results of PCA presenting the relationships between macro and micro elements in young 5th (red) and old 10th (blue) leaves and multivariate differences of

lighting and substrate combinations in the second date of harvesting.
4. Discussion

Light is one of the most important factors necessary for photosyn-
thesis. Particularly important from the point of view of horticultural
production is the fact that its quantity and quality can be optimised in
the cultivation of plants under cover. This is very important especially in
months with low solar radiation intensity (Alloggia et al., 2023; Zou
etal., 2020). The growing medium, its physical and chemical properties

are also an important factor in plant growth (f.azny et al., 2022b). Based
on the results obtained, it is not possible to conclude unequivocally that
the growth of cucumber plants was most favourably affected by lignite
as a substrate or by the type of light used to supplement the plants. The
results obtained confirm previous observations, where also no effect of
substrate on morphological parameters of cucumber plants was found
(Lazny et al., 2021). Analysing the available literature, it was proven
that monochromatic red light from LED lamps influences the shortening
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Table 3
Cucumber fruit yield according to supplementary lighting: HPS, LED and sub-
strate: MW - mineral wool, L- lignite (average of two terms).

Yield of fruit Unit Combination
HPS/MW HPS/L LED/MW LED/L
Weight of fruits
Total g 10,280.96 10464.77 9615.5 = 9981.8 =
pl:mt" + 1014.33 +706.79 10299 ns 1357.11
ns ns ns
Marketable 10103.88 10353.11 9587.58 9952.63
+918.99 ns = 630.51 + +
ns 1010.93 1308.91
ns ns
Unmarketable 177.08 = 111.67 = 2792 = 29.17 =
199.78 ns 180.95 ns 66.66 ns 68.95 ns
Number of fruits
Total pes 48.25 = 48.33 = 4475 = 46.17 =
plant™'  3.08b 1.83 b 420 a 4.91 ab
Marketable 47.25 47.67 = 4458 = 46.00 =
2.67 ns 1.72 ns 4.01 ns 471 ns
Unmarketable 1+113ns 0.67 = 017 = 0.17 =
0.98 ns 0.39 ns 0.39 ns
Aborded 1+1.04b 0.67 = 0.08 = 0.08 =
0.89 ab 0.29 a 0.29a

Average values marked with the same letters within the same row are not
significantly different within the analysed parameter at p < 0.05. Values with the
prefix + represent standard deviation. Abbreviations: ns, not significant.

Table 4

Contents of dry matter, TSS and bioactive compounds in cucumber fruits ac-
cording to supplementary lighting: HPS, LED and substrate: MW - mineral wool,
L- lignite (average of two terms).

Parameter Unit Combination
HPS/MW HPS/L LED/MW LED/L
Dry matter % 3.69 + 3.65 + 3.00 + 3.28 =
061b 0.49b 0.18 a 0.29 ab
TSS 3.50 = 3.55 = 3.08 = 3.32 =
0.19cb 0.35¢ 0.28 a 0.50 b
B-carotene mg 100 0.19 = 0.19 = 0.17 = 0.2 %
4 Trw 0.12ns 0.10ns 0.10 ns 0.12 ns
Chlorophyll 258 254 £ 244 = 282+
a 191 ns 1.67 ns 1.58 ns 1.92 ns
Chlorophyll 118+ 1.25 + 119 £ 1.38 +
b 0.65ns 0.62 ns 0.53 ns 0.67 ns
Lutein 0.40 = 0.42 = 0.42 = 0.48 =
0.15ns 0.11ns 0.08 ns 0.14 ns
Nitrates mgkg ! 48.9 + 46.5 = 101.0 = 60.5 =
Firmness W 0.14a 0.34a 1.22b 2.09a
HPE 61.91 = 64.87 £ 60.85 = 65.40 =
4.85ab 0.36b 3.56 a 1.11b

Average values marked with the same letters within the same row are not
significantly different within the analysed parameter at p < 0.05. Values with the
prefix + represent standard deviation. Abbreviations: ns, not significant.

of the hypocotyl of cucumber seedlings (Herandez and Kubota, 2014).
Another study found that red light and a combination of red and green
light affected stem elongation in tomato, while blue light inhibited stem
elongation (Liu et al., 201 1). In the first term of the experiment, the use
of LED lights affected stem diameter, but in the second term, the effect of
light type on this parameter was not confirmed (Table S1). The type of
substrate can affect the shoot diameter of cucumber, as confirmed in a
study by Alifar et al. (2010). Climatic conditions, plant morphological
structure and physiological processes also affect photosynthesis. The
position of the leaf itself in the canopy also affects the photosynthetic
process. The deeper the leaf is positioned in the canopy, the photosyn-
thetic efficiency decreases (Trouwborst et al., 2010). This is relevant
when using a top light source such as HPS or LED lamps, where the
vertical irradiance profile has an exponential decrease with canopy
depth (Monsi and Saeki, 2004; Trouwborst et al., 2010). The use of LED
lamps in the inter-row significantly improves the light conditions of the
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whole canopy, which can affect the photosynthetic properties of plants
(Trouwborst et al, 2010). In the results obtained, an increase in the
intensity of the PN photosynthetic process was confirmed in combina-
tions where the plants were supplemented with LED lamps. In addition,
gas exchange parameters such as stomatal conductance gs and transpi-
ration intensity E were significantly higher in combinations where LED
light was used compared to the combinations grown under HPS. It is
likely that inter-row LED supplementation may have influenced the re-
sults obtained, which supports the thesis of Trouwborst et al. (2010).
The blue light from LEDs can affect the length, width and degree of
stomatal opening, as well as their number per leaf area (Liu et al., 2018).
As early as 1981, the positive effect of blue light on stomatal conduc-
tance was confirmed (Sharkey and Raschke, 1981). As reported by
Gaje-Wolska et al. (2021), plants supplemented with LED lamps had a
higher PN ratio in winter cucumber cultivation compared to plants
grown under HPS lamps. The authors also proved that cucumber plants
in combinations where LED or HPS supplementation was used with
simultaneous inter-row LED lamp plant supplementation had higher PN,
gs and E values. Also, numerous research results confirm the effect of
light spectrum on photosynthesis and gas exchange in plants (Elvidge
et al., 2010; Santos et al., 2009; Talebnejad and Sepaskhah, 2016). The
results obtained by Lanoue et al. (2017) do not confirm the effect of light
spectrum on the rate of photosynthesis. Light is not the only factor
affecting photosynthesis. The lignite substrate may also have influenced
gas exchange parameters in cucumber leaves. In leaf 10th of cucumber
plants, higher PN, gs and E scores were recorded when the plants were
grown on this substrate (Table 2). A general upward trend in most of the
photosynthetic activity parameters of cucumber was observed when the
lignite substrate was applied, irrespective of the combination and timing
of the experiment (Table 2 and §2). In an earlier study, where the effect
of the combination of eustress and lignite substrate on gas exchange
parameters in PN, gs and E cucumber was analysed, it was found that
substrate significantly reduced the negative effect of eustress on these
parameters (Lazny et al., 2022a). In the combination where lignite gs
was applied, gs did not start to decrease until seven days after the stress
application of the high EC nutrient solution. The lignite substrate also
reduced the decrease in E in the plants tested compared to the combi-
nation where mineral wool substrate was applied (Lazny et al., 2022a).
A study by Yang et al. (Yang et al., 2023) also confirmed the differential
effects of pine bark and wood fibre substrates on PN, gs and E in cu-
cumber leaves. It is well known that the macronutrient and micro-
nutrient content of leaves can be influenced by a number of factors,
ranging from the amount and proportion of individual elements to the
PH of the solution and the right conditions for growth and crop care
(Lazny et al., 2022a; Machado and Serralheiro, 2017; Nurzynski, 2013).
In studies on tomato plants Nurzynski (2013) found that changes of el-
ements in the nutrient solution occur frequently, but changes in the
leaves are slow and minimal. In the results presented in this study, high
N content was found in young leaves, while older leaves were charac-
terised by higher values of the other elements at the first and second
cultivation dates (Fig. 1-3). As reported by Lizhong et al. (2022) the
higher C/N ratio in coconut fibre may be due to the high lignin and
cellulose content, which should influence the adjustment of the nutrient
solution composition. The type of substrate used may also affect the
nutritional status of the plants and thus the macro- and micronutrient
content of the leaves (Lazny et al., 2022b; Yilmaz et al., 2014). In the
results obtained, high S-SO4 content was found in cucumber leaves of
the LED/L combination (Fig. 3). Similar results were obtained in the
study of Yilmaz et al. (2014), where cucumber leaves grown on coconut
fibre had a higher S content compared to the combination where mineral
wool was used. As reported by Jankauskiene et al. (2019), the Ca content
in young cucumber leaves varied with the type of substrate used. Similar
results were obtained by studying cucumber plants, where the highest P
and K contents were recorded in the leaves of plants grown on peat
substrate, while the highest N content was recorded in the leaves of
plants grown on zeolite substrate (Yilmaz et al., 2014). Similar results
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were obtained for Mg content in cucumber leaves, where the highest
concentration of this element was obtained in plants grown in peat
(Francke etal., 2021). In an earlier study conducted on cucumber plants,
the lignite substrate and its physical properties influenced the Fe and Zn
content of cucumber leaves (fazny et al., 2022b). The spectrum of light
can also affect the elemental content of leaves (Verma et al., 2018). This
is confirmed by studies on the effects of blue light, red light and their
combinations affecting the macro- and micronutrient content of basil,
beetroot, mustard, broccoli and parsley (Gerovac et al., 2016; Zhang
et al., 2020). The effect of light type also plays an important role in the
yield and its quality. However, yield did not significantly depend on the
combinations used in the studies conducted. In the analysed results, a
higher proportion of marketable yield in the total yield and a lower
tendency to drop fruit buds were found for LED-supplemented plants
compared to HPS-supplemented plants. The higher yields caused by
light supplementation, also inter-row, are based on the assumptions of
maintaining optimal photosynthetic capacity of leaves located deep in
the canopy, increased light absorption and higher light use efficiency
due to uniform vertical light distribution (Trouwborst et al., 2011). Itis
likely that the HPS lamps may have influenced the achieved cucumber
yields by converting part of the energy into infrared radiation, which
reaches the deeper leaves in the canopy (Saildia et al., 2017). In their
study Marcelis (1993) proved that temperature significantly affects fruit
growth rate and yield of cucumber in hydroponic cultivation. Sarkka
etal. (2017) obtained results where the use of LED lamps in the top and
inter-row lighting system reduced the yield of cucumber plants
compared to plants grown under HPS lamps. The authors of the cited
study concluded that the lower infrared radiation may have had the
effect of reducing cell growth rates. Different results were obtained by
investigating the effect of LED lamp supplementation in winter cu-
cumber cultivation, where combinations with LED top supplementation
and LED top supplementation together with inter-row lighting obtained
the highest yield compared to HPS top supplementation (Gajc-Wolska
et al., 2021). In earlier experiments where the effect of substrate on
cucumber fruit yield and quality was investigated, it was found that
plants planted on reused lignite substrate achieved higher yield
compared to plants grown in reused mineral wool (Lazny et al., 2021).
The use of lignite substrate also increased yield and reduced the number
of non-marketable fruits in an experiment where eustress was applied in
the form of a high EC nutrient solution (Lazny et al., 2022a). Higher
cucumber fruit yield was obtained in combinations where bark (2
fractions), coconut fibre and wood fibre substrate were used compared
to perlite (Yang et al., 2023). In contrast, no significant differences were
obtained when analysing the effect of sheep wool as a substrate in hy-
droponic cucumber cultivation compared to mineral wool (Komor-
owska et al., 2023).

The high nutrient content of vegetables provides consumers with a
positive impact on body well-being (Lazny et al., 2022a; Yang et al.,
2023). In the results presented in this study, the effect of the type of
lighting or substrate used on the content of bioactive compounds was
not proven, but the effect of lighting and substrate on the content of TSS
in the first term of the experiment (average of two years) was noted. A
similar trend was noted in fruit from plants supplemented with HPS
lighting on the first experimental date. For cucumber fruit hardness, the
lignite substrate had a positive effect on this parameter. In the case of
fruit dry matter, an increase in this parameter was recorded in fruit from
plants grown in lignite substrate. Similar results were obtained in cu-
cumber fruit obtained from plants grown on organic substrates, where
the dry matter content of the fruit was higher compared to fruit obtained
from plants growing in mineral wool (Lizhong et al., 2022). Previous
studies have shown that lignite substrate influenced higher dry matter
content in fruit compared to mineral wool. Similarly for TSS content,
where fruit obtained from plants grown in lignite obtained higher values
for the trait in question compared to fruit from combinations where
mineral wool was used. (Lazny et al., 2023, 2022b, 2022a). In their
study Nuizynski (2013) confirmed the effect of straw substrate on
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tomato fruit dry matter content. Comparing the effects of mineral wool,
sheep wool, peat and hemp fibre, the lowest dry matter content was
found in tomato fruit grown in hemp fibre, while the dry matter content
of tomato fruit in the other combinations was similar. In contrast, the
researchers reported no significant differences for fruit firmness in the
studies cited (Dannehl et al, 2015). As reported by Valverde-Miranda
et al. (2021) the dry matter content and TSS of the fruit may also depend
on the harvest date, but also on climatic and agrotechnical conditions
(Marcelis, 1992). Both light and substrate can also influence the
increased nitrate content of the food produced (Zhang et al., 2020),
which can be harmful to the human body. Studies indicate that 80 % of
the nitrate consumed by humans comes specifically from vegetables
(Amr and Hadidi, 2001; Zhang et al., 2020). In the results obtained, the
nitrate content of the fruit is not high, but the highest concentration was
found in the LED/MW combination compared to the other test combi-
nations. Other authors report that red light increases nitrate reductase
activity and thus lowers nitrate content (Lillo and Appenroth, 2001;
Zhang et al., 2020) compared to blue light, which has no such effect on
nitrate reduction (Maevskaya and Bulhov, 2005). The combination of
LED light and organic lignite substrate affected the hardness of cu-
cumber fruit. This is an important parameter from the point of view of
storage quality (Gomez-Lopez et al., 2006). Previous studies have
confirmed the positive effect of lignite substrate and LED light supple-
mentation on fruit hardness and storability. Furthermore, it was found
that fruit obtained from plants grown in lignite substrate and supple-
mented with LED light had lower weight loss during storage and higher
sensory parameters (Lazny et al., 2023).

5. Conclusions

In conclusion, the research presented here showed that lignite mats
used in cultivation with LED light supplementation had a beneficial ef-
fect on cucumber plant growth and development and plant nutrition in
Fe, K, P, Ca, Mg and Zn compared to mineral substrate and HPS light
supplementation. Fruits harvested from plants grown in lignite substrate
and supplemented with LED light had the lowest nitrate content and
increased TSS value. The use of organic substrates in hydroponic culti-
vation will undoubtedly contribute to reducing the negative impact on
the environment and may improve the quality of the food produced.
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8. ANEKS

8.1. Material roslinny

Fotografie przedstawiaja ogorka odmiany ‘Mewa’ w uprawie doswietlanej lampami

HPS (fot. S1i S2) i w uprawie z doswietlaniem lampami LED (fot. S3 i S4).

Fotografia S1. Ro$liny ogorka w uprawie Fotografia S2. Owoc ogdrka w uprawie
_doswietlanej lampami HPS doswietlanej lampami HPS
S ol

Fotografia S3. Rosliny ogorka w uprawie Fotografia S4. Owoc ogorka w uprawie
doswietlanej lampami LED doswietlanej lampami LED



8.2. Charakterystyka widma $wiatla lamp HPS i LED

Wykresy S1 1 S2 przedstawiajg charakterystyke swiatta w kamerach uprawowych

z doswietlaniem HPS 1 LED na r6znych wysokos$ciach ro$lin ogorka.
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Wykres S1. Charakterystyka $§wiatla mierzonego na wysokosci wierzchotkow roslin

oraz piatego i dziesigtego liScia w kamerze z lampami HPS (pomiar 17.02.2021 r.)
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Wykres S2. Charakterystyka $wiatta mierzonego na wysokosci wierzchotkow roslin

oraz pigtego i dziesigtego lisScia w kamerze z lampami LED (pomiar 17.02.2021 r.)



