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Streszczenie

Obecnie duze zainteresowanie w wielu dziedzinach nauki budzg nanomateriaty, w tym
szczegOlnie nanoczastki srebra (AgNPs). Celem badan byta ocena wpltywu AgNPs na wzrost,
kwitnienie 1 plon cebul tulipana ‘Pink Impression’ oraz lilii ‘Little John’, ‘Mona Lisa’
I ‘Osasco’. Zbadano rowniez reakcje lilii ‘Bright Pixi’ na koloidalne AgNPs w warunkach
stresu solnego. Tulipany traktowane AgNPs w stezeniu 100 ppm wczesniej kwitly, miaty
dluzsze pedy kwiatowe, wigksze dziatki okwiatu, zwigkszong S$rednice i mas¢ pedow
kwiatowych oraz mase¢ i dlugos¢ korzeni. Ponadto rosliny cechowaty sie wickszym indeksem
zazielenienia i zwigkszong przewodnoscig szparkowsg lisci oraz mialy cebule przybyszowe
0 najwickszej masie. Moczenie cebul lilii ‘Mona Lisa’ w roztworach AgNPs nanoczastek
okazato si¢ najskuteczniejszg metodg stymulacji wzrostu i kwitnienia roslin. U odmian lilii
orientalnej ‘Mona Lisa’ i ‘Little John” AgNPs stymulowaly wzrost roslin, co przejawiato si¢
zwigkszong akumulacja $§wiezej masy liSci 1 cebul oraz przyspieszonym kwitnieniem. Co
wiecej, lilie traktowane AgNPs miaty zwigkszony indeks zazielenienia lisci, wytworzyly wigcej
kwiatéw oraz dtuzej kwitly. Najwyzsza zawarto$¢ chlorofilu a, chlorofilu b, karotenoidow, K,
Ca i S mialy liscie lilii ‘Little John” traktowanej AgNPs w st¢zeniu 100 ppm. Widma FTIR nie
wykazaty wyraznych zmian w sktadzie chemicznym w wyniku dziatania AgNPs. Luski cebul
trzech odmian lilii: 'Little John', 'Mona Lisa' i 'Osasco’ moczono w wodnych roztworach
AgNPs. Wykazano, ze AgNPs w stezeniu 50 ppm zwigkszyly liczbe cebul przybyszowych
u lilii 'Mona Lisa' i 'Osasco' oraz zwigkszyty mase cebul i korzeni przybyszowych, szczegolnie
w stezeniach 50 i 100 ppm u wszystkich badanych odmian. W wyniku aplikacji koloidalnych
AgNPs rosliny zakwitty szybciej, mialy zwigkszong wysokosc¢, szerokos¢ dziatek okwiatu,
mase i $rednice cebul oraz liczbe tusek w cebuli. Z tusek pochodzacych z cebul traktowanych
koloidalnymi AgNPs w stezeniu 100 i 150 ppm uzyskano wigcej cebul przybyszowych, ktore
jednoczesnie miaty zwigkszong mas¢ w poréwnaniu do wariantu kontrolnego. Pod wptywem
stresu zasolenia lilie miaty zmniejszong masg czg¢éci nadziemnej i cebul, $§rednice cebul, liczbe
tusek w cebuli oraz zawartos¢ barwnikow asymilacyjnych, N, K, Ca, Cu, Mn i Zn. Koloidalne
AgNPs niwelowaty niekorzystny wptyw zasolenia na plon cebul lilii poprzez zwigkszenie masy
I $rednicy cebuli oraz liczby tusek w cebuli. Podsumowujac, zastosowanie AgNPs moze

przyczynic¢ si¢ do opracowania nowych metod produkcji ozdobnych roslin cebulowych.
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Summary

Nanomaterials, particularly silver nanoparticles (AgNPs) have increased great interest
in many fields of science. The aim of this study was to investigate the effects of AgNPs (0, 25,
50, 100 and 150 ppm) on growth, flowering and bulb yield of tulip ‘Pink Impression’ and lilies
‘Little John’, ‘Mona Lisa’ and ‘Osasco’. It also examined lily ‘Bright Pixi’ response to colloidal
AgNPs and salt stress. The tulips treated with 100 ppm AgNPs flowered earlier, had longer cut-
flower stem, larger petals, greater stem diameter and cut-flower fresh weight, showed increased
leaf greenness index (SPAD), stomatal conductance, root fresh weight, root length and
produced daughter bulbs of the greatest weight. Soaking the bulbs of lily ‘Mona Lisa’ in AgNPs
solution turned out to be the most effective strategy for growth and flowering promotion.
In cultivars of Oriental lily ‘Mona Lisa’ and ‘Little John’, AgNPs stimulated plant growth,
as manifested by enhanced accumulation of leaf and bulb biomass and accelerated flowering.
Moreover, lilies treated with AgNPs showed higher leaf greenness index, formed more flowers,
and flowered longer. At 100 ppm AgNPs, the leaves of lily ‘Little John’ accumulated the
highest content of chlorophyll a, chlorophyll b, and carotenoids, and were abundant
in potassium, calcium, and sulfur. The FTIR spectra did not show clear changes in absorbance
intensity and chemical composition in the lily leaves from AgNP-treated bulbs. Bulb scales
of three cultivars of lily: ‘Little John’, ‘Mona Lisa’, and ‘Osasco’ were soaked in aqueous
solutions of AgNPs. The AgNPs increased the number of bulblets at 50 ppm in the ‘Mona Lisa’
and ‘Osasco’, and enhanced the fresh weight of the bulblets and their roots, particularly
at concentrations of 50 and 100 ppm in all researched cultivars. As a result of the application
of colloidal AgNPs, plants flowered faster and had increased height, petal width, fresh bulb
weight, bulb diameter, and several scales in the bulb. Scales from parent bulbs treated
with colloidal AgNPs at 100 and 150 ppm yielded more bulblets, which at the same time had
increased fresh weight compared to the control. Under NaCl stress, plants had reduced fresh
weight of the aboveground part and bulb, bulb diameter, number of scales in a bulb,
and contents of assimilation pigments, N, K, Ca, Cu, Mn and Zn. Colloidal AgNPs offset
the adverse effects of salinity on bulb yield by increasing fresh bulb, bulb diameter,
and the number of scales in lily bulbs. In conclusion, using AgNPs can contribute

to developing new methods of bulbous ornamental plants production.
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1. Wstep

Produkcja ro$lin ozdobnych jest dynamicznie rozwijajacg si¢ i dochodowa dziedzing
wsrod calej produkeji ogrodniczej. Na najwickszej na §wiecie gietdzie kwiaciarskiej Royal
Flora Holland w 2019 roku obrét kwiatami wyniost 4,8 mld euro. W roku 2021, pomimo
probleméw wywotanych koronawirusem SARS-CoV-2 i $wiatowa pandemig, obrét ro§linami
ozdobnymi w ujeciu rocznym wzrdst i wyniodst 5,6 mld euro [1]. Sita rynku kwiaciarskiego tkwi
w roznorodnosci asortymentu oferowanego do sprzedazy. Dlatego tak istotne jest ciagle
wprowadzanie do uprawy nowych odmian. Do innych dziatan warunkujacych staty rozwoj
branzy kwiaciarskiej nalezy poszukiwanie nowych strategii sposobow uprawy i rozmnazania
ro$lin oraz opracowanie rozwigzan tagodzacych szkodliwy wplyw czynnikoéw stresowych na

wzrost ro$lin [2,3].

Ozdobne rosliny cebulowe sg waznym dziatem produkcji kwiaciarskiej, ktorego roczna
warto$§¢ produkcji szacowana jest na okoto jeden miliard dolaréw [4]. Najwazniejszymi
roslinami cebulowymi w towarowej produkcji w Polsce i w Europie sa tulipany (Tulipa spp.)
nalezace do rodziny liliowatych (Liliaceae). W Polsce tulipany produkuje si¢ gtdéwnie na kwiaty
cigte w szklarniach lub w tunelach foliowych; reprodukcja cebul tulipanéw w gruncie jest
niewielka. Pedzenie tulipanow pod ostonami jest rozwijajacg si¢ galezig polskiego
kwiaciarstwa [5]. Produkcja ta nie wymaga duzych nakladow i ilosci ciepta, a duze
zapotrzebowanie na kwiaty ciete tulipandéw od drugiej potowy stycznia do kwietnia jest silnym
czynnikiem stymulujacym rozwoj tej specjalnosci. Dynamiczny wzrost produkcji tulipanéw
W naszym kraju wynika takZze z coraz intensywniejszej sprzedazy cigtych kwiatow
w popularnych sieciach handlowych [6]. W produkcji kwiatow cigtych tulipana wczesno$é
kwitnienia, dtugos¢ i $rednica pgdu, wybarwienie kwiatu i lisci oraz wielkos¢ i trwatosé
kwiatow cietych decydujg o jakosci materiatu handlowego [7]. Ze wzgledu na wysokie
wymagania rynku wcigz poszukuje si¢ nowych rozwigzan polepszajacych jakos¢ kwiatow
cigtych tulipana oraz metod skracajacych cykl produkcji roslin pod ostonami. Poza uprawa na
kwiaty ciete, tulipany produkowane sg takze zimg i wczesng wiosng jako rosliny doniczkowe.
Tulipany to takze powszechnie sadzone rosliny cebulowe w ogrodach i na terenach zieleni.
Tulipany rozmnaza si¢ wegetatywnie z cebul przybyszowych [8]. U niektorych gatunkow
I odmian wspodtczynnik rozmnazania cebul jest niski, stad poszukuje si¢ sposobow
zwigkszajacych jakosciowy i ilosciowy plon cebul tulipanow [9].

Lilie (Lilium spp.) to po tulipanach najwazniejsze rosliny cebulowe na $wiecie
uprawiane na kwiaty ciete pod ostonami, nalezace do liliowatych (Liliaceae). Kwiaty ciete lilii

7
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dostepne sg w Polsce w sprzedazy w ciggu catego roku i1 pochodzg zaréwno z rodzimej
produkcji, jak i z importu, gtéwnie z Holandii [10]. Lilie polecane s3 takze jako bardzo
atrakcyjne byliny do ogrodoéw oraz s3 produkowane w doniczkach do dekoracji wnetrz,
balkonow 1 taraséw. Mieszance azjatyckie to popularna grupa lilii, cechujaca si¢ krotkim
okresem uprawy i wczesng porg kwitnienia, szerokg gama kolorystyczng kwiatow, odporno$cia
na choroby i wysokim wspotczynnikiem rozmnazania cebul [11]. Z kolei odmiany lilii z grupy
mieszancow orientalnych maja dtuzszy czas produkcji, bardziej dekoracyjne kwiaty, ktore sa
duze, trwate i pachngce. Jednoczesnie mieszance orientalne zaliczane sa do najtrudniejszych
W uprawie, gtownie z powodu duzej wrazliwosci na choroby i niesprzyjajace warunki uprawy
oraz niski wspotczynnik rozmnazania [12]. W zwigzku z tym technologia ich uprawy jest wcigz
udoskonalana [13,14]. Lilic majg wszechstronne zastosowanie w ogrodnictwie w zwigzku
Z czym jest duze zapotrzebowanie na ich cebule i udoskonalone metody produkcji. Na skale
produkcyjng lilie rozmnaza si¢ przez sadzonkowanie tusek. W celu zwigkszenia plonu cebul
przybyszowych mozna stosowaé regulatory wzrostu [15]. Coraz cze¢$ciej alternatywa dla
syntetycznych fitohormondéw stosowanych w rozmnazaniu roslin cebulowych sa substancje
0 dziataniu biostymulujacym [16]. Biostymulatory chronig rosliny przed stresem i wspomagaja
ich wzrost 1 rozwoj, aczkolwiek w przypadku lilii doniesien dotyczacych oddzialywania

biostymulatorow na plon kwiatéw i cebul jest niewiele.

W uprawie roslin coraz powazniejszym problem jest nadmierne zasolenie gleb. Obecnie
nawet 20% wszystkich gruntow uprawnych jest nadmiernie zasolonych, a globalne zmiany
klimatu sprawiajg, ze obszarow dotknigtych zasoleniem bedzie coraz wigcej [17].
Zainteresowanie problemami zwigzanymi z zasoleniem w uprawie roslin ozdobnych ro$nie na
catym $wiecie [18]. Wigkszo$¢ badan nad wplywem warunkow stresowych wynikajacych
z zasolenia prowadzi si¢ na ozdobnych roslinach rabatowych 1 bylinach, natomiast wcigz
niewiele jest informacji dotyczacych reakcji geofitow na ten czynnik. Z dotychczasowych,
nielicznych badan u lilii wynika, Ze nadmierne zasolenie moze prowadzi¢ do zahamowania
wzrostu i wyraznego obnizenia jakosci kwiatow [19,20]. Brakuje natomiast w dostepnej
literaturze informacji na temat wplywu zasolenia na plon cebul lilii. Nie badano takze dotad
mozliwosci tagodzenia szkodliwych skutkow zasolenia u liliit z wykorzystaniem zwigzkéw

biostymulujacych.

Nanotechnologia zajmuje si¢ wytwarzaniem, projektowaniem oraz modyfikowaniem
struktur w skali nano majacych przynajmniej jeden wymiar mniejszy od 100 nm [21]. Cechami

charakterystycznymi nanomaterialow i nanoczastek sg bardzo mate rozmiary, relatywnie niska
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masa i wysoki stosunek powierzchni do objetosci [22]. Wedtug raportu [23] popyt rynkowy na
produkty nanotechnologiczne jest wart 42,2 mld USD i szacuje sig¢, ze do konca 2026 r. osiagnie
poziom 70,7 mld USD. Obecnie dostepnych jest okoto 1300 materiatbw w skali nano
wystepujacych w stanie swobodnym lub w formie agregatu badz aglomeratu [24]. W ciagu
ostatnich Kkilku lat nanotechnologia zyskata uwage badaczy w dziedzinie nauk o ro$linach.
Nanoczastki metali szlachetnych stymulujg wzrost roslin i zwigkszaja efektywnos$¢ pobierania
sktadnikow odzywczych. Zwiazki te dzialaja w matych ilosciach jako skuteczne s$rodki
przeciwko patogenom, co wptywa na mniejsze zuzycie konwencjonalnych pestycydéw [25].
Dlatego dynamicznie ro$nie znaczenie nanoczastek w zrownowazonym rolnictwie
precyzyjnym. W rolnictwie i ogrodnictwie nanomaterialy i nanoczastki sa wykorzystywane
takze w biotechnologii roslin, w przechowalnictwie, obrocie produktow rolnych i zywnosci
[26,27]. Jakkolwiek zastosowanie nanoczastek w agronomii na tle pozostatych gatezi jest wcigz
niewielkie. Z okoto 29 000 patentéw z nanotechnologii przyznanych na calym $wiecie,
zaledwie 500 z nich dotyczy rolnictwa i zywienia [28]. Dlatego celowe jest prowadzenie na
szerszg skale prac badawczo-rozwojowych z wykorzystaniem nanomateriatéw i nanoczastek

w produkeji roslin.

Sposréd nanoczastek metali najwigksze zainteresowanie budza nanoczastki srebra
(AgNPs) charakteryzujace si¢ silnym dziataniem biologicznym. Szacuje sig, ze AgNPs zawiera
prawie jedna czwarta wszystkich produktéw nanotechnologicznych [29]. W ogrodnictwie
AgNPs znajduja zastosowanie w rozmnazaniu in vitro, ochronie, nawozeniu, przedtuzaniu
trwalosci kwiatow i zieleni cigtej [30,31]. Coraz bardziej powszechnym staje si¢ poglad,
ze AgNPs ze wzgledu na mechanizmy dzialania i mozliwosci zastosowah mozna zaliczy¢ do
grupy biostymulatorow [32]. AgNPs mogg silnie wptywac¢ na wzrost i rozwoj roslin, jednakze
efekt dziatania jest niejednakowy, moze by¢ pozytywny, jak i negatywny [33,34]. Wykazano
stymulujacy lub hamujacy wplyw AgNPs na kietkowanie nasion, wzrost i rozwdj organdéw
roslinnych, kwitnienie i plonowanie roslin. AgNPs moga wywotywa¢ zmiany zaréwno
W rozwoju ro$lin, ich morfologii, a takze w przebiegu proceséw zZyciowych na poziomie
fizjologicznym, biochemicznym i molekularnym [35,36,37]. W zwigzku z tym istnieje potrzeba
glebszych badan prowadzacych do odpowiedzi na pytanie, jak AgNPs modyfikujg procesy
metaboliczne u roslin. Ostatnio postuluje si¢, ze nanoczasteczki moga skutecznie indukowac
tolerancj¢/odporno$¢ na stresy biotyczne i abiotyczne, wptywajac przez to korzystnie na ogdlng

kondycje roslin, ich plonowanie oraz jakos¢ [38,39].
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Wigkszos¢ doswiadczen dotyczacych wptywu AgNPs na rosliny ogranicza si¢ do badan
prowadzonych w warunkach optymalnych, czesto w warunkach in vitro, w fitotronach, gdzie
w wigkszosci modelami sg rosliny dwuliscienne [40]. Do nielicznych nalezg badania, w ktorych
wpltyw AgNPs na wzrost i rozmnazanie roslin jest oceniany w naturalnych warunkach wzrostu
roslin, przy naturalnej zmiennosci czynnikow w szklarni lub w tunelu, a obiektem badan sg
ozdobne cebulowe geofity. Ponadto wcigz bardzo stabo poznane sg dhugoterminowe skutki

reakcji roslin na AgNPs, szczeg6lnie w warunkach streséw srodowiskowych.
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2. Hipoteza badawcza i cele naukowe pracy

W niniejszej pracy doktorskiej przetestowano nast¢pujace hipotezy:

Nanoczastki srebra (AgNPs) wykazujg stymulujacy wptyw na wzrost roslin i kwitnienie
tulipana 1 lilit w uprawie pod ostonami.
AgNPs zwigkszajg ilosciowy i jakosciowy plon cebul przybyszowych tulipana i lilii.

Zastosowanie AgNPs u lilii tagodzi stres wywotany nadmiernym zasoleniem.

Szczegotowe cele badawcze pracy doktorskiej byly nastepujace:

Okreslenie wplywu AgNPs na parametry morfologiczne, wskazniki fizjologiczne,
trwalo$¢ pozbiorczg kwiatdow i plon cebul tulipana.

Ustalenie wptywu dawki i sposobu aplikacji AgNPs na wzrost, kwitnienie 1 plon cebul
lilii.

Zbadanie wptywu AgNPs na zawarto$¢ barwnikow asymilacyjnych, makro
I mikrosktadnikéw oraz sktad makromolekut u lilii.

Ocena wykorzystania AgQNPs w rozmnazania wegetatywnym lilii metodg tuskowania.
Poznanie reakcji morfologicznych i fizjologicznych lilii na traktowanie AgNPs

w warunkach stresu solnego.
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3. Materialy i metody

Badania do pracy doktorskiej prowadzono w Zachodniopomorskim Uniwersytecie

Technologicznym w Szczecinie.

3.1. Charakterystyka materialu roslinnego

Materiat badawczy stanowity cebule jednej odm

Opis badanych odmian przedstawiono w tabeli 1.

iany tulipana i czterech odmian lilii.

Tabela 1. Charakterystyka odmian tulipana i lilii wykorzystanych w badaniach [41,42,43]

Takson Pochodzenie cebul Charakterystyka
Tulipan ‘Pink Impression’ importer Mantel Holland  Wysoko$¢ roélin 60 cm. Kwiaty
grupa: Mieszance Darwina (Holandia) pojedyncze, duze, ciemnorézowe. Odmiana

nadaje si¢ na kwiat cigty, na kwietniki
i rabaty. Jedna z najpopularniejszych
rézowych odmian tulipana w USA
i Kanadzie, stosowana do ogrodow
naturalistycznych.

Lilia ‘Bright Pixi’ importer Benex (Polska)
grupa: Mieszance azjatyckie

Wysokos¢ roslin - 35-40 cm. Kwiaty
pojedyncze, kanarkowozotte, lekko
pachnace. Seria odmian z grupy Pixi
wyhodowano w Oregon Bulb Farms
(USA). Odmiany z grupy Pixi wyr6zniajg
si¢ naturalnie niskim wzrostem i krotkim
okresem pedzenia; sa polecane do uprawy
doniczkowej.

Lilia ‘Osasco’ importer Ogrodnictwo
grupa: Mieszance azjatyckie Wisniewski Jacek Junior
(Polska)

Wysokos¢  roslin 40 cm. Kwiaty
pojedyncze, pomaranczowe. Odmiana
0 naturalnie niskim wzroscie i krotkim
okresie uprawy.

Lilia ‘Little John’ importer Ogrodnictwo
grupa: Mieszance orientalne Wiséniewski Jacek Junior
d (Polska)

Rosliny dorastaja do 50 cm. Kwiaty
pojedyncze, biatorézowe =z jasnozoitg
smugga, silnie pachnace. Odmiana o szeroko
rozwartych dziatkach, u nasady z licznymi
biatymi brodawkami.
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Tabela 1. c.d.
Takson Pochodzenie cebul Charakterystyka
Lilia ‘Mona Lisa’ importer Ogrodnictwo ~ Wysokos¢ roélin 50-60 cm. Kwiaty duze,

grupa: Mieszance orientalne Wisniewski Jacek Junior  pojedyncze. Dzialki pofalowane, dlugie,
\ S (Polska) jasnor6zowe, przechodzace w biel. Przez
srodek dzialek przebiegaja pojedyncze,
dlugie, ciemnorézowe paski. U podstawy
dzialek liczne, ciemno zabarwione
brodawki. Odmiana jest polecana
do pedzenia w doniczkach.

3.2. Metodyka badan

3.2.1. Wplyw nanoczasteczek srebra na wzrost, kwitnienie i plon cebul
tulipana ‘Pink Impression’

Dos$wiadczenie przeprowadzono w sezonach 2014/15 i 2015/16. Cebule tulipana przed
sadzeniem moczono 60 minut w roztworach nanoczastek srebra (AgNPs) uzyskanych
z rozpuszczenia AgNPs w wodzie dejonizowanej w stezeniach: 0 (kontrola), 25, 50, 100 i 150
ppm. Kazdy wariant sktadal si¢ z 4 powtdrzen, po 20 cebul w kazdym. Cebule sadzono
31.10.2014 r. i 22.10.2015 r. pojedynczo do doniczek o $rednicy 12 cm, wypelnionych
podtozem sktadajagcym sie w rownych proporcjach z piasku i substratu torfowego TS1
0 sktadzie: N-NOs — 182 mg dm, P — 131 mg dm™, K — 402 mg dm, Ca — 1646 mg dm,
Mg — 172 mg dm, Cl — 18 mg dm™, pH — 6,4; EC — 0,54 mS cm™. Tulipany pedzono metoda
standardowg ,,+9 °C”. Po uplywie 15. tygodni chiodzenia doniczki z tulipanami przeniesiono
do szklarni z temperaturg 18 + 2 °C w dzien i 16 = 2 °C w nocy, w warunkach naturalnego
fotoperiodu.

Obliczono liczbg dni od rozpoczecia pgdzenia roslin w szklarni do fazy rozpoczecia
kwitnienia, ktorg ustalono jako catkowicie wybarwiony pak kwiatowy. W tej fazie z kazdego
powtdrzenia wylosowano 5 roslin, u ktorych okreslono wskaznik zielonosci lisci SPAD (Soil
and Plant Analysis Development) za pomocg aparatu optycznego SPAD-502 (Minolta, Japonia)
I przewodnictwo szparkowe lisci przy uzyciu porometru SC1 (Dekagon Devices, USA).
Pomiary przeprowadzono na trzech w pelni rozwinigtych lisciach kazdej rosliny, po cztery
odczyty na kazdym lisciu. Zazielenienie lisci, oceniane wskaznikiem SPAD, jest waznym
kryterium branym pod uwage przy ocenie jakosci roslin ozdobnych. Wartos¢ SPAD
wyznaczana jest szybko i niedestrukcyjnie na podstawie wzoru: SPAD = (940 nm — 650

nm)/(650 nm — 940 nm). Pomiar przewodnoséci szparkowej lisSci pozwala ocenic
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funkcjonowanie aparatow szparkowych bioragcych udziat w wymianie gazowej i transpiracji.
Pomiar SPAD jak i przewodnosci szparkowe;j lisci daje mozliwos¢ wykrycia u roslin streséw
spowodowanych nieodpowiednim odzywieniem ro$lin azotem i zaburzong gospodarka wodna.

Zmierzono dhugos¢ pedu kwiatowego, srednice pedu w srodkowej czesci, dtugosé
dziatek, $wiezg mas¢ pedu kwiatowego, Swieza mase korzeni i ich dlugos¢. W celu oceny
trwalosci pozbiorczej tulipanéw, kwiaty cigte umieszczano pojedynczo w wodzie
dejonizowanej, w szklanych cylindrach o pojemnosci 0,25 dm?. Obserwacje kwiatow cigtych
prowadzono codziennie w pomieszczeniu o kontrolowanych warunkach: temperatura 20 + 2
°C, wilgotno$¢ wzgledna 65 + 5%, natezenie napromienienia kwantowego 30 pmol m? s*
(lampa fluorescencyjna o barwie bialej), w rytmie dobowym 10 godzin $wiatla, 14 godzin
ciemnosci. Za moment utraty dekoracyjnosci uznawano wiedniecie i zasychanie dziatek. Po
3. tygodniach od zakonczenia kwitnienia oceniono liczbg i §wieza mase cebul przybyszowych.

Wyniki z kazdego sezonu opracowano 0s0bno za pomocg analizy wariancji (ANOVA)
dla do$wiadczen jednoczynnikowych w ukladzie kompletnej randomizacji. Wykorzystano
program statystyczny STATISTICA 13.3. Do porownania $rednich i okreslenia grup
jednorodnych wykorzystano test Tukeya przy p < 0,05.

3.2.2. Wplyw nanoczasteczek srebra na wzrost, kwitnienie i plon cebul lilii
orientalnych ‘Mona Lisa’ i ‘Little John’

Doswiadczenie przeprowadzono w okresie 17.03—25.07.2015 r. i 30.03. —8.08.2016 r.
w nieogrzewanym tunelu wolnostojacym. W pierwszym roku do badan wykorzystano odmiang
lilii ‘Mona Lisa’, w drugim odmiang ‘Little John’. Cebule o obwodzie 12—13 cm sprowadzano
z holenderskich plantacji reprodukcyjnych i do czasu sadzenia przechowywano w temperaturze
6-8 °C. Cebule sadzono pojedynczo do doniczek o érednicy 16 cm i pojemnosci 2 dm?,
Podtozem byt substrat torfowy TS1. Ros$liny uprawiano w warunkach naturalnego fotoperiodu,
a $rednia temperatura powietrza w tunelu wynosita (2015/2016): marzec 9,9/9,0 °C, kwiecien
11,9/12,4 °C, maj 15,4/19,8 °C, czerwiec 18,1/22,0 °C, lipiec 21,4/21,3 °C.

AgNPs stosowano w formie roztwordw z uzyciem wody dejonizowanej w stezeniach:
0 (kontrola), 25, 50, 100 i 150 ppm. W pierwszym roku badan AgNPs aplikowano trzema
metodami: (I) moczenie cebul w roztworze AgNPs przed sadzeniem przez 60 minut; (1)
podlewanie (100 ml na doniczke), (I11) opryskiwanie roslin (45 ml na rosling). Podlewanie
i opryskiwanie ro$lin roztworami AgNPs wykonano trzykrotnie 30., 40. i 50. dnia po
posadzeniu. W drugim roku badan AgNPs aplikowano w formie moczenia cebul przed

sadzeniem. W kazdym wariancie do§wiadczenia sadzono 20 cebul, po 5 w jednym powtdrzeniu.
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Obliczono liczbe dni od posadzenia cebul do rozpoczgcia kwitnienia oraz dtugos¢ kwitnienia.
Za poczatek kwitnienia przyjeto pierwszy w pelni rozwiniety kwiat na roslinie. Dlugosé¢
kwitnienia ustalono na podstawie liczby dni od poczatku kwitnienia do rozwinigcia sig
ostatniego kwiatu na ro$linie. W fazie poczatku kwitnienia mierzono: wysoko$¢ roslin, liczbg
lisci, dhugos¢ i1 szerokos¢ dziatek. Zmierzono indeks zazielenienia lisci SPAD na trzech w petni
rozwinigtych liSciach, wykonujac po trzy odczyty na liSciu i obliczono $rednig. Gdy rosliny
zakonczyty kwitnienie okreslono liczb¢ kwiatow w kwiatostanie, $wiezg mase lisci i cebul oraz
policzono liczbe tusek w cebuli. W drugim roku eksperymentu zebrane liscie ze srodkowe;j
cze$ci pedu przeznaczono do analiz.

Zawarto$¢ barwnikow asymilacyjnych oraz makrosktadnikow w lisciach to wazne
biomarkery okreslajace stan fizjologiczny roslin. W tych badaniach zawarto$§¢ barwnikow
oceniono w $wiezych liSciach metoda spektrofotometryczng. Do analiz pobierano krazki
0 jednakowej $rednicy (7 mm) wyciete korkoborem ze $rodkowej cze$ci liscia. Barwniki
ekstrahowano 99% N-N-dwumetyloformamidem przez 24 godziny. Chlorofil a, chlorofil b,
chlorofil a+b i karotenoidy oznaczono poprzez pomiar absorbancji przy dlugosciach fali: 440,
645 1 663 nm uzywajac spektrofotometru SPEKOL 11 (Carl Zeiss Jena, Niemcy). Zawartos¢
barwnikéw obliczono na bazie wzoréow [44] i wyrazono w mg kg $wiezej masy. Liscie
przeptukano trzykrotnie woda destylowang, wysuszono w 60 °C do stalej masy i zmielono.
Makrosktadniki fosfor, potas, magnez, wapn i siark¢ oznaczono z uzyciem ICP-OES, metody
emisyjnej spektrometrii optycznej ze wzbudzeniem w plazmie indukowanej, wykorzystujac
spektrofotometr ICP-OES (Optima 2000TM DV Perkin-Elmer, USA). Zawarto$¢ azotu
oznaczono za pomocg aparatu Kijeldahla (Vapodest, Gerhardt, Niemcy) [45].

Makromolekuty stanowig gléwny element budulcowy organizméw, a ich sktad,
warunkowany endogennie, moze by¢ modyfikowany przez czynniki zewngtrzne, w tym
nanoczasteczki i nanozwigzki. Spektroskopia oscylacyjna FTIR to nowoczesna metoda analizy
sktadu 1 struktury roslin pozwalajgca na identyfikacje poszczegdlnych grup funkcyjnych
obecnych w badanym materiale oraz $ledzenie zmian, jakim mogg ulega¢ rézne wigzania
chemiczne [46]. W niniejszych badaniach pomiar widm dla sproszkowanych probek lisci
dokonano za pomocg spektrometru FTIR (Perkin Elmer Spectrophotometer, Spectrum 100)
w zakresie odpowiadajacym $redniej podczerwieni 4000-650 cm™, z rozdzielczo$cig 4 cm™.

Doswiadczenie prowadzono w uktadzie kompletnej randomizacji, w pierwszym roku
badan jako dwuczynnikowe (5 stezen x 3 metody aplikacji), a w drugim roku jako
jednoczynnikowe (5 stezen). Do wszystkich pomiarow biometrycznych wybierano po

3 wyrownane rosliny z kazdego powtorzenia. Analizy materiatu roslinnego przeprowadzono
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w trzech powtérzeniach. Wyniki opracowano za pomoca analizy wariancji ANOVA
z wykorzystaniem programu STATISTICA 13.3. Do oceny najmniejszych istotnych réznic

miedzy srednimi zastosowano test Tukeya przy p <0,05.

3.2.3. Wplyw nanoczasteczek srebra na plon cebul przybyszowych lilii ‘Little
John’, ‘Mona Lisa’ i ‘Osasco’ rozmnazanych przez sadzonki luskowe

Materiatem roslinnym byty cebule lilii 0 masie i obwodzie: 111 gi 10 cm (‘Little John”),
200 g i 12 cm (‘Mona Lisa’) oraz 20 g i 13 cm (‘Osasco’). 30 wrze$nia 2015 r. cebule
rozdzielono na pojedyncze tuski, ktére moczono 30 minut w wodnych roztworach AgNPs
w stezeniach: 0 (kontrola-woda destylowana), 25, 50, 100 i 150 ppm. Ogétem w kazdym
wariancie wykorzystano 100 tusek, w czterech powtorzeniach. Po wyschnigciu (24 godziny)
tuski wymieszano z perlitem i torfem kwasnym o pH 4,5 w stosunku obj¢tosciowym (v:v) 1:1
i umieszczono po 25 sztuk w workach foliowych o pojemnosci 2 dm?® Sadzonki
przechowywano w ciemno$ci, W temperaturze 20-22 °C przez 12 tygodni, a nastgpnie
w temperaturze 2—4 °C przez 16 tygodni. Po tym okresie okreslono liczbe oraz §wieza mase
wytworzonych cebul przybyszowych oraz swiezg masg korzeni.

Doswiadczenie zalozono w ukladzie losowanych blokéw. Wyniki zweryfikowano
statystycznie metoda analizy wariancji (ANOVA) dla doswiadczen dwuczynnikowych przy
pomocy programu STATISTICA 13.3. Istotno$¢ zréznicowania Srednich oceniono wedhug

testu porownan wielokrotnych Tukeya przy poziomie p < 0,05.

3.2.4. Wplyw koloidalnych nanoczastek srebra na wzrost, kwitnienie
I rozmnazanie lilii azjatyckiej ‘Osasco’ oraz lilii ‘Bright Pixi’ uprawianej
w warunkach zasolenia

Przeprowadzono dwa do$wiadczenia. Zastosowano komercyjnie dostgpne koloidalne
nanosrebro AgNPs. W doswiadczeniu I badano odmiang lilii ‘Osasco’; w drugim odmiane lilii
‘Bright Pixi’. Cebule sadzono do doniczek o pojemnosci 2 dm® wypetionych podtozem TS1.
Rosliny uprawiano w 2015 r. (doswiadczenie 1) i w 2016 r. (doswiadczenie Il), od potowy
marca do polowy lipca w warunkach naturalnego fotoperiodu, w nieogrzewanym tunelu

foliowym.
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Doswiadczenie . Cebule lilii ‘Osasco’ przed sadzeniem moczono 60 minut w roztworach
AgNPs w stezeniu: 0 (kontrola), 25, 50, 100 i 150 ppm. Do przygotowania roztwordw uzyto
wody dejonizowanej. Osuszone cebule sadzono pojedynczo do doniczek. W kazdym wariancie
bylo 20 cebul, po 5 w powtorzeniu. Obliczono liczbe dni od posadzenia cebul do poczatku
I zakonczenia kwitnienia roslin. Gdy byt rozwinigty pierwszy kwiat, okreSlono wysoko$¢
ro$lin i dlugos¢ dziatek. Policzono liscie i kwiaty oraz okreslono $wiezg masg lisci i cebul.
Wykopane cebule 4 tygodnie po zakonczeniu kwitnienia wykorzystano do rozmnozenia metoda
tuskowania. W tym celu po 4 cebule mateczne z kazdego wariantu (0, 25, 50, 100 i 150 ppm
AgNPs) podzielono na tuski. Powtdérzeniem byly wszystkie tuski pochodzace z jednej cebuli
($rednio 52,1 tuski z 1 cebuli). Luski z poszczegdlnych cebul umieszczono osobno w workach
foliowych o pojemnosci 2 dm? wypetnionych wilgotnym podtozem (50% torfu kwasnego i 50%
perlitu). Worki z podlozem wymieszanym z tuskami przechowywano w ciemnosci,
w temperaturze 20— 22 °C przez 12 tygodni, a nastepnie w temperaturze 3—5 °C przez 16
tygodni w warunkach wysokiej wilgotnosci wzglednej (> 90%). Po tym okresie okreslono
liczbe cebul przybyszowych uformowanych na tuskach pochodzacych z jednej cebuli i §wieza
mase¢ ogotem cebul przybyszowych. Na podstawie uzyskanych wynikow dotyczacych $wiezej

masy poszczegdlnych cebul przybyszowych obliczono procentowsg strukturg plonu.

Doswiadczenie |1. Zastosowano nast¢pujace traktowania dla lilii ‘Bright Pixi’: (i) kontrola —
ros$liny nie traktowane; (ii) moczenie cebul przed sadzeniem w roztworze 100 ppm
koloidalnego AgNPs (iii) podlewanie roslin roztworem 600 mM NaCl; (iv) moczenie cebul
przed sadzeniem w roztworze 100 ppm koloidalnego AgNPs i podlewanie roslin roztworem
600 mM NaCl. W kazdym wariancie doswiadczalnym posadzono 20 cebul, po 5
w powtorzeniu. Cebule w roztworze AgNPs moczono 60 minut. Podlewanie ro$lin roztworem
600 mM NaCl o przewodnosci elektrolitycznej (EC) = 2,32 mS cm™ rozpoczeto po 35. dniach
od posadzenia cebul. Zasalanie prowadzano trzy razy, co 5 dni, zuzywajac za kazdym razem
100 ml roztworu NaCl na kazda rosling. Rosliny niezasalane podlewano woda wodociggowa 0
EC 0,25 mS cm™. Stezenie 100 ppm AgNPs wybrano na podstawie wynikow z do§wiadczenia
I, gdzie przy tym stezeniu jako$¢ cebul byta najlepsza. Stezenie 600 mM NaCl wybrano
na podstawie doswiadczenia wstgpnego, gdzie przy tym stezeniu wykazano wyrazny
negatywny wplyw na biomase¢ roslin lilii. Pomiary cech morfologicznych przeprowadzono
analogicznie jak w doswiadczeniu 1. Swieze liscie zebrane ze srodkowej czeéci roslin w fazie
kwitnienia wykorzystano do analiz. Zawarto$¢ barwnikow asymilacyjnych oznaczono

za pomocg spektrofotometru w $wiezych liciach. Zawarto$¢ makro (P, K, Ca, Mg, Na)
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i mikrosktadnikéow (B, Cu, Fe, Mn, Zn) oznaczono metodg ICP-OES. Zawarto$¢ azotu
oznaczono metoda Kjeldahla. Zawartos¢ barwnikoéw asymilacyjnych i mineraldéw oznaczono

W 3 powtdrzeniach.

Doswiadczenia zalozono w uktadzie podblokéw losowych. Wyniki zweryfikowano
analiza wariancji (ANOVA) dla klasyfikacji pojedynczej. Czynnikiem klasyfikujacym dla
| doswiadczenia byly poziomy koloidalnego nanosrebra AgNPs (0, 25, 50, 100 i 150 ppm);
dla drugiego doswiadczenia cztery traktowania (kontrola, AgNPs, NaCl, AgNPs + NaCl). Do
analizy statystycznej wykorzystano pakiet programu STATISTICA 13.3. W celu poréwnania

srednich wykorzystano test Tukeya przy poziomie p < 0,05.

4. Omowienie wynikow

Publikacja 1. Byczynska A., Zawadzinska A., Salachna P. 2019. Silver Nanoparticles preplant
bulb soaking affects tulip production. Acta Agriculturae Scandinavica - Section B Soil and Plant
Science, 69(3), 250-256.

Biostymulacja to zjawisko biologiczne wynikajace z interakcji migdzy strukturami
molekularnymi komorki, a zewnetrznymi bodzcami mogacymi mie¢ charakter fizyczny,
chemiczny lub biologiczny. Po zastosowaniu czynnika biostymulacyjnego nastgpuja u roslin
zmiany na poziomie genetycznym, metabolicznym 1 morfologicznym, ktéore w efekcie
prowadza do zwigkszenia wzrostu i plonowania. Szerokie zapotrzebowanie na biostymulatory
sktania do poszukiwania nowych zrédet substancji o wysokiej aktywnosci wzgledem roslin.
Szczegblng uwage zwraca si¢ ostatnio na nanoczastki srebra (AgNPs), ktore moga
modyfikowac¢ wzrost i rozwdj roslin oraz ich aktywnos¢ fizjologiczna. Wykorzystanie AgNPs
daje szereg korzysci, ale tez bywa niebezpieczne ze wzgledu na toksyczne dziatanie AgNPs,
gdy sa stosowane w nieodpowiednich dawkach.

Tulipan jest ze wzgledow ekonomicznych najwazniejsza rosling cebulowa w produkcji
ogrodniczej. Jak do tej pory nie podjeto badan nad mozliwoscig wykorzystania w uprawie
tulipana nanomaterialow czy nanoczastek jako potencjalnych biostymulatorow. Celem badan
byta ocena wplywu moczenia cebul tulipana ‘Pink Impresion” w roztworze AgNPsS W réznym
stezeniu na wzrost, kwitnienie, wybrane wskazniki fizjologiczne oraz plon cebul.

W wyniku przeprowadzonego dwuletniego eksperymentu wykazano, ze AgNPs

w stezeniach od 25 do 150 ppm wplynely stymulujaco na wzrost i rozwoj tulipana.
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Jednoczes$nie nie obserwowano u ro$lin jakichkolwiek uszkodzen wskazujacych na toksyczne
dziatanie AgNPs. Stwierdzono, ze traktowanie AgNPs przyspieszyto kwitnienie ro$lin, §rednio
0 4 dni w zalezno$ci od stezenia i sezonu. W wyniku aplikacji AgNPs we wszystkich stezeniach
uzyskano dhuzsze pedy kwiatowe. Najdluzsze pedy uzyskano u roslin traktowanych AgNPs
w stezeniu 100 ppm. Przy tym stezeniu kwiaty byly dluzsze w stosunku do kontroli o 22,4%
(pierwszy sezon) i 28,2% (drugi sezon). W obu sezonach uprawy moczenie cebul w roztworze
AgNPs spowodowato zwickszenie dlugosci dziatek okwiatu, niezaleznie od stezenia.
Wykazano takze, ze traktowanie AgNPs zwickszyto istotnie §wiezg mase pedow kwiatowych.
Kwiaty uzyskane z ro$lin traktowanych 100 ppm AgNPs miaty najwicksza §wiezg mase. Przy
tym stezeniu §wieza masa kwiatow byla wigksza o 16,9% (pierwszy sezon) i o 24,6% (drugi
sezon) w porownaniu do masy kwiatow u roslin kontrolnych. Zwiekszony indeks zazielenienia
liSci wykazano u roslin traktowanych AgNPs w stezeniu 100 ppm (oba sezony) i 150 ppm
(pierwszy sezon). Przewodnos$¢ szparkowa liSci byta wyraznie wigksza u roslin traktowanych
AgNPs w stezeniu 50 i 100 ppm. Stwierdzono, ze w obu sezonach rosliny uzyskane z cebul
moczonych w 100 ppm AgNPs miatly najwicksza mas¢ korzeni. Najdhuzsze korzenie
obserwowano u ro$lin traktowanych AgNPs w stezeniu 50 i 100 ppm. Traktowanie AgNPs
spowodowato zwickszenie liczby cebul przybyszowych, przy czym najsilniejszy efekt
uzyskano stosujagc AgNPs w stezeniu 50 i 100 ppm. Odnotowano, ze $wieza masa cebul
przybyszowych byta najwicksza w wyniku stosowania 100 ppm AgNPs. Na podstawie
obserwacji stwierdzono, ze moczenie cebul tulipana przed sadzeniem w AgNPs nie mialo

wptywu na trwato$¢ pozbiorcza kwiatdéw cigtych.

Publikacja 2. Salachna P., Byczynska A., Zawadzinska A., Piechocki R., Mizielifiska M. 2019.
Stimulatory effect of silver nanoparticles on the growth and flowering of potted oriental lilies.

Agronomy, 9, 610.

W uprawie i rozmnazaniu odmian lilii nalezacych do grupy orientalnych napotyka si¢
liczne trudnosci wynikajace z ich wrazliwosci na warunki klimatyczne i glebowe oraz choroby.
Prawie nie ma danych literaturowych na temat doskonalenia technologii produkcji lilii
orientalnych z wykorzystaniem biostymulatoréw w postaci nanoczastek. Celem nadrzednym
badan byta ocena wplywu AgNPs na wzrost, przebieg kwitnienia, wybrane parametry

morfologiczne i plon cebul dwdch odmian lilii orientalnych.
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Biostymulatory stymulujg procesy zyciowe zachodzace u roslin w wyniku wptywu na
ich metabolizm. Nieliczne badania wskazuja, ze AgNPs moga wywolywac zmiany na poziomie
biologicznym i fizjologicznym wplywajac na synteze barwnikow asymilacyjnych, metabolitow
I stopien odzywienia roslin. Postanowiono zatem sprawdzi¢, czy AgNPs mogg modyfikowac
metabolizm roslin na przyktadzie lilii ‘Little John’. W tym celu oceniono wptyw AgNPs
0 zréznicowanym stezeniu na zawarto$¢ chlorofilow, karotenoidow, sktadnikéw mineralnych
i profil makromolekut.

Wykorzystanie nanomateriatdéw w réznych dziedzinach zycia przynosi szereg korzysci,
ale takze przy okazji stwarza ryzyko ich uwolnienia do srodowiska. Wplyw nanoczagstek
na ekosystemy (gleba, woda) jest w duzej mierze jeszcze nie zbadany. W rolnictwie
I ogrodnictwie nanoczastki sg stosowane najczgsciej w formie opryskiwania i podlewania
ro$lin. Brakuje szerszych informacji na temat aplikowania nanoczastek poprzez moczenie
organoOw ro$linnych w roztworach tych zwigzkow. Wydaje sie, ze moczenia cebul roslin
w roztworze AgNPs w stosunku do podlewania czy opryskiwania jest efektywniejsze
ekonomicznie oraz bardziej przyjazne s$rodowisku z powodu wigkszej kontroli nad
uwalnianiem nanoczgstek do otoczenia. Dlatego w badaniach poréwnano skuteczno$¢ trzech
r6znych metod aplikacji AgNPs w uprawie lilii ‘Mona Lisa’.

Zastosowanie AgNPs miato pozytywy wplyw na wiekszos¢ ocenianych parametrow
morfologicznych lilii ‘Mona Lisa’. Ro$liny traktowane AgNPs mialy wyraznie zwickszong
Swieza mase lisci 23,6-50,5% 1 $wieza mase cebul 44,9-73,4% oraz wczesniej rozpoczynaly
kwitnienie (0 2-3 dni) w stosunku do roslin kontrolnych. Sposrod zastosowanych stgzen
AgNPs, przy 50 ppm rosliny byty najwyzsze (48,1 cm), mialy najwigce;j lisci (27,1), wysoki
indeks zazielenienia (61,5 SPAD), najdluzej kwitty (11 dni), a ich cebule cechowaly
si¢ najwiekszg $wiezg masg (37,1 g) i najwigksza liczba tusek (23,0). Porownujac trzy metody
aplikacji AgNPs stwierdzono, ze lilie ‘Mona Lisa’ uzyskane z cebul moczonych w roztworze
nanoczastek cechowaty si¢ istotnie zwigkszong liczbg lisci, indeksem zazielenienia, liczba
kwiatow, Swiezg masg lisci 1 cebul w porownaniu do roslin opryskiwanych i podlewanych.
Ponadto moczenie cebul w roztworze AgNPs przyspieszyto kwitnienie roslin i zwigkszyto
liczbe kwiatéw pozostajac bez wptywu na dtugo$¢ kwitnienia. Testowane stezenia AgNPs
I metody stosowania nie miaty istotnego wptywu na dtugos¢ i szerokosc¢ ptatkow kwiatow.

Analizujac liczbe lisci, indeks zazielenienia oraz $wiezg mase cebul stwierdzono istotng
interakcje pomigdzy stezeniem AgNPs 1 metoda aplikacji. Rosliny uzyskane z cebul

moczonych w roztworze AgNPs miaty najwigcej lisci (34,5) przy stezeniu 150 ppm,
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a najwyzszy indeks zazielenienia (68,3 SPAD) przy stezeniu 50 ppm. Cebule o najwigksze;j
$wiezej masie (40,9 g) otrzymano u roslin podlewanych roztworem AgNPs w stezeniu 50 ppm.

W drugim roku badano lili¢ ‘Little John’, a AgNPs aplikowano w formie moczenia
cebul jako metod¢ najkorzystniejsza. Uzyskane dane potwierdzily stymulujace dzialanie
AgNPs na wzrost 1 kwitnienie lilii. Ro$liny traktowane wszystkimi testowanymi st¢zeniami
AgNPs cechowaly si¢ istotnie wigkszg §wiezg masa lisci (28,6-47,9%) i cebul (40,6-56,5%),
dhuzszymi dziatkami (9,7-13,7%) i zwigkszong liczba kwiatow (4,5-14,9%) w stosunku
do roslin nietraktowanych. Ponadto, zastosowanie AgNPs przyspieszyto kwitnienie ro$lin
0 2—4 dni z wyjatkiem stezenia 150 ppm. Najkorzystniej na wickszo$¢ analizowanych cech
wptyne¢to uzycie AgNPs w stezeniu 100 ppm, przy ktorym rosliny byty najwyzsze (56,5 cm),
miaty najwiecej lisci (65,7), najwyzszy indeks zazielenienia (59,4 SPAD), najdtuzsze (14,1 cm)
1 najszersze (7,0 cm) dziatki i najdtuzej kwitty (18 dni).

Z przeprowadzonych analiz wynika, Zze zastosowanie AgNPs wplynelo istotnie
na zawarto$¢ barwnikow w lisciach lilii ‘Little John’. Najwigcej chlorofilu a, chlorofilu b,
chlorofilu a+b oraz karotenoidoéw stwierdzono w lisciach roslin traktowanych 100 ppm AgNPs.
W tym wariancie poziom chlorofilu a, chlorofilu b, chlorofilu a+b oraz karotenoidow byt
zwigkszony w stosunku do kontroli odpowiednio o 31%, 23%, 29% i 26%. Koncentracja
w lisciach azotu, potasu, wapnia i siarki takze zalezata od stezenia AgNPs. W poréwnaniu
do roslin nietraktowanych, aplikacja AgNPs w stezeniu 50 ppm powodowata wzrost zawarto$ci
azotu i potasu odpowiednio 0 9,2 i 16,1%. U roslin traktowanych AgNPs w st¢zeniu 100 ppm
takze wykazano istotnie zwigkszong zawarto$¢ potasu (o 14,9%) oraz dodatkowo zwigkszong
zawarto$¢ wapnia (o 14,4%) i siarki (o 25,5%).

W ramach analizy spektroskopowej FTIR wyrozniono pig¢ obszaréw w zakresie liczb
falowych: (1) od 3600 do 3200 cm™, (2) od 3200 do 2800 cm™, (3) od 1800 do 1500 cm™?, (4)
od 1400 do 1200 cm™ oraz (5) od 1200 do 900 cm™. Zidentyfikowano sygnaty: 3285,90 cm™!
pochodzacy najprawdopodobniej od oddzialywan grup O-H; 2917,58, 2850,42 i 1411,25 cm™!
pochodzace najprawdopodobniej od oddziatywan grup CHs-CHa; 1590,73 cm™!i 1587,03 cm™!
charakterystyczne dla ttuszczow i pektyn oraz 1026,40, 1026,85 i 1098,49 cm™! pochodzace
najprawdopodobniej od wigzan O-H i C-O. Na podstawie przeprowadzonej analizy FTIR nie
stwierdzono, aby traktowanie roslin AgNPs miato wyrazny wptyw na potozenie i intensywnos¢

pasm oscylacyjnych. Uzyskane widma FTIR probek byty do siebie spektralnie podobne.
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Publikacja 3. Byczynska A., Zawadzinska A., Salachna P. 2018. Effects of nano-silver on
bulblet production from bulb scales of Lilium. Propagation of Ornamental Plants, 18(3), 104—
106.

Cebule to organy rozmnazania wegetatywnego wykazujgce zdolnos¢ do regeneracji
catej rosliny. Gléwna przyczyna zdolnosci regeneracyjnej cebul roslin jest totipotencja ich
komorek. Na tuskach cebul umieszczonych w warunkach wysokiej wilgotnosci 1 temperatury
bez dostepu Swiatta formujg si¢ cebule przybyszowe z pagkéw znajdujacych si¢ w stanie
spoczynku. Wspoétczynnik tworzenia si¢ cebul przybyszowych na tuskach mozna zwigkszy¢
stosujac substancje hormonalne i regulatory wzrostu. W ostatnim okresie pojawily si¢
doniesienia dotyczace mozliwosci wykorzystania AgNPs w rozmnazaniu roslin zar6wno
w warunkach in vitro, jak i ex vitro. Celem badan byta ocena wptywu AgNPs na potencjat
regeneracyjny lilii ‘Little John’, ‘Mona Lisa’ i ‘Osasco’ rozmnazanych metodg tuskowania.

Stwierdzono, ze moczenie tusek lilii bezposrednio przed inkubacja w roztworach
AgNPs wplyneto na wielkos¢ i jakos$¢ plonu cebul przybyszowych, przy czym efekt ten zalezat
istotnie od odmiany i stezenia oraz wspodldziatania obu badanych czynnikéw. Porownujac
oceniane odmiany stwierdzono, ze wyraznie wiecej cebul przybyszowych uzyskano u odmiany
‘Mona Lisa’. U odmian ’Little John’ i ‘Mona Lisa’ uzyskane cebule przybyszowe mialy
wieksza §wieza mase w poréwnaniu do masy cebul przybyszowych odmiany ‘Osasco’. Z kolei
odmiana ‘Little John’ wytworzyta cebule przybyszowe, ktorych korzenie mialy wigksza §wieza
mas¢ w stosunku do dwoch pozostatych odmian.

Niezaleznie od badanych odmian, zastosowanie AgNPs spowodowato zwigkszenie
liczby cebul przybyszowych lilii, za wyjatkiem stgzenia 150 ppm. Najkorzystniej na liczbe
cebul przybyszowych wptyngto zastosowanie AgNPs w stezeniu 50 ppm. Wykazano,
ze moczenie tusek w roztworze AgNPs mialo stymulujacy wplyw na $wiezg mas¢ cebul
przybyszowych i korzeni przybyszowych. Cebule przybyszowe i korzenie przybyszowe
0 najwigkszej §wiezej masie obserwowano po aplikacji AgNPs w stezeniu 50 1 100 ppm.

Wykazano istotng interakcje migedzy odmianami a stezeniami AgNPs dla liczby
I $wiezej masy cebul przybyszowych oraz §wiezej masy korzeni przybyszowych. Najwigcej
cebul przybyszowych wytworzyta odmiana ‘Mona Lisa’, ktorej tuski byty traktowane AgNPs
w stezeniu 50 ppm. Najmniej cebul przybyszowych uzyskano z tusek odmiany ‘Osasco’,
ktorych nie moczono w roztworze AgNPs. Z tusek odmiany ‘Mona Lisa’ traktowanych przed
inkubacja AgNPs w stezeniu 50 ppm uzyskano cebule przybyszowe i korzenie przybyszowe

0 najwickszej $wiezej masie. Najmniejsza $wiezg masg charakteryzowaly si¢ cebule
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przybyszowe i korzenie przybyszowe u odmiany ‘Little John’, ktorej tuski moczono w wodzie

destylowanej bez AgNPs (kontrola).

Publikacja 4. Byczynska A., Zawadzinska A., Salachna P. 2023. Colloidal Silver
Nanoparticles Enhance Bulb Yield and Alleviate the Adverse Effect of Saline Stress on Lily

Plants. Journal of Ecological Engineering, 24(6), 338-347.

Wplyw AgNPs na wzrost roslin zalezy od rodzaju nanoczastek, ich wielkosci, ksztattu
czy zdolnosci do tworzenia agregatow. Poszczegdlne gatunki roslin, a nawet odmiany r6znig
si¢ pod wzgledem reakcji na AgNPs. Z nielicznych badan wynika, ze AgNPS mogag
akumulowa¢ si¢ w tkankach oraz organach przetrwalnikowych i1 by¢ wykrywane w nowych
pokoleniach roslin. Bardzo stabo poznane sa dtugoterminowe skutki wptywu AgNPs na wzrost
i rozmnazanie roslin. Ogolng idea badan bylo zatem poznanie wptywu AgNPs w formie
koloidalnej na wzrost, kwitnienie i plon cebul oraz zbadanie efektu nastepczego AgNPs na plon
cebul przybyszowych lilii ‘Osasco’.

W ostatnich latach prowadzone sg badania nad okre§leniem wrazliwo$ci réznych
gatunkow roslin ozdobnych na nadmierne zasolenie. Poznanie roslin ozdobnych znoszacych
zasolenie ma duze znaczenie praktyczne. Lilie reaguja na podwyzszone zasolenie podloza
utratg dekoracyjnosci. Nie jest jednak glebiej poznany wptyw zasolenia na plon cebul lilii.
Ostatnie badania sugeruja, ze AgNPs moga tagodzi¢ skutki stresu wywotanego nadmiernym
zasoleniem. Celem badan byto okreslenie wptywu AgNPs w formie koloidalnej i zasolenia na
wzrost, kwitnienie, zawarto$¢ barwnikow asymilacyjnych 1 sktad chemiczny lisci lilii ‘Bright
Pixi’.

Nie stwierdzono na li§ciach, kwiatach i1 cebulach Zadnych oznak fitotoksycznos$ci
wywotanych dziataniem AgNPs. Zastosowanie AgNPs w stezeniach od 25 do 150 ppm
wyraznie przyspieszyto kwitnienie lilii ‘Osasco’ od 3 do 6 dni. Najdluzszym okresem
kwitnienia (22 dni) cechowalty sie lilie, ktorych cebule moczono w roztworze 150 ppm AgNPs.
Zastosowanie AgNPs, niezaleznie od st¢zenia, zwigkszylo Swieza mase czgsci nadziemnej
roslin od 21,5% do 32,0% oraz $wiezg mas¢ cebul od 36,3% do 64,0%. Uzycie AgNPs
zwigkszylto takze $rednice cebul lilii od 19,9% do 22,0%. Najwiekszg $wiezg mase zarOwno
czesci nadziemnej, jak 1 cebul, $rednicg cebul oraz liczbe tusek w cebuli mialy ro$liny
traktowane AgNPsw stezeniu 100 ppm. Wykazano nastepczy wptyw AgNPs na liczb¢ i Swieza
mase ogotem cebul przybyszowych lilii ‘Osasco’. Z tusek pochodzacych z cebul traktowanych
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AgNPsw stezeniu 100 i 150 ppm uzyskano wigcej cebul przybyszowych o odpowiednio 15,1%
I 23,6%, ktore jednoczes$nie miaty zwigckszong $wiezg mas¢ o 39,6% i 36,5% w stosunku do
kontroli. Z analizy struktury plonu cebul przybyszowych wynika, ze w kazdym wariancie
najwiekszy udziat stanowity cebule przybyszowe o masie od 0,01 do 0,20 g. Najwigcej cebul
przybyszowych o masie od 0,01 do 0,20 g wykazano w wariancie kontrolnym (79,3%),
a najmniej w wariancie, w ktorym uzyto AgNPs w stezeniu 25 ppm (54,8%).

Wykorzystanie AgNPs do moczenia cebul pozytywnie wplyngto na wigkszosé
ocenianych cech morfologicznych lilii ‘Bright Pixi’. W wyniku aplikacji AgNPs ro$liny
zakwitly szybciej o 3 dni, mialy zwickszong wysokos¢ (o 8,0%), szerokos¢ dziatek (13,5%),
$wiezg mase cebul (13,9%), $rednice cebul (14,3%) i liczbg tusek w cebuli (12,3%)
w poréwnaniu do roslin nietraktowanych AgNPs. Stres solny wywotany podlewaniem roslin
wodnym roztworem NaCl spowodowat nieznaczne opdznienie kwitnienia i skrocenie dtugosci
kwitnienia, a takze zmniejszenie dtugosci dziatek okwiatu i wysokos$ci roslin. Zdecydowanie
silniejszy, negatywny wplyw stresu solnego wykazano analizujac dane dotyczace biomasy
i plonu cebul. W wyniku stresu solnego rosliny mialy zmniejszong $wieza mas¢ czesci
nadziemnej (0 36,5%), swieza mas¢ cebul (32,5%), $rednice cebul (13,0%) i liczbe tusek
w cebuli (40,8%) w stosunku do roslin niezasalanych. Wykazano, ze rosliny traktowane
AgNPs w warunkach stresu solnego miaty podobng liczb¢ dni do kwitnienia, liczbg kwiatow,
dhugo$¢ i szerokos¢ dziatek okwiatu oraz $wiezg masg¢ cze$ci nadziemnej w stosunku do roslin
traktowanych tylko NaCl. Zastosowanie AgNPs ograniczyto negatywny wplyw stresu solnego
na wysokos$¢ roslin i jakos$¢ ich cebul. Rosliny traktowane zarowno AgNPs, jak i NaCl
cechowaly si¢ zwigkszong wysokoscig (o 7,6%), swieza masg cebul (42,3%), liczbag tusek
w cebuli (46,9%) i $rednicg cebul (13,7%) w stosunku do ro$lin tylko zasalanych.
Zastosowanie AgNPs i NaCl wplyneto istotnie na zmiany w zawartosci barwnikoéw w lisciach
lilit ‘Bright Pixi’. Najwigcej chlorofilu a, chlorofilu b, chlorofilu at+b oraz karotenoidéw
stwierdzono u roslin traktowanych AgNPs. Najmniej chlorofilu a, chlorofilu b, chlorofilu a+b
oraz karotenoidow mialy ro$liny traktowane tylko NaCl. Pod wplywem stresu solnego
obserwowano wyrazny spadek zawartosci w lisciach roslin azotu, potasu, wapnia, miedzi,

manganu i cynku.
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5. Wnioski

Wyniki badan uzyskane w czterech oryginalnych publikacjach naukowych pozwalaja

na sformutowanie nastgpujgacych wnioskow:

1. W uprawie tulipana i lilii pod ostonami zastosowanie nanoczgstek srebra (AgNPS)
w stezeniach 25-150 ppm przyspieszyto kwitnienie, spowodowato poprawe jakosci roslin
i zwigkszyto plon cebul.

2. Najkorzystniej na jakos¢ kwiatow cietych, zazielenienie lisci, przewodnosc¢ szparkowa lisci,
a takze plon cebul przybyszowych tulipana ‘Pink Impression’ wptyneto uzycie AgNPs
w stezeniu 100 ppm.

3. Zastosowanie AgNPs w stezeniach 50 i 100 ppm u lilii ‘Mona Lisa’ pozwolito na uzyskanie
wczesniej kwitngcych roslin, o wyraznie zwigkszonej liczbie kwiatdw i masie cebul.

4. Moczenie cebul lilii ‘Mona Lisa’ w roztworach AgNPs miato wigkszy efekt biostymulujacy
na wzrost i kwitnienie roslin w poréwnaniu do dwoch pozostatych metod aplikacji,
tj. opryskiwania i podlewania.

5. Lilie ‘Little John’ uzyskane z cebul traktowanych AgNPs w st¢zeniu 100 ppm
charakteryzowaty si¢ najwigksza zawarto$cig barwnikow asymilacyjnych, potasu, wapnia
i siarki w lisciach. Jednoczesnie nie stwierdzono znaczacych zmian ilosciowych
i jakosciowych sktadu makromolekut w li§ciach roslin eksponowanych na AgNPs.

6. Mozliwe jest zastosowanie AgNPs w rozmnazaniu lilii przez sadzonki tuskowe w celu
zwigkszenia plonu cebul przybyszowych. Moczenie tusek lilii w roztworze AgNPs
w stezeniu 50 i 100 ppm wptyneto najkorzystniej na mase i System korzeniowy cebul
przybyszowych.

7. Poszczegbdlne odmiany lilii réznity si¢ potencjalem regeneracyjnym. Najwigcej cebul
przybyszowych uformowalo si¢ na tuskach lilii ‘Mona Lisa’.

8. Obserwowano pozytywny, nastepczy wptyw AgNPs na wspotczynnik rozmnazania lilii
‘Osasco’. Najwiecej zainicjowanych cebul przybyszowych stwierdzono na tuskach
pochodzacych z cebul moczonych w roztworze AgNPs w stgzeniach 100 i 150 ppm.

9. Stres solny spowodowat u lilii ‘Bright Pixi’ wyrazny spadek biomasy, zmniejszenie
srednicy cebul i liczby tusek w cebuli, zawarto$ci barwnikow asymilacyjnych, azotu,
potasu, wapnia, miedzi, manganu i cynku. Zastosowanie AgNPs tagodzito niekorzystny

wpltyw nadmiernego zasolenia na plon cebul lilii.
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Silver nanoparticles preplant bulb soaking affects tulip production

Andzelika Byczynska, Agnieszka Zawadzirnska

and Piotr Salachna

Department of Horticulture, West Pomeranian University of Technology, Szczecin, Poland

ABSTRACT

Nanomaterials and particularly silver nanoparticles (AgNPs) have increased great interest in many
fields of science. The element may affect plant growth and development but so far research
studies have been scarce and their results disparate. Tulip is one of the most important
ornamental plants and its production technology is constantly being improved. The aim of this
study was to investigate the effects of AgQNPs on growth and yield attributes of tulip cv. ‘Pink
Impression’. Before planting, the tulip ‘Pink Impression’ bulbs were soaked in the following
concentrations of AgNPs: 25, 50, 100 and 150 mg L. Control bulbs were soaked in deionized
water. The plants were forced in a greenhouse for two growing seasons. The tulips treated with
100 mg L' AgNPs flowered earlier, had longer cut-flower stem, larger petals, greater stem
diameter and cut-flower fresh weight. Moreover, at this concentration of AgNPs, they showed
increased leaf greenness index (SPAD), stomatal conductance, root fresh weight, root length and
produced daughter bulbs of the greatest weight. The study outcomes indicate that AQNPs may
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be used as plant growth promoters in horticulture.

Introduction

Bulbous plants are an important segment of ornamental
plant production, the annual value of which is estimated
to be around one billion dollars (Benschop et al. 2010).
Tulip (Tulipa gesneriana L., Liliaceae) is the third most
popular cut flower after roses and chrysanthemums. In
2017, Dutch flower exchanges sold over 1894 million
cut tulip flowers for a total of 281 million EUR (Royal Flor-
aHolland 2018). High market requirements constantly
drive improvements in tulip cut flowers quality (Sochacki
and Treder 2017) and methods shortening the pro-
duction cycle under covers (Ramzan et al. 2014; Amiri
et al. 2018).

Recently, numerous research studies have focused on
nanotechnology and its achievements in many areas of
human activity (Singh 2017). Silver nanoparticles
(AgNPs) belong to the most common nanomaterials
obtained via physical, chemical and biological processes,
often with the use of various plant species (Zuverza-
Mena et al. 2017; Rai et al. 2018). A limited number of
studies conducted so far on AgNPs in agricultural and
horticultural settings demonstrated their effects on
seed germination, plant growth and development,
flowering, yield and physiological processes (Yin et al.
2012; Yasur and Rani 2013; Byczyriska 2017; Zakharova
et al. 2017). AgNPs promoted seed germination in Penni-
setum glaucum (Parveen and Rao 2015), stimulated

growth and increased the number of inflorescences in
Carthamus tinctorius (Zari et al. 2015), and in combination
with indoleacetic acid and 6-benzyladenine they
increased the number and length of adventitious roots
in Hibiscus rosa sinensis (Thangavelu et al. 2018). In Trigo-
nella foenum-graecum, the application of AgNPs stimu-
lated the growth of seedlings by enhancing leaf
number, root lenght, shoot lenght and wet weight of
plants (Jasmin et al. 2017). Contrary to that, AGNPs inhib-
ited germination in Brassica nigra (Amooaghaie et al.
2015), seedlings growth in Lolium multiflorum (Yin et al.
2011), Phaseolus radiatus and Sorgum bicolor (Lee et al.
2012). The results are inconclusive and identified
AgNPs as both growth stimulators and inhibitors.

To our knowledge, this study is the first one demon-
strating biostimulating properties of AgNPs in forcing
of ornamental bulbous crop plant. Here, we evaluated
the effects of bulb soaking in nano-silver solutions of
different concentrations on plant growth, flowering,
selected physiological parameters and bulb yield of
‘Pink Impression’ tulips.

Material and methods

The experiment carried out over two growing seasons
(2014-2015 and 2015-2016) involved prepared tulip
bulbs cv. ‘Pink Impression’ of the Darwin hybrid group,
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imported from the Netherlands (Mantel, Holland). Their
mean circumference was 12.2cm and mean weight
19.1 g. Directly prior to planting the bulbs were soaked
for 60 min in AgNPs (Sigma-Aldrich, Spain) solutions (O,
25, 50, 100 and 150 mg L™" obtained by dissolving
AgNPs in deionized water. Each variant consisted of
four repetitions, 20 bulbs per independent repetition.
The bulbs were planted individually on 31 October
2014 and 22 October 2015 into plastic pots 12 cm in
diameter and 0.7 L capacity filled equally (v:v) with
sand and peat substrate TS1 (Kronen, Cerkwica, Poland)
containing: N-NO; - 182mgL™", P - 131 mgL™", K -
402mgL™", Ca - 1646 mgL™", Mg - 172mgL™" and
Cl - 18 mg L™". The peat substrate had an initial of pH
6.4 and electrical conductivity of 0.54 mScm™'. The
pots were placed in a room intended for bulb cooling.
The tulips were forced using a standard method (De
Hertogh 1996). After 15 weeks of cooling, the pots
were transferred into a greenhouse and kept under
natural photoperiod at 18+2°C (day) and 16+ 2°C
(night).

We counted the number of days from the beginning
of greenhouse forcing to the beginning of flowering
that was determined as a fully colored flower bud. At
this stage, we randomly selected five plants from each
replicate and determined their leaf greenness index
(SPAD) with an optical apparatus Chlorophyll Meter
SPAD-502 (Minolta, Osaka, Japan) and stomatal conduc-
tance with an SC1 porometer (Dekagon Devices,
Pullman, WA, USA). The measurements involved three
fully developed leaves of each plant and four readings
per leaf. The measured parameters included cut-flower
length, stem diameter (middle section), petal length,
fresh cut-flower weight, fresh weight of roots and root
length measured from the basal plate to the end of the
longest root. To assess post-harvest longevity in days,
cut flowers were placed in individual glass cylinders
with a capacity of 0.25L filled with deionized water.
Flower observation was conducted daily in a room with
the following controlled conditions: 20 +2°C, relative
humidity 65+5%, quantum radiation intensity
30 umol m™2 s~ applied in a cycle of 10 h of light and
14 h of darkness. Wilting and drying of perianth petals
were assumed as a loss of the ornamental value. Three
weeks after the end of flowering, we also assessed
fresh weight and number of daughter bulbs per plant.

Results from each growing season were analysed with
ANOVA for univariate experiments in a complete ran-
domisation arrangement. Calculations were performed
using the STATISTICA 13.3 package (StatSoft, Cracov,
Poland). Comparison of means and determination of
homogeneous groups were based on Tukey's test for
a=0.05.

Results

Experimental results for both seasons showed that bulb
soaking in AgNPs stimulated the growth attributes of
tulip (Figure 1). The use of AgNPs accelerated flowering
by on average 4.2 days, depending on concentration
and season (Table 1). In the first season, the first to

Figure 1. Visible effects of silver nanoparticles (AgNPs) on tulip
growth attributes. Left to right: 0 (control), 25, 50, 100 and
150 mg L™" AgNPs.

Table 1. Impacts of silver nanoparticles’ (AgNPs) various
concentrations on flowering of tulip in two seasons.

Fresh

Cut- cut-
AgNPs flower Stem Petal flower Vase
(mg Daysto  length diameter  length weight life
L anthesis (cm) (mm) (mm) (9) (days)
Season 2014-2015
0 39.7 a 352 ¢ 49.5 ¢ 418 b 319 b 6.7 a
25 364 b 39.1b 50.9 bc 452 a 324 b 6.7 a
50 347 ¢ 403 b 53.5ab 457 a 343 ab 6.5 a
100 342 ¢c 43.1 a 543 a 452 a 373 a 6.7 a
150 35.4 bc 404 b 50.2 ¢ 446 a 300 b 6.7 a
Season 2015-2016
0 334a 358 ¢ 543 a 46.1 b 30.5 ¢ 6.7 a
25 313 b 414 b 56.0 a 47.5 a 32.7 bc 6.5a
50 28.0d 458 a 56.0 a 482 a 360ab 68a
100 29.1 ¢ 459 a 576 a 483 a 380a 6.8 a
150 299 ¢ 45.1 a 55.1a 479 a 33.1 bc 6.8 a

Note: A different letter in each column indicate a significant difference
between treatments at P < 0.05. Each value is the mean of 20 plants (five
plants x four replications).
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bloom were the plants grown from the bulbs soaked in
50 and 100 mg L™' AgNPs, and in the second season
those soaked in 50 mg L™". All concentrations of AgNPs
increased the length of cut flowers, and 100 mg L™
was the most effective. At this concentration, flowers
were by 22.4% longer than the control in the first
season and by 28.2% in the second season. Additionally,
AgNPs significantly affected the stem diameter that was
the highest in the plants grown from the bulbs soaked in
100 mg L™" AgNPs. Compared to the control, AgNPs
treatment increased petal length during both seasons,
irrespective of the concentration. The plants obtained
from the bulbs treated with 100 mg L™' AgNPs had the
highest fresh weight of cut flowers. At that concen-
tration, the flower fresh weight was 16.9% greater than
in the control in the first season and by 24.6% in the
second season. Our observations showed no effect of
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bulb soaking in AgNPs on the post-harvest longevity of
cut flowers that usually lasted for six days in both the
seasons (Table 1).

To assess physiological changes evoked by AgNPs
treatment, we determined the leaf greenness index
that correlates with chlorophyll content and stomatal
conductance, which is one of the basic parameters of
gas exchange (Figures 2 and 3). The leaf greenness
index exceeded that of the control in the plants
exposed to 100 mgL™" AgNPs (both seasons) and
150 mg L~" (the first season). The stomatal conductance
was significantly higher in the plants treated with 50 and
100 mg L™" in both the seasons.

Root system size affects plant growth, which is why
we determined the root fresh weight and the length of
adventitious roots. In both seasons, the plants grown
from the bulbs soaked in 100 mg L™" AgNPs produced
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Figure 2. Impacts of silver nanoparticles’ (AgNPs) various concentrations on the leaf greenness index of tulip in seasons 2014-2015 (A)
and 2015-2016 (B). Vertical bars indicate the mean + standard deviation (n = 4). A different letter above each bar indicates a significant

difference between treatments at P < 0.05.
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Figure 3. Impacts of silver nanoparticles’ (AgNPs) various concentrations on stomatal conductance of tulip in seasons 2014-2015 (A)
and 2015-2016 (B). Vertical bars indicate the mean + standard deviation (n = 4). A different letter above each bar indicates a significant

difference between treatments at P < 0.05.
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roots of higher fresh weight (Figure 4). The roots were
the longest in the plants treated with 50 and
100 mg L™" AgNPs, irrespective of the season (Figure 5).

The number and weight of daughter bulbs are impor-
tant metrics of tulip yield. In both seasons, AgNPs treat-
ment enhanced the fresh weight of daughter bulbs
and the effect was the strongest for AgNPs at
100 mg L™". In the first season, a higher number of
daughter bulbs were formed on the plants treated with
50 mgL™" AgNPs, and in the second with 100 mg L™
AgNPs (Table 2).

Discussion

The commercial value of cut tulip flowers depends on
early flowering, stem length and diameter, and flower

A 6
Season 2014-2015

Root fresh weight (g)
(o]

0 25 50 100 150
AgNPs (mg L)

size (De Hertogh 1996). Our study showed considerable
shortening of the greenhouse forcing period and
effective growth stimulation in the plants exposed to
AgNPs, particularly at 100 mgL™" (Table 1). The cut
flowers obtained from the bulbs treated with
100 mg L™" AgNPs were longer, had thicker stems,
longer petals and higher fresh weights than controls.
Our results match the findings of other authors. Pallavi
et al. (2016) found that Vigna sinensis plants sprayed
with 50 mgL™" AgNPs produced longer and heavier
shoots. Nejatzadeh-Barondozi et al. (2014) noticed a sti-
mulating effect of 60 ppm AgNPs on growth and
biomass of Ocimum basilicum. Positive effect of AgNPs
on plant growth occurred also in Cucumis sativus
(Shams et al,, 2013), Chrysanthemum morifolium (Tung
et al. 2018) and Phaseolus vulgaris (Das et al. 2018). The
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Figure 4. Impacts of silver nanoparticles’ (AgNPs) various concentrations on the root fresh weight of tulip in seasons 2014-2015 (A) and
2015-2016 (B). Vertical bars indicate the mean + standard deviation (n =4). A different letter above each bar indicates a significant

difference between treatments at P < 0.05.
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Figure 5. Impacts of silver nanoparticles’ (AgNPs) various concentrations on root length of tulip in seasons 2014-2015 (A) and 2015-
2016 (B). Vertical bars indicate the mean + standard deviation (n = 4). A different letter above each bar indicates a significant difference
between treatments at P < 0.05.
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Table 2. Impacts of silver nanoparticles’ (AgNPs) various
concentrations on bulbs yield of tulip in two seasons.
Fresh weight of daughter

Number of daughter

AgNPs (mg L™ bulbs per plant (g) bulbs per plant
Season 2014-2015

0 194 c 4.26 bc
25 225b 4.40 bc
50 25.0 ab 533 a
100 256 a 450 b
150 23.6 ab 4.03 c
Season 2015-2016

0 143d 250 b
25 18.0 ¢ 2.83 ab
50 20.1 b 3.16 ab
100 224 a 350 a
150 19.3 bc 3.16 ab

Note: A different letters in each column indicate a significant difference
between treatments at P < 0.05. Each value is the mean of 20 plants (five
plants x four replications).

effect of AgNPs on growth and development of plants
may be attributed to the fact that nanoparticles may
enhance metabolic processes that lead to plant growth
stimulation or inhibition in general (Feregrino et al.
2018). According to Krishnaraj et al. (2012) silver ions
may interact with the proteins, starch synthesising
machinery and carbohydrate translocation in the plant.
Das et al. (2018) propose that nano-silver intensifies
plant growth by improving the accumulation of essential
macronutrients uptake by roots. It is important to
mention that AgNPs may stimulate plant growth by reg-
ulating gene expression. For example, AgNPs induced
Arabidopsis gene expression related to cell division,
metabolism and hormone signalling pathways (Syu
et al. 2014). The mechanism of the AgNPs’' action in
plants is not sufficiently recognised and requires
further studies.

Leaf greenness evaluated by SPAD is an important
quality criterion in the assessment of ornamental crops
(Zawadzinska and Salachna 2018). A high SPAD value
may indicate increased leaf content of chlorophyll
(Dunn et al. 2018). In our study, the most vividly green
leaves indicated the high quality of tulips grown from
the bulbs soaked in 100 and 150 mg L™' AgNPs (Figure
2). Moreover, the leaves of tulips treated with 50 and
100 mg L™' AgNPs had higher stomatal conductance
(Figure 3), which together with increased SPAD suggest
enhanced efficiency of photosynthesis. Literature
reports confirm these assumptions. For example, AgQNPs
increased the chlorophyll content in the leaves of P. vul-
garis (Das et al. 2018), Brassica juncea (Sharma et al. 2012)
and Solanum tuberosum (Homaee and Ehsanpour 2015),
and improved net productivity of photosynthesis in
Solanum lycopersicum (Zakharowa et al. 2017).

In our study soaking tulip bulbs in 100 mg L™' AgNPs
significantly increased both fresh weight and length of
the adventitious roots (Figures 4 and 5). Other species

also showed differences in root length depending on
the AgNPs’ concentration. Seedlings of S. lycopersicum
produced markedly longer shoots when grown from
seeds soaked in 1.5 mg L AgNPs (Almutairi 2016).
Soaking seeds in AgNPs positively affected root length
in B. juncea (Sharma et al. 2012) and Pisum sativum (Bar-
abanov et al. 2018). In the first plant AgNPs concen-
tration was below 200 ppm, and in the second AgNPs
solution was stabilised with quaternary ammonium salt
at 0.005% and 0.001%. Stimulation of root system
growth by AgNPs may improve water and nutrient
uptake, as reported for P. vulgaris grown on a substrate
containing biological concentrations of AgNPs reaching
25-50 mg kg~ (Das et al. 2018).

Some tulip species and cultivars achieve poor bulb
propagation rate (Podwyszyriska et al. 2015), which is
why new solutions increasing bulb yield are constantly
being looked for. AgNPs used in our study allowed us
to obtain a higher number of daughter bulbs that had
also higher fresh weight than those produced by the
control. Improved quality and quantity parameters of
tulip yield may be due to the stimulating effects of
AgNPs on the growth of roots and above ground
organs. The potential application of AgNPs in the propa-
gation of other ornamental geophytes is worth
investigating.

In conclusion, our study demonstrated that soaking
tulip bulbs in 50 and 100 mg L™ AgNPs shortens the pro-
duction cycle and improves the quality of cut flowers.
Moreover, silver in the form of AgNPs enhanced bulb
yield and stimulated root system development. These
findings can be applied in forcing tulips in future.
However, considering the poorly known impact of
AgNPs on the environment, further detailed studies are
necessary.
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Abstract: Nanoparticles exhibit unique biological activities and may serve as novel plant growth
stimulators. This research consisted of a two-year pot experiment designed to find out if silver
nanoparticles (AgNPs) might be used in the cultivation of Oriental lilies. In the first year, we evaluated
the effects of various concentrations of AgNPs (0, 25, 50, 100, and 150 ppm) and their application
methods (pre-planting bulb soaks, foliar sprays, and substrate drenches) on the growth and flowering
of Lilium cv. Mona Lisa. In the second year, we evaluated the effects of soaking the bulbs of cv.
Little John in the same concentration of AgNP solution on plant morphological features, leaf content
of photosynthetic pigments, basic macronutrients, and complex biomolecules with the use of the
Fourier-transform infrared spectroscopy (FTIR). Soaking the bulbs in a nanoparticle solution turned
out to be the most effective strategy for growth and flowering promotion. AgNPs stimulated plant
growth, as manifested by enhanced accumulation of leaf and bulb biomass and accelerated flowering.
Moreover, plants treated with silver nanoparticles showed higher leaf greenness index, formed more
flowers, and flowered longer. At 100 ppm AgNPs, the leaves accumulated the highest content of
chlorophyll a, chlorophyll b, and carotenoids, and were the richest in potassium, calcium, and sulfur.
The FTIR spectra did not show any changes in absorbance intensity and chemical composition in the
leaves from AgNP-treated bulbs.

Keywords: Lilium; nanosilver; biostimulators; ornamentals; pigments; nutrients; biomacromolecule

1. Introduction

Advances in nanotechnology have allowed for the production of specific nanoparticles with
unique properties and a wide spectrum of practical applications [1]. Nanoparticles are characterized
by small size, low weight, and a high surface to volume ratio [2]. In the agriculture industry, they are
increasingly being used as components of new fertilizers [3], plant protection products [4], herbicides [5],
and preparations for prolonging cut flower durability [6]. Recently, nanoparticles and nanomaterials
have been suggested as potential biostimulators that might improve plant propagation and growth [7,8]
and improve plant resistance to stress [9,10]. Using nanoparticles could bring numerous benefits to
agriculture and horticulture, but also involves some risks related to their not yet fully recognized
environmental impacts [11].

The most interesting metal nanoparticles seem to be silver nanoparticles (AgNPs), which exhibit
strong biological activity [12]. They affect plants at many different levels [13,14]. Positive effects
of AgNPs include stimulation of germination [15], growth invigoration [16], increased biomass
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accumulation [17], improved shoot induction and proliferation [7], or enhanced pigment content [18].
Silver nanoparticles may also show phytotoxicity, manifested by limited germination and seedling
growth [19], decreased biomass of leaves and shoots [20], delay in flowering time, and inhibition of
photosynthesis [21]. Therefore, further studies are needed to clarify these contradictory observations
and to explain the mechanisms controlling growth stimulation or inhibition in AgNP-treated plants.

Production of potted ornamental plants is a rapidly developing area of the horticultural
industry [22]. Plants with decorative flowers account for over 50% of potted plants on the market.
One such plant is lily (Lilium L., Liliaceae), a globally economically important bulbous flower crop.
By adding new cultivars every year, lilies are constantly growing in popularity [23]. The most attractive
cultivars include oriental hybrids with large, scented flowers. These are also the most difficult to grow,
mostly due to their high sensitivity to fungal pathogens [24,25]. The decorative value of ornamental
plants may be enhanced by using growth stimulators [26,27]. However, there have been few reports
on the effect of biostimulators on the yield of flowers and bulbs in lily [28,29].

This is the first study investigating the effects of different AgNP concentrations and methods of
their application on the growth and flowering of potted Oriental hybrid lilies. To better understand
plant response to AgNPs, we evaluated the leaf content of assimilation pigments and macronutrients
and analyzed macromolecule composition using Fourier-transform infrared spectroscopy (FTIR).
With the exception of our earlier research [30], no comprehensive studies have been undertaken on
using metal nanoparticles as biostimulators to enhance the ornamental quality of bulbous crop plants.

2. Materials and Methods

2.1. Plant Material and Growth Conditions

The experiment was carried out between 17 March and 25 July 2015 and between 30 March and
8 August 2016 in an unheated stand-alone tunnel with area of 225 m?, covered with a double layer
of plastic with a UV filter, located at the premises of West Pomeranian University of Technology in
Szczecin (53°25" N, 14°32’ E; 25 m ASL. In the first year, we investigated cv. Mona Lisa, and in the
second, cv. Little John. Both cultivars belong to a division of Oriental hybrids and are recommended
for pot cultivation. Bulbs 12-13 c¢m in circumference were imported from Dutch breeding plantations
and kept in cold storage at 6-8 °C prior to planting. The experiments included only healthy bulbs,
with no spots or damage and with strong and unbroken roots.

Each year the bulbs were planted individually into 16 cm diameter round plastic pots with
a volume of 2 dm?®. The pots were filled with TS1 peat substrate (Klasmann-Delimann, Germany),
with a pH in H,O 5.4 and salinity of 1.09 g NaCl dm~3, containing 162 mg dm~3 N-NOs, 118 mg dm™3
P, 323 mg dm > K, 1189 mg dm™ Ca, 132 mg dm~ Mg, and 17 mg dm~> Cl. The plants were grown on
steel tables with a density of 16 plants per m? under a natural photoperiod, and mean air temperature
in the tunnel (2015/2016) was: March 9.9/9.0 °C, April 11.9/12.4 °C, May 15.4/19.8 °C, June 18.1/22.0 °C,
and July 21.4/21.3 °C.

2.2. Treatments

AgNPs purchased from Sigma Aldrich (particle size <100 nm and surface area 5.0 m? g~!)
were dissolved in deionized water and used at the following concentrations: 0 (control), 25, 50, 100,
and 150 ppm. In the first year of the study, three application methods were investigated: (I) bulb
soaking in AgNP solution for 60 min prior to planting, (II) substrate drenches (100 mL/pot), and (III)
foliar sprays (45 mL/plant). The plants were drenched or sprayed with AgNP solutions three times,
i.e., 30,40, and 50 days after planting. In the second year, AgNPs were applied only in the form of bulb
soaking prior to planting. Both experiments were arranged in a randomized complete block design,
and each treatment was replicated four times with 20 bulbs per treatment.
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2.3. Growth and Flowering Characteristics

We determined daily the number of days from bulb planting to the beginning of anthesis and
flower longevity. The beginning of anthesis was assumed as the moment when one flower per plant
was fully opened. Flower longevity meant the number of days from the beginning of anthesis to the
opening of the last flower. The parameters measured at the beginning of anthesis included: plant
height from the soil line to the uppermost part of inflorescence, number of leaves per plant, tepal length,
and tepal width. Additionally, the SPAD (soil and plant analysis development) leaf greenness index
was measured with a Chlorophyll Meter SPAD 502 (Minolta, Osaka, Japan) in three fully developed
leaves per plant by taking three readings per leaf and calculating mean values. When the flowering
ceased, we determined the number of flowers per inflorescence, fresh weight of leaves and bulbs,
and the number of scales per bulb. In the second year of the experiment, we analyzed leaves harvested
from the central section of the stem of three representative plants of each treatment.

2.4. Chlorophylls and Carotenoids

Pigment content was determined spectrophotometrically in fresh leaves (10 g fresh weight). To this
end, discs of the same diameter (7 mm) were cut out with a cork borer from the central part of the leaf.
The pigments were extracted with 99% N-N-dimethylformamide for 24 h. Chlorophyll a, chlorophyll
b, chlorophyll a + b, and carotenoid presence were detected by reading their absorbance at 440, 645,
and 663 nm with a spectrophotometer SPEKOL 11 (Carl Zeiss Jena, Jena, Germany). The pigment
content was calculated using the appropriate formulae [31,32] and has been expressed in mg kg™! fresh
weight (FW).

2.5. Macronutrient Concentration

Fresh leaves (100 g fresh weight) were rinsed thrice with distilled water, dried at 60 °C to dry
weight, and ground. Leaf tissue samples were then microwave digested in HNOs, using closed
Teflon vessels. Phosphorus (P), potassium (K), magnesium (Mg), calcium (Ca), and sulfur (5-SOj)
were determined using inductively coupled plasma-optical emission spectrometry ICP-OES (Optima
2000TM DV PerkinElmer, Waltham, MA, USA). Nitrogen (N) content was established with a Kjeldahl
apparatus (Vapodest, Gerhardt, Germany). Leaf macronutrient content has been expressed in % of dry
weight (DW).

2.6. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

Fourier-transform infrared (FTIR) spectrum of dry leaf tissue (2 g) was measured using a FTIR
spectroscope (PerkinElmer Spectrophotometer, Spectrum 100), operated at a resolution of 4 cm™!
for four scans. Samples were ground into powder and placed directly (each one separately) at the

ray-exposing stage. The spectrum recorded a wave number of 650-4000 cm ™.

2.7. Experimental Design and Statistical Analysis

The experiment tested two factors in the first year (five concentrations X three application methods)
and a single factor in the second year (five concentrations). Each biometric measurement included three
similar plants from each repetition (n = 12). The plant material was analyzed in three independent
biological replicates (1 = 3). The results were subjected to ANOVA using Statistica Professional 13.3
package (TIBCO Software, Palo Alto, CA, USA). Tukey’s test at p < 0.05 was used to assess the smallest
significant differences between means.
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3. Results

3.1. Impact of AgNPs on Plant Growth and Flowering

The outcomes from the first year indicated positive effects of AgNPs on the majority of the assessed
morphological parameters in lily cv. Mona Lisa (Figure 1, Tables 1 and 2). All plants treated with
AgNPs clearly showed enhanced leaf fresh weight (by 23.6-50.5%), greenness index (by 8.6-18.4%),
and bulb fresh weight (by 44.9-73.4%), and began flowering by two or three days earlier than control
plants. At 50 ppm AgNPs, the lilies grew the tallest (48.1 cm), produced the greatest number of
leaves (27.1), and flowered for the longest time (11.4 days), and their bulbs had the greatest fresh
weight (37.1 g), and formed the greatest number of scales (23.0). The tested AgNP concentrations and
application methods did not significantly affect tepal length or width (Table 2).

Figure 1. Effects of silver nanoparticles (AgNPs) on color change of solution (A); flowering (B) and bulb
yield (C) of lily cv. Mona Lisa; flowering (D) and bulb yield (E) of lily cv. Little John after the application
of AgNP pre-planting bulb soaks. Left to right: nontreated control, 25, 50, 100, and 150 ppm AgNPs.

Table 1. Main effects of silver nanoparticle (AgNP) concentration and application method on growth
of lily cv. Mona Lisa. Values followed by differing letters in each column are significantly different
at p < 0.05 (ANOVA and Tukey’s test). *, **, ***: significant at p < 0.05, 0.01, or 0.001, respectively.
Non-significant: ns.

AgNP Plant No. of Leaves GrIeIfg::ss L:{a\a]iiFr}e:tsh Bulb Fresh No. of Scales
Treatment Height (cm) Per Plant 8 Weight (g/Plant) Per Bulb
(SPAD) (g/Plant)
Concentration
©
0 ppm 447b 21.3¢ 52.3¢ 20.8 ¢ 214c 185¢
25 ppm 45.7 ab 25.6 ab 56.8b 273 a 31.3b 19.8 be
50 ppm 48.1a 27.1a 6l.5a 28.1a 37.1a 23.0a
100 ppm 46.8 ab 23.5bc 619a 313a 35.1a 229a
150 ppm 45.6 ab 23.3 bc 612a 25.7b 31.0b 21.1. ab
Method (M)
Bulb soaks 472a 269 a 6l2a 282a 333a 232a
Drenches 45.0b 224b 58.1b 26.1b 31.0b 20.3b
Foliar sprays 46.4 ab 232Db 57.0b 25.6b 292 ¢ 19.8b
Two-way
ANOVA
C *3% Ea H3kF Ea H3kF *3%
M * s *3% *3% bt R

CxM ns *>* * ns otk ns
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Table 2. Main effects of silver nanoparticle (AgNP) concentration and application method on flowering
of lily cv. Mona Lisa. Values followed by differing letters in each column are significantly different

at p < 0.05 (ANOVA and Tukey’s test). *, **: Significant at p < 0.05, 0.01 or 0.001, respectively.
Non-significant: ns.

AgNP Days to No. of Flowers  Tepal Length Tepal Width Flower Longevity
Treatment Anthesis Per Plant (cm) (cm) (Days)
Concentration
©
0 ppm 109 b 2.7b 117 a 576 a 9.50 b
25 ppm 107 a 3.6 ab 119a 576 a 10.3 ab
50 ppm 106 a 40a 12.0a 5.89a 114a
100 ppm 106 a 40a 12.0a 593 a 11.0 ab
150 ppm 107 a 3.4 ab 120a 5.80a 10.6 ab
Method (M)
Bulb soaks 106 a 40a 119a 591a 103 a
Drenches 107 b 3.1b 11.8a 574a 11.0a
Foliar sprays 107 b 34b 120a 584 a 104 a
Two-way
ANOVA
C ** * ns ns *
M * ** ns ns ns
CxM ns ns ns ns ns

As for the AgNP application methods, cv. Mona Lisa lilies grown from the bulbs soaked in
nanoparticle solutions produced significantly more leaves and flowers and had higher greenness
indices and fresh weight of leaves and bulbs than plants watered or sprayed with AgNPs. In addition,
soaking the bulbs in AgNP solution accelerated flowering and increased the number of flowers without
affecting flower longevity (Tables 1 and 2).

For the number of leaves, greenness index, and bulb fresh weight, we found a significant interaction
between AgNP concentration and its application method (Table 3).

Table 3. The interaction effects of application method and silver nanoparticle (AgNP) concentration on
the number of leaves, greenness index, and bulb fresh weight of lily cv. Mona Lisa. Values followed by
differing letters in each column are significantly different at p < 0.05 (ANOVA and Tukey’s test).

AgNP Treatment No. of Leaves Per Greenness Index  Bulb Fresh Weight
Method Concentration Plant (SPAD) (g/Plant)
0 ppm 213 ¢ 523d 214¢g
25 ppm 29.2 ab 59.2 abed 40.2a
Bulb soaks 50 ppm 24.8 bc 68.3a 39.3 ab
100 ppm 24.5 bc 66.1 ab 33.4cd
150 ppm 345a 60.1 abed 32.2de
0 ppm 213 ¢ 52.3d 214¢
25 ppm 24.0 bc 56.1 cd 26.4 fg
Drenches 50 ppm 220c 56.7 cd 409a
100 ppm 23.0 bc 62.1 abc 33.8 bed
150 ppm 21.8¢ 63.3 abc 32.6 cde
0 ppm 21.3c¢ 52.3d 214¢g
25 ppm 23.7 be 55.1cd 27.4 ef
Foliar sprays 50 ppm 23.1bc 59.5 abed 31.0 def
100 ppm 23.0 bc 57.6 bed 37.9 abc
150 ppm 25.1bc 60.3 abed 28.4 def

In the second year of the study, we focused on cv. Little John and chose the most effective
method of AgNP application, i.e., bulb soaking. The data we obtained for this cultivar confirmed the
stimulatory effects of AgNPs on lily growth and flowering (Figure 1, Table 4). Plants treated with all
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investigated concentrations of AgNPs reached significantly greater fresh weight of leaves (28.6-47.9%)
and bulbs (40.6-56.5%), and produced more flowers (4.5-14.9%) with longer tepals (9.7-13.7%) than
control ones. Moreover, AgNP presence accelerated flowering by two to four days, except for the
concentration of 150 ppm. The most beneficial AgNP concentration was 100 ppm, at which the plants
were the highest (56.5 cm), produced the greatest number of leaves (65.7), had the highest greenness

index (59.4 SPAD), the longest (14.1 cm) and the widest (7.03 cm) tepals, and flowered for the longest
time (18.2 days).

Table 4. Effects of silver nanoparticle (AgNP) pre-planting bulb soaks on growth and flowering of lily
cv. Little John. Values for each parameter followed by differing letters are significantly different at
p < 0.05 (ANOVA and Tukey’s test). *, **, ***: Significant at p < 0.05, 0.01 or 0.001, respectively.

P AgNP Concentration One-Way
arameters ANOVA
0 25 ppm 50ppm 100 ppm 150 ppm
Plant height (cm) 488 a 53.3b 54.7 ab 56.5 a 53.5b **
No. of leaves per plant 58.3Db 59.3 ab 63.0 ab 65.7 a 61.7 ab *
Greenness index (SPAD) 48.5c¢ 54.6 b 56.6 ab 594 a 55.4 ab **
Leaves fresh weight (g) 35.3b 454 a 50.6 a 52.2a 50.0 a *
Bulb fresh weight (g) 524Db 73.7 a 79.8 a 82.0a 742 a xEE
No. of scales per bulb 31.7c 38.3b 39.7b 430a 433a *
Days to anthesis 113b 110 a 110 a 109 a 111 ab *
No. of flowers per plant 6.7b 75a 7.7 a 7.7 a 7.0a *
Tepal length (cm) 124Db 13.6a 13.7 a 14.1a 13.6a *
Tepal width (cm) 6.19b 6.80 ab 6.84 ab 7.03 a 6.93 ab *
Flower longevity (days) 142b 15.3 ab 16.5 ab 18.2a 15.5 ab *

3.2. Effect of AgNPs on Photosynthetic Pigments and Macronutrient Concentration

Our study showed a significant effect of AgNPs on the leaf content of photosynthetic pigments
(Figure 2). Leaves of the lily cv. Little John treated with 100 ppm of AgNPs accumulated the greatest
amounts of chlorophyll a, chlorophyll b, chlorophyll a + b, and carotenoids. For this treatment,
the levels of chlorophyll a, chlorophyll b, chlorophyll a + b, and carotenoids were higher by 31.2, 23.1,
28.6, and 26.3% than in control, respectively. Leaf content of nitrogen, potassium, calcium, and sulfur
also depended on AgNP concentration (Figure 3). In comparison with the control plants, AgNPs at
50 ppm enhanced nitrogen and potassium content by 9.2 and 16.1%, respectively. Plants treated with
100 ppm AgNPs also showed significantly higher levels of potassium (by 14.9%), as well as calcium

(by 14.4%) and sulfur (by 25.5%). The contents of phosphorus and magnesium were unaffected by
AgNP treatments (Figure 3).
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Figure 2. Effects of silver nanoparticle (AgNP) pre-planting bulb soaks on chlorophyll a (A), chlorophyll
b (B), chlorophyll a + b (C), and carotenoid (D) content of lily cv. Little John. Vertical bars indicate the
standard error (SE) of the mean. A different lower-case letter above each bar in each panel indicates
a significant difference between treatment at p < 0.05 (ANOVA and LSD test). FW: fresh weight.
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Figure 3. Effects of silver nanoparticles (AgNPs) preplant bulb soaks on leaf nitrogen (A); phosphorus
(B); potassium (C); calcium (D); magnesium (E) and sulphur (F) content of lily cv. Little John.
Vertical bars indicate the standard error (SE) of the mean. A different lower-case letter above each bar
in each panel indicates a significant difference between treatment at p < 0.05 (ANOVA and LSD test).
DW: dry weight.

3.3. FTIR Analysis

The study analyzed five regions in the FTIR spectra: (1) from 3600 to 3200 cm™?, (2) from 3200 to
2800 cm ™, (3) from 1800 to 1500 cm™!, (4) from 1400 to 1200 cm™?, and (5) from 1200 to 900 cm™!
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(Figure 4). In the case of the 3285.90 cm™ peak, its consistency with absorption was noted, stimulated by
O-H single bonds. By contrast, spectrum peaks at 2917.58, 2850.42, and 1411.25 cm™! were consistently
observed for a peak with CH3~CH, induced absorption. The 1590.73 cm~! and 1587.03 cm™! peaks
corresponded to lipids and pectin. Spectrum peaks at 1026.40, 1026.85, and 1098.49 cm~! were
consistently observed for a peak with O-H- and C-O-induced absorption, which mainly occurs in
carbohydrates [33]. The FTIR analysis did not show any influence of AgNPs on the location and
relative intensity of the oscillation bands.
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Figure 4. Fourier-transform infrared (FTIR) spectra (region 4000-650 cm ™) from leaf samples of lily cv.
Little John after the application of silver nanoparticle (AgNP) pre-planting bulb soaks.

4. Discussion

The study demonstrated positive effects of AgNPs on lily production, as manifested in enhanced
growth and more abundant flowering. Plants treated with AgNPs responded with accelerated anthesis,
higher greenness index, greater number of flowers, and prolonged flowering, which translated
into a greater decorative and commercial value than that of non-treated plants. Additionally,
AgNPs considerably increased bulb weight and the number of scales, reflecting improved reproduction
potential of the species. Leaves of lilies treated with AgNPs showed no signs of necrosis, chlorosis,
leaf and bud drying, or other symptoms of decreased plant quality (Figure 1). Lily cv. Mona Lisa
developed the most preferable morphological features when treated with 50 ppm AgNPs, while
for cv. Little John, the optimal concentration of nanoparticles was 100 ppm. We have previously
reported similar results confirming the beneficial effects of 100 ppm AgNPs, applied by pre-planting
soak, on the yield of cut flowers and daughter bulbs of Tulipa gesneriana cv. Pink Impression [30].
Dipping cuttings in 50 and 100 ppm AgNP solutions in lily propagation via bulb scales increased
the weight of bulblets and their adventitious roots [34]. In in vitro cultures of lily, supplementation
of media with AgNPs stimulated morphogenesis and elimination of bacterial contaminations [35].
Information on using AgNPs in the cultivation and propagation of ornamental bulbous plants is
scarce, and while data on AgNP treatment in other plant groups are more abundant, they are often
contradictory. Phytostimulatory effects of biosynthesized AgNPs on seedling elongation and their
biomass growth have been reported in Oryza sativa [17] and Trigonella foenum-graceum [16]. Treatment
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of Chrysanthemum morifolium with 7.5 ppm AgNPs applied to tissue cultures significantly improved
plant height, length and width of leaves, and plant fresh and dry weight [36]. In Swertia chirata,
supplementation of the cultivation media with AgNPs of 20 nm in diameter favorably influenced
shoot morphogenesis [7]. Contrary to that, exposing Capsicum annum to soil-drench-applied AgNPs
inhibited plant growth and reduced biomass accumulation of the above-ground parts [20]. Seedlings of
Lupinus termis treated with high concentrations of AgNPs (300-500 ppm) responded with a reduction
in shoot and root elongation and decreased biomass accumulation. However, AgNPs at 100 ppm
stimulated shoot and root growth [37]. Similarly, positive effects of low-concentrated solution of
AgNP on seedling development were reported in Pisum sativum [38]. Inconsistent plant responses
to AgNPs may be due to the fact that nanoparticle actions depend on plant genotype [39,40], AgNP
concentration [41,42], and application method [43], as confirmed in our study. Bulb soaking in various
concentrations of nanoparticles turned out to be more effective than drenching or spraying. It could
be assumed that bulbs treated with AgNPs prior to planting were more resistant to soil pathogen
infections, and thus their growth and development was more vigorous from the beginning of the
cultivation. AgNPs are known for their high antimicrobial activity and effective plant protection against
various diseases [1,4,12]. A suggested beneficial effect on lily disease of AgNPs still needs to be further
studied. Other factors, such as nanoparticle size, shape [44], or synthesis method [41,45] also make it
difficult to compare the results of different studies and to explain the mechanisms of AgNP action.
Different plant responses to different AgNP doses may be the effect of hormesis, i.e., a stimulatory
influence of low doses and inhibitory influence of high doses of the same agent [46]. According to
Juarez-Maldonado et al. [47], the surface charges of nanoparticles interact with the surface charges of
plant cells, inducing plant responses from biostimulation to toxicity. These authors assume a two-stage
biostimulation process. The initial stage of physicochemical character involves the interaction of surface
charges, while the later stage consists of a series of biochemical stimuli that promote nanoparticle
penetration into the cells or cause changes in the membranes or integral proteins [47].

Leaf contents of assimilation pigments and macronutrients serve as important biomarkers of plant
physiological condition. Increased synthesis of chlorophyll and more effective uptake of minerals
are known to considerably improve plant growth and enhance biomass production. In our study,
pre-planting bulb soaks of AgNPs at 100 ppm increased leaf content of chlorophyll a, chlorophyll
b, and carotenoids, as well as the levels of potassium, calcium, and sulfur. We also saw enhanced
accumulation of potassium, accompanied by greater content of nitrogen in plants treated with AgNPs at
50 ppm. Stimulation of chlorophyll synthesis following AgNP foliar application has been demonstrated
previously in the leaves of Triticum aestivum [18]. AgNPs are assumed to exert a pleiotropic effect
on plants by affecting their physiological and biochemical processes and gene expression profiles.
Supplementing soil substrate with AgNPs resulted in considerable increase in leaf chlorophyll content,
nitrogen and phosphorus uptake, accumulation of crude protein, and enhanced expression of mRNA
for nitrate reductase and ferredoxin in a culture of Phaseolus vulgaris [41]. Syu et al. [44] demonstrated
that phytostimulatory activity of medium-applied AgNPs on the growth of Arabidopsis correlated with
accumulation of proteins associated with the cell cycle and carbohydrate metabolism, and changes in the
expression of the genes involved in multiple cellular processes, such as cell proliferation, photosynthesis,
and signaling pathways of such hormones as auxins, abscisic acid, and ethylene. Gupta et al. [17]
reported AgNP-stimulated growth improvement in Oryza sativa seedlings accompanied by elevated
levels of catalase, ascorbate peroxidase, and glutathione reductase, and decreased amounts of lipid
peroxidation and hydrogen peroxide content. By enhancing the activity of antioxidant enzymes,
the nanoparticles probably help to reduce oxidative stress and may reinforce plant responses to other
types of stresses, such as salinity or high temperature [48,49].

Macromolecules are the main building blocks of plant bodies and their endogenously determined
composition may be modified by external factors, including nanoparticles and nanocompounds [50].
To obtain comprehensive data on the composition of plant macromolecules, we carried out vibrational
spectroscopy FTIR that enabled the identification of individual functional groups and detection of
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changes in various chemical bonds. We found that AgNP treatment did not alter the macromolecular
composition of lily leaves. However, our findings were inconsistent with a study by Zuverza-Mena et
al. [33], where FTIR analysis detected changes in the bands corresponding to lipids (3000-2800 cm™1),
proteins (1550-1530 cm™!), and structural components such as lignin, pectin, and cellulose in Raphanus
sativus seedlings grown in AgNP suspensions. In Lycopersicum esculentum, grown in sewage sludge
amendment soil containing TiO, nanoparticles, FTIR analysis revealed a decrease in tannins and
lignins and an increase in carbohydrates in leaves, but no changes in fruits [51]. The effect of AgNPs
on the physiological responses, mineral status, and macromolecule conformation in plants is still
an open question.

5. Conclusions

Our study showed that AgNPs used in the form of bulb-soaking solutions stimulated growth
and flowering of two cultivars of Oriental lily. AgNP application resulted in enhanced leaf and bulb
biomass, leaf greenness index, and flower abundance. Additionally, the plants treated with AgNPs
began their anthesis earlier and featured prolonged flower longevity, meaning their decorative period
was longer, which is a top priority in floriculture. The effects of AgNPs on plant growth and the content
of assimilation pigments and some macronutrients depended on nanoparticle concentration. In most
cases, the best effects were achieved for 50 and 100 ppm. FTIR spectroscopy showed no quantitative
or qualitative changes in macromolecules and individual functional groups in response to AgNP
treatment. The unique properties of AgNPs may be highly beneficial in the cultivation of ornamental
bulb plants, but, as their mechanisms of action are not fully understood, further detailed mycological,
biochemical, and molecular studies on the impact of nanosilver on plant health and stress are necessary.
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Abstract

This study was focused on using nano-silver (nAg) as a biostimulator to improve the regenerative potential of
three cultivars of lily: ‘Little John’, ‘Mona Lisa’, and ‘Osasco’. Bulb scales were soaked in aqueous solutions
of nAg (0, 25, 50, 100, and 150 mg I'"). nAg increased the number of bulblets at 50 mg I"! in the ‘Mona Lisa’
and ‘Osasco’, and enhanced the fresh weight of the bulblets and their roots, particularly at concentrations of

50 and 100 mg I"! in all researched cultivars.

Key words: geophytes, lily, nanomaterials, propagation, plant growth promoters

INTRODUCTION

The unique properties of nanomaterials arouse great
interest in many research areas, including horticulture
(Feregrino-Perez et al. 2018). Nano-silver (nAg), with
its high biological activity, is the metal most com-
monly used in nanotechnology (Zewde et al. 2016,
Zuverza-Mena et al. 2017). nAg exhibits variable ef-
fects in higher plants - it may stimulate or inhibit seed
germination, modify their growth and development, and
affect metabolic and physiological processes and gene
expression (Parveen and Rao 2015, Barabanov et al.
2018, Das et al. 2018). A few recent studies investigated
the possibility of using nAg as a bioregulator of plant
propagation both in vitro and ex vitro (Thangavelu et
al. 2018, Tung et al. 2018).

Lilies (Lilium L., Liliaceae) are among the most
important bulbous plants and are commonly grown
by professionals and amateurs worldwide. Currently,
there are over seven thousand registered lily cultivars,
and each year about one hundred new cultivars appear
(Okubo and Sochacki 2012). On the industrial scale lil-
ies are propagated in vitro or simply and effectively by
scaling. To increase the yield of bulblets, the scales may
be treated with plant growth regulators (PGRs) (Dhi-
man and Sindhu 2007). PGRs used in the propagation
of bulbous plants are increasingly being replaced with
substances having biostimulating activity (Kanchan-
apoom et al. 2012, Salachna et al. 2015).

The available literature lacks information on about
the use of nAg in the propagation of ornamental geo-
phytes. Therefore, the purpose of this study was to
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determine the effects of different concentrations of nAg
on the reproductive capability of three lily cultivars.

MATERIALS AND METHODS

Plant materials

The plant materials consisted of lily bulbs belonging
to two cultivars of oriental hybrids (‘Little John’ and
‘Mona Lisa’),and one cultivar of Asian hybrids (‘Osasco’)
obtained from the ‘Wisniewski Jacek Junior Sp. z 0.0.’
company, Poland. The average bulb circumference
of the respective cultivars was 10 cm (‘Little John”),
12 cm (‘Mona Lisa’), and 13 cm (‘Osasco’).

Experimental design

On September 30, 2015 the bulbs were divided into
individual scales that were soaked for 30 min in aqueous
solutions of nAg (Sigma-Aldrich, Spain) of the fol-
lowing concentrations: 0 (control, distilled water), 25,
50, 100, and 150 mg I"'. Each variant comprised a total
of 100 scales and four repetitions. After drying (24 h)
the scales were mixed with substrate consisting of
perlite Perligran® Extra (Knauf Aquapanel, Germany)
and acid peat pH 4.5 (Kronen, Poland) at the ratio of
1 : 1 by volume, and placed in 2 1 plastic bags in batches
of 25. Seedlings were stored in the dark at 20-22°C for
12 weeks and then at 2-4°C for 16 weeks. Then, the
number and fresh weight of the resulting bulblets and
roots were determined. The fresh weight was measured
with an electronic scale (RADWAG PS 200/2000/C/2)
with an accuracy of 0.001 g.

Accepted: September 26, 2018
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Statistical analysis

The experiment was designed as a random block
arrangement. The results were statistically verified
with ANOVA for two-factor experiments using TIBCO
Statistica™ Professional 13.3.0 software (TIBCO
Software, USA). The significance of differences among
mean was assessed by Tukey's multiple comparison
test at p < 0.05.

RESULTS

The number of bulblets per scale and the fresh
weight of the bulblets and roots were affected sig-
nificantly by experimental factors and their interaction
effects (Table 1). A comparison of the investigated
cultivars identified ‘Mona Lisa’ as the one producing
a significantly (p < 0.05) greater number of bulblets.
The bulblets of ‘Little John” and ‘Mona Lisa’ had es-
sentially (p < 0.05) greater fresh weight than those of
‘Osasco’, while the roots of the bulblets produced by
‘Little John’ had greatest fresh weight.

This study shows that the number of bulblets
was maximally increased in the scales exposed to
50 mg I'' nAg, while no effect was observed with nAg

at concentrations of 150 mg 1! (Table 1). The ANOVA
showed that nAg at 50 and 100 mg I! provided the most
favorable increase of bulblets and fresh root weight.

The greatest number of bulblets was produced
by ‘Mona Lisa’, the scales of which were exposed to
50 mg I'' nAg (Table 1). The scales of ‘Osasco’ treated
with distilled water produced the fewest number of
bulblets. The bulblets with the greatest fresh weight
were produced by ‘Mona Lisa’, whose scales were
soaked in 50 mg 1! nAg. The bulblets and roots with
the least fresh weight were formed in the control vari-
ant of ‘Little John’.

DISCUSSION

The study demonstrated a positive effect of nAg
applied at 50 mg I'! on the number of bulblets produced
by lily scales. We also proved that nAg increased the
fresh weight of bulblets and their roots, particularly at
concentrations of 50 and 100 mg 1. Enhanced biomass
and a stronger root system were observed in vitro in
Solanum tuberosum L. (Homaee and Ehsanpour 2015)
and Chrysanthemum morifolium Ramat. (Tung et al.
2018) following exposure to nAg. Thangavelu et al.

Table 1. Posttreatment effect of different nano-silver (nAg) concentrations on the number and fresh weight of bulblets

of three lily cultivars.

Number of Fresh weight (mg)
Treatments bulblets
Bulblet Root
‘Little John’ 1.0£0.1b 218.7+554 a 112.0+33.1a
Cultivar ‘Mona Lisa’ 1.5+0.3a 221.3+40.0a 97.6+34.6b
‘Osasco’ 1.1+0.1b 190.0+£29.5b 89.7+19.0b
0 1.1+02c 156.6 £ 31.3 ¢ 564+ 8.2c
25 1.2+03b 1956 +34.7b 94.4+18.1b
nAg (mg I'") 50 14+05a 248.9+39.8 a 126.0 £ 26.2 a
100 1.2+0.2b 2389+11.7a 1220+ 11.5a
150 1.1+02c 211.1+26.7b 99.6 £20.1b
‘Little John’ x 0 mg I"nAg 1.0+£0.1d 123.3+15.3f 51.3% 6.1g
‘Little John’ x 25 mg "' nAg 1.1+£0.1d 220.0 £ 50.0 b-d 113.0 + 15.3 a-d
‘Little John’ x 50 mg I nAg 1.0£0.1d 260.0 £ 10.0 ab 143.0+12.1a
‘Little John’ x 100 mg I'' nAg 1.0+0.1d 246.7 £ 11.5 a-c 132.0+ 104 a
‘Little John’ x 150 mg I'' nAg 1.0+0.1d 243.3+15.3 a-c 122.0+12.6 ab
‘Mona Lisa’ x 0 mg I""nAg 1.3+20.1c 190.0 £ 10.0 de 53.0+ 6.1fg
Cultivar x nAg ‘Mona Lisa’ x 25 mg I'nAg 16+0.1b 200.0+10.0 c-e 90.0 £ 10.0 c-e
‘Mona Lisa’ x 50 mg I nAg 20+0.1a 286.7 +15.3 a 1420+ 126 a
‘Mona Lisa’ x 100 mg I nAg 1.4+ 0.3 bc 240.0 + 10.0 ad 120.0 £ 10.0 a-c
‘Mona Lisa’ x 150 mg I nAg 1.4 +0.1 bc 190.0 £ 10.0 de 83.3 £ 15.3 d-f
‘Osasco’ x 0 mg I"'nAg 09+0.1d 153.0 + 15.3 ef 65.0+ 5.0e-g
‘Osasco’ x 25 mg ' nAg 1.1+0.0 cd 166.7 + 5.8 ef 80.0 + 10.0 e-g
‘Osasco’ x 50 mg ' nAg 1.2+0.1c 200.0 + 10.0 c-e 93.3+ 5.8b-e
‘Osasco’ x 100 mg I'' nAg 1.1+0.0cd 230.0 + 10.0 b-d 117.0 £ 11.5 a-c
‘Osasco’ x 150 mg I'' nAg 1.1+0.1cd 200.0 + 10.0 c-e 93.7+ 7.1b-e

For each treatment, means + standard deviation within a column followed by the same letter are not significantly different according
Tukey's multiple range test at p < 0.05.

105




Propagation of Ornamental Plants
Vol. 18, Ne 3, 2018: 104-106

(2018) showed that auxins (IAA and IBA) capped sil-
ver nanoparticles and stimulated rooting in Nicotiana
tabacum L. and Hibiscus rosa-sinensis L. The posi-
tive effects of nAg on plant growth and root system
development may be due to the fact that silver inhibits
the biosynthesis of ethylene, which is abundantly pro-
duced after plant wounding. In this study, such a stress
might have occurred during bulb scaling. Ethylene is
known for inhibiting cell division and cell elonga-
tion, but silver ions inhibit ethylene activity (Khalid
et al. 1991). This claim was confirmed by Godo et
al. (1998), who found that silver thiosulfate added
to enzyme solution improved the plating efficiency
of Lilium x formolongii protoplasts. The beneficial
effects of nAg on the weight of bulblet roots may
also be caused by the antimicrobial activity of silver.
According to Thangavelu et al. (2018) nAg restricts
the negative effects of pathogens on root development,
thus stimulating root elongation. Das et al. (2018)
claim that nAg intensifies plant growth by improving
the efficiency of nutrient uptake by roots.
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ABSTRACT

Salinity occurring in intensively used agricultural, industrialized, and urbanized areas is one of the main factors
in soil degradation. The effect of silver nanoparticles (AgNPs) on plant growth under environmental stresses is
still not fully understood. Two experiments were conducted on the response of Asiatic lilies to treatment with col-
loidal AgNPs. In Experiment I, the study aimed to evaluate the effect of treating ‘Osasco’ lily bulbs with colloidal
AgNPs (0, 25, 50, 100, and 150 ppm) on growth, flowering, and bulb yield, as well as the production of bulblets.
Compared with the control, the applied colloidal AgNPs at all concentrations caused an acceleration of flowering
and an increase in bulb diameter and the fresh weight of the aboveground part of the plants and bulbs. In addi-
tion, treatment with colloidal AgNPs at concentrations of 100 and 150 ppm increased bulblets’ number and fresh
weight. In Experiment II, the effects of colloidal AgNPs (100 ppm) and NaCl stress (600 mM) on the growth pa-
rameters, assimilation pigment content, and chemical composition of ‘Bright Pixi’ lily leaves were evaluated. As
a result of the application of colloidal AgNPs, plants flowered faster and had increased height, petal width, fresh
bulb weight, bulb diameter, and several scales in the bulb. Under NaCl stress, plants had reduced fresh weight of
the aboveground part and bulb, bulb diameter, number of scales in a bulb, and contents of assimilation pigments,
N, K, Ca, Cu, Mn and Zn. Colloidal AgNPs offset the adverse effects of salinity on bulb yield by increasing fresh
bulb, bulb diameter, and the number of scales in lily bulbs. In conclusion, using colloidal AgNPs can contribute
to developing new methods of bulbous plants production and an effective strategy to protect plants from ever-
increasing land salinization.

Keywords: nanomaterials, environmental stress, soil salinity, plant growth, colloidal silver.

INTRODUCTION

Nanotechnology deals with the fabrication,
design, and modification of nanoscale structures
having at least one dimension smaller than 100
nm (Fincheira et al., 2021). Nanoparticles and
nanomaterials are distinguished by unique physi-
cal, chemical, and biological properties due to
their relatively low mass, large surface area rela-
tive to volume, quantum effect, enhanced adsorp-
tion and absorption capacity, and tendency to ag-
glomerate rapidly (Wang et al., 2017). According
to the Global Market Trajectory & Analytics Re-
search and Markets Ltd. 2021 report, market de-
mand for nanotechnology products is worth $42.2
billion and is estimated to reach $70.7 billion by
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the end of 2026 (GMTAR 2023). Currently, ap-
proximately 1,300 nanoscale materials are avail-
able in a free state or as an aggregate or agglom-
erate. In agriculture and horticulture, nanomateri-
als are used in plant biotechnology, in producing
fertilizers and plant protection products, and in
storing and marketing agricultural products and
food (Wang et al., 2016; Yashwant et al., 2022).
However, the use of nanoparticles in agronomy
compared to other branches is still small. Of the
approximately 29,000 patents in nanotechnology
granted worldwide, only 500 of them relate to ag-
riculture and nutrition. Therefore, it is expedient
to conduct research and development on a larger
scale using nanoparticles in crop production (Ya-
dav et al., 2019).
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Silver nanoparticles (AgNPs) are various in-
dustries’ most widely used nanomaterials. AgNPs
are clusters of metallic silver Ag atoms, gener-
ally smaller than 100 nm and containing 20,000
to 15,000 silver atoms. It is estimated that AgNPs
contain almost a quarter of all nanotechnology
products (Yaqoob et al., 2020). AgNPs have well-
documented bactericidal and fungicidal properties
(Crisan et al., 2021). AgNPs are used in in vitro
propagation, protection, fertilization, flower shelf
life extension, and cut greens in horticulture. Ag-
NPs exhibit a broad spectrum of biological activ-
ity and can affect plant growth and development
(Byczynska et al., 2019; Rana et al., 2021). How-
ever, the effect of AgNPs on plants is uneven and
can be positive or negative (Cvjetko et al., 2017;
Guzman-Baez et al., 2021). AgNPs have been
shown to have stimulatory or inhibitory effects on
seed germination, plant organ development, flow-
ering, water management, chlorophyll content,
biomass, and plant yield. Individual species and
even plant varieties differ in their response to Ag-
NPs (Anjum et al., 2013; Byczynska et al., 2019;
Rana et al., 2021; Chen et al., 2023). Most experi-
ments on the effects of AgNPs on plants are con-
ducted under laboratory conditions, often in vitro,
in phytotrons, on a small sample of plants, unaf-
fected by environmental factors (Siddiqi and Hu-
sen, 2022). Among the few studies, there are such
in which the effects of AgNPs on plant growth are
evaluated under production conditions (Salachna
et al., 2019). Additionally, plant responses’ long-
term effects to AgNPs are poorly understood.

Lilies (Lilium spp.) are ornamental, edible,
and medicinal plants that have accompanied hu-
mans since ancient times (Zhou et al., 2021). Asi-
atic hybrids are the most crucial group of lilies in
large-scale production for cut flowers and potted
plants. These lilies have versatile uses in horti-
culture, so there is a high demand for their bulbs
and new cultivation technologies. On a mass
scale, lilies are propagated vegetatively from bulb
scales (Tang et al., 2020). The formation process
and yield of bulblets are mainly influenced by en-
vironmental factors, growth regulators, and bios-
timulants (Sochacki et al., 2018; Gioi et al., 2019,
Lietal., 2023).

In cultivating lilies and other crops, soil salin-
ity is an increasingly severe problem. Currently,
up to 20% of all cultivated land is saline, and
global climate change means the areas affected
by excessive salinity are increasing (Butcher et
al., 2016; Isayenkov and Maathuis 2019). Few

studies on lilies indicate that excessive salinity
can lead to stunted growth, decreased biomass,
and a marked reduction in flower quality (Ayad et
al., 2019; Kang et al., 2021). The effect of salinity
on lily bulb yield is far less well understood.
Recently, there has been emerging evidence
that nanoparticles, due to their unique properties,
can increase the tolerance of plants under abiotic
stress conditions (Zhao et al., 2020; Zulfigar and
Ashraf, 2021). To date, no studies have described
nanoparticles’ effect on lily growth under extreme
salinity conditions. This research evaluated col-
loidal AgNPs as a potential source of biostimula-
tory factors in cultivating Asian lily cultivars un-
der both normal and saline conditions. The study
aimed to determine the effects of colloidal AgNPs
on (i) the growth, flowering, and bulb yield; (ii)
the regeneration potential and yield of bulblets;
and (iii) the growth and yield of lily bulbs grown
under saline stress. It was hypothesized that col-
loidal AgNPs have long-term effects on the growth
and yield of lily bulbs and alleviate salinity stress.

MATERIALS AND METHODS

Two experiments were conducted at the
West Pomeranian University of Technology in
Szczecin (lat. 53°26'17" N, long. 14°32'32" E).
Commercially available colloidal AgNPs (Sig-
ma—Aldrich) of size 7 to 25 nm were used. Bulbs
of two Asiatic hybrid lily varieties recommend-
ed for potting were used in the study: ‘Osasco’
with an average circumference of 14.6 cm from
Ogrodnictwo Wisniewski Jacek Junior (Poland)
and ‘Bright Pixi’ with an average circumference
of 12.9 cm from Benex (Poland). The bulbs were
planted into plastic pots of 16 cm diameter and 2
dm?® capacity into TS1 medium with pH 6.4, an
electrical conductivity (EC) of 0.54 mS cm™ and
the following composition (mg dm>): N -NO, -
182; P - 131, K - 402, Ca - 1646, Mg - 172, Cl
- 18. Plants were grown in 2015. (experiment 1)
and 2016. (Experiment 2) from mid-March to
mid-July under natural photoperiod conditions
in an unheated plastic tunnel, where the vents
opened when the air temperature exceeded 20 °C.

Experiment 1

‘Osasco’ lily bulbs were soaked for 1 h in
AgNP solutions of 0 (control), 25, 50, 100, and
150 ppm before planting. Deionized water was
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used to prepare the solutions. After 24 h, the
dried bulbs were planted individually into pots.
There were 20 bulbs in each variant, 5 in repeti-
tion. The number of days from planting the bulbs
to the beginning and end of the flowering of the
plants was calculated. The beginning of flowering
was set as the development of the first flower on
the plant. The moment when the petals fell off at
the last flower on the plant was taken as the end
of flowering. Plant height and petal length were
determined when the first flower was developed.
Leaves and flowers were counted, and the fresh
weight of plants and bulbs was determined.

The dug bulbs 4 weeks after flowering were
used for propagation by scales. For this purpose,
4 mother bulbs from each variant (0, 25, 50, 100,
and 150 ppm colloidal AgNPs) were divided into
scales. All scales from a single bulb were repeated
(an average of 52.1 scales per bulb). Scales from
individual bulbs were placed separately in 2 1
plastic bags filled with the moist substrate (50%
acid peat and 50% perlite). The bags with the
substrate mixed with the scales were stored in the
dark at 20-22 °C for 12 weeks and then at 3-5 °C
for 16 weeks under high relative humidity (RH
> 90%). After this period, the number of bulb-
lets formed on the scales from one bulb and the
fresh weight of total bulblets was determined us-
ing a balance with a reading accuracy of 0.001 g.
Their percentage yield structure was calculated
based on the results obtained for the fresh weight
of individual bulblets.

Experiment 2

The following treatments were applied to
‘Bright Pixi’ lilies: (i) control - untreated plants,
(i1) bulbs soaked before planting in a solution
of 100 ppm colloidal AgNPs, (iii) plants wa-
tered with 600 mM NaCl solution, and (iv) bulbs
soaked before planting in a solution of 100 ppm
colloidal AgNPs and plants watered with 600 mM
NaCl solution. In each experimental variant, 20
bulbs were planted, 5 in each repetition. Bulbs in
the colloidal AgNP solution were soaked for 1 h.
Watering the plants with 600 mM NacCl solution
with electrolytic conductivity (EC) = 2.32 mS
cm™ was started 35 days after planting the bulbs
during the vegetative stage. Salting was carried
out thrice, every 5 days, using 100 ml of NaCl so-
lution for each plant. Nonsalted plants were wa-
tered with tap water with an EC of 0.25 mS cm™.
The concentration of 100 ppm colloidal AgNPs
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was chosen based on the results of experiment 1,
where bulb quality was best at this concentration.
The concentration of 600 mM NaCl was chosen
based on the preliminary experiment, where an
apparent adverse effect on the biomass of lily
plants was shown at this concentration. Mea-
surements of morphological characteristics were
carried out analogously to experiment 1. Fresh
leaves collected from the middle part of the plants
at the flowering stage were used for analysis. The
assimilation pigment content was determined us-
ing a SPEKOL 11 spectrophotometer (Carl Zeiss
Jena, Jena, Germany) in fresh leaves according
to the method described in an earlier paper (Sa-
lachna et al., 2019). Macro (P, K, Ca, Mg, Na) and
micronutrient (B, Cu, Fe, Mn, Zn) contents were
determined in dried (48 hours, 60 °C) and ground
leaves using inductively coupled plasma—optical
emission spectrometry (ICP—OES) with the Op-
tima 2000 DV sequential spectrometer (Perkin-
Elmer, Boston, MA, USA). Nitrogen content was
determined by the Kjeldahl method (the Kjeldahl
apparatus Vapodest, Konigswinter, Germany).
Analyses were performed according to the meth-
ods (Zawadzinska et al., 2022). The assimilation
pigment and mineral contents were determined in
3 replicates.

The experiments were set up in a random sub-
block design. The results were verified by analysis
of variance (ANOVA) for a single classification.
The classification factor for experiment 1 was the
level of colloidal AgNPs (0, 25, 50, 100, and 150
ppm), and for the second experiment, four treat-
ments (control, AgNPs, NaCl stress, and AgNPs
+ NaCl stress) were used. Before proceeding to
the variance analysis, the variances” homogeneity
and normality of the distributions were checked.
The Tukey HSD test was used to compare means.
The Excel spreadsheet and TIBCO Statistica™
Professional 13.3.0 software package (TIBCO
Software, USA) were used for statistical analysis.

RESULTS

Table 1 shows the effect of soaking bulbs
before planting in a solution of colloidal AgNPs
on the growth and morphological parameters of
‘Osasco’ lilies. The application of colloidal Ag-
NPs at concentrations of 25, 50, 100, and 150
ppm accelerated the flowering of plants by 3.1,
4.8, 5.5, and 5.8 days, respectively, compared
to control plants. It was shown that plants from
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bulbs treated with colloidal AgNPs flowered
slightly longer. The most extended flowering
period (21.8 days) was characterized by lilies
treated with 150 ppm AgNPs. None of the four
colloidal AgNP concentrations caused a signifi-
cant difference compared to the control for plant
height, number of flowers, petal length, and width.
Treatment with colloidal AgNPs at all concentra-
tions increased the fresh weight of the aboveg-
round parts of the plants from 21.5% to 32.0%
and the fresh weight of the bulbs from 36.3% to
64.0% compared to the control. Applying colloi-
dal AgNPs also significantly increased the bulb
diameter from 19.9% to 22.0%. Plants treated

Table 1. Effect of AgNPs on days to anthesis (DA), flo

with colloidal AgNPs at a concentration of 100
ppm had the highest fresh weight of aboveground
and bulb parts, bulb diameter, and the number of
scales in the bulb. No signs of colloidal AgNP-
induced phytotoxicity were observed on leaves,
flowers, and bulbs (Figure 1).

‘Osasco’ lily scales formed bulblets with ad-
ventitious roots at the base of the adaxial and ab-
axial parts of the scales (Figure 2). There was a sig-
nificant effect of colloidal AgNPs on the number
and total fresh weight of bulblets (Figures 2, 3).
Scales from parent bulbs treated with colloidal
AgNPs at 100 and 150 ppm yielded more bulb-
lets by 15.1 and 23.6%, respectively, which at the

wer longevity (FL), flower number (FN), tepal length (TL),

tepal width (TW), plant height (PH), above-ground part fresh weight (AGPFW), bulb fresh weight (BFW), scales
number (SN), and bulb diameter (BD) of lily ‘Osasco’ plants. Values for each parameter followed by differing
letters are significantly different at p < 0.05 (ANOVA and Tukey’s test)

Traits AgNPs concentration
Control 25 ppm 50 ppm 100 ppm 150 ppm
DA (days) 90.3+2.00 a 87.2+1.15b 85.5+1.08 b 84.8+0.50 b 845+225b
FL (days) 176+1.39b 19.2+1.71ab 20.0+1.34 ab 18.9+0.39 ab 21.8+152a
FN 7.63 £0.48a 750 +1.08a 8.50+1.78 a 8.50+041a 8.13+0.25a
TL (cm) 748 +0.09a 7.65+0.24 a 753+0.17 a 749+0.17 a 7.64+049a
TW (cm) 479+0.14a 484+0.24a 465+0.34a 469+0.14a 4.88+0.25a
PH (cm) 33.5+0.76 a 344+080a 33.9+0.78 a 33.8+0.88a 347+175a
AGPFW (g) 787+519c 95.6 £4.66 b 101+ 7.95ab 104 +11.6a 103+3.99a
BFW (g) 30.0+1.10¢c 41.4+5.03ab 42.8+2.44 ab 49.2+6.90 a 409 £3.16b
SN 472+1.26b 54.0 + 3.46 ab 51.2+2.02ab 58.0 £4.54 a 50.2+557b
BD (mm) 46.3+1.40b 56.3+3.44 a 56.5+4.47 a 571+4.24a 55.5+245a

s ggm B AL
o w & v

Figure 1. Appearance of ﬂowerlng plants (A) and parent bulb (B) of lily ‘Osasco’ treated

with colloidal AgNPs: from left 0 (control), 25, 50, 100, and 150 ppm AgNPs
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same time had increased fresh weight by 39.6 and
36.5% compared to the control. Analysis of the
yield structure of bulblets (Figure 4) shows that
bulblets with a weight of 0.01-0.20 g accounted
for the largest share in each variant. The highest
proportion of bulblets weighing 0.01-0.20 g was
observed in the control (79.3%), and the lowest

proportion was observed in the 25 ppm colloidal
AgNP variant (54.8%).

The application of colloidal AgNPs for bulb
soaking positively affected most of the evalu-
ated morphological traits of ‘Bright Pixi’ lilies
(Table 2). As a result of the application of col-
loidal AgNPs, plants flowered faster by 3.3 days

Figure 2. Formation of bulblets on ‘Osasco’ lily scales (A); Yield of bulblets obtained from bulb scales
soaked in a solution of colloidal AgNPs: from left 0 (control), 25, 50, 100 and 150 ppm AgNPs (B)

70
% 60 - bc 2
= ab abc
§50 ¢ 1 t
g =
@ 40 -
[-%
o 30 -
2
-
2 20 -
o
2 10 -
0 T T T
Control 25 50 100 150
AgNPs (ppm)

14
w®
= e 2 a
3
% 10 - ab ab
a2 b T
§ 8 - T 1
) I
@ 6 4
2
L
g 47
=
- 2 -
o

0 T T T

Control 25 50 100 150
AgNPs (ppm)

Figure 3. Number of bulblets (A) and fresh weight (FW) of total bulblets produced by
scales from one parent bulb (B) treated with colloidal AgNPs. Data are mean + SD.
Different letters above the error bars indicate significant differences for p < 0.05
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Figure 4. Percentage of bulblets with different fresh weights depending on treatment with colloidal AgNPs
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and had increased height (by 8.0%), petal width
(13.5%), fresh bulb weight (13.9%), bulb diam-
eter (14.3%) and the number of scales in the bulb
(12.3%) compared to plants not treated with col-
loidal AgNPs. NaCl stress caused a slight delay in
flowering and shortened flowering length, as well
as a slight reduction in flower petal length and
plant height. A much stronger negative effect of
NaCl stress was shown by analyzing biomass and
bulb yield data. As a result of NaCl stress, plants
had reduced fresh weight of the aboveground part
(by 36.5%), fresh weight of bulbs (32.5%), bulb
diameter (13.0%), and the number of scales in
the bulb (40.8%) compared to nonsalted plants.
Plants treated with colloidal AgNPs under NaCl
stress conditions had a similar number of days to
flowering, number of flowers, petal length and
width, and fresh weight of the aboveground part
compared to NaCl-only plants. Nevertheless, us-
ing colloidal AgNPs reduced the harmful effects
of NaCl stress on plant height and bulb quality.
Plants treated with both colloidal AgNPs and
NaCl were characterized by increased height
(by 7.6%), fresh bulb weight (42.3%), number

of scales per bulb (46.9%), and bulb diameter
(13.7%) compared to NaCl-stressed plants.

The analyses show that applying colloidal
AgNPs and NaCl stress significantly affected
changes in the pigment content of ‘Bright Pixi’
lily leaves (Table 3). The highest amounts of
Chl a, Chl b, Chl atb, and Car were found in
plants treated with AgNPs. Significantly low-
er amounts of Chl a, Chl b, Chl atb, and Car
were found in plants treated only with NaCl.
Compared to the control, there was a marked
decrease in nitrogen, potassium, and calcium in
the leaves of plants treated only with NaCl (by
19.1%, 36.6%, and 25.1%, respectively) and in
the leaves of plants treated with colloidal AgNPs
and NaCl (by 21.3%, 29.9% and 20.9%) (Table
4). At the same time, it was shown that under the
influence of salinity in the NaCl and colloidal
AgNP + NaCl variants, there was a marked in-
crease in Na content (by 4.1 times and 3.6 times,
respectively). In the variants of colloidal NaCl
stress, and colloidal AgNPs + NaCl stress, there
was a decrease in Cu, Mn, and Zn content com-
pared to untreated plants.

Table 2. Effect of AgNPs, NaCl stress and AgNPs + NaCl stress on days to anthesis (DA), flower longevity (FL),
flower number (FN), tepal length (TL), tepal width (TW), plant height (PH), above-ground part fresh weight
(AGPFW), bulb fresh weight (BFW), scales number (SN), and bulb diameter (BD) of lily ‘Bright Pixi’ plants. Values

for each parameter followed by differing letters are significantly different at p < 0.05 (ANOVA and Tukey’s test)

Traits Treatments
Control AgNPs NaCl stress AgNPs+NaCl stress

DA (days) 71.0+1.00a 67.7+1.15b 70.3 £1.53 ab 68.3+1.15ab
FL (days) 11.5+£0.50 bc 13.0+0.00 a 10.7+0.58¢c 11.7+£0.58 b
FN 217+0.29a 250+0.50a 1.83+0.29a 1.83+0.29a
TL (cm) 7.18+0.19 ab 758 +0.13 a 6.66 £ 0.14 b 6.68+0.51b
TW (cm) 3.92+0.06 b 445+0.13a 3.79+0.12b 3.78+0.06 b
PH (cm) 36.2+0.29 bc 39.1+1.66 a 354+051c 38.1£0.38 ab
AGPFW (g) 31.2+260a 344+246a 19.8+191b 20.0+1.65b
BFW (g) 37.5+15b 427+18a 253+22c 36.0+£04b

SN 65.9+10.0 ab 74.0+5.77 a 39.0+6.25¢ 57.3+825b
BD (mm) 53.8+04Db 61.5+53a 46.8+x2.1¢c 53.2+3.0b

Table 3. Effect of AgNPs, NaCl stress and AgNPs + NaCl stress on photosynthetic pigment concentrations (mg
kg-1 fresh weight) in leaves of lily ‘Bright Pixi’ plants. Values for each parameter followed by differing letters are
significantly different at p < 0.05 (ANOVA and Tukey’s test)

Treatments
Traits
Control AgNPs NaCl stress AgNPs+NaCl stress
Chla 718 £27.8 ab 850+ 63.6 a 580+4.10c 607 £ 11.7 bc
Chlb 337 £26.9 ab 379+209a 275+1.60c 280 +2.20 bc
Chla+b 1055 + 54.7 ab 1228 £ 84.6 a 855+5.70 ¢ 887 +9.60 bc
Car 344 £ 13.4 ab 420+ 343 a 282+6.70 c 293 + 3.50 bc
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Table 4. Effect of AgNPs, NaCl stress and AgNPs + NaCl stress on macronutrient (% dry weight) and micronutrient
(mg kg—1 dry weight) concentrations in leaves of lily ‘Bright Pixi’ plants. Values for each parameter followed by
differing letters are significantly different at p < 0.05 (ANOVA and Tukey’s test)

Nutrient Treatments
Control AgNPs NaCl stress AgNPs+NaCl stress
N 2.72£0.09 ab 2.85+0.09 a 220+0.06 b 214 +0.07b
P 0.19+0.03 a 0.19+0.01a 0.15+£0.02 a 0.17£0.01a
K 3.17+0.01a 3.20+0.05a 2.01+£0.03b 222+001b
Ca 1.91+0.08 a 218 +£0.07 a 1.43+0.04b 1.561+£0.02b
Mg 0.46 +£0.01a 0.47 £0.01a 0.48+0.02a 0.46 £0.01a
Na 0.18+0.03 b 0.23+0.05b 0.74£0.09 a 0.66 £0.02 a
B 89.2+1.36a 85.9+3.33a 87.7+3.01a 81.9+4.66a
Cu 2.72+0.09 ab 2.85+0.09 a 2.20+0.06 b 214 +£0.07b
Fe 0.19+0.03 a 0.19+0.01a 0.15+£0.02 a 0.17£0.01 a
Mn 3.17+0.01a 3.20+0.05a 2.01+0.03b 222+0.01b
Zn 1.91+0.08 a 2.18+0.07 a 1.43+0.04b 1.51+£0.02b
DISCUSSION are applied foliar or by watering the plants. Our

Nanoparticles can affect plants’ growth and
metabolic processes and, therefore, can be clas-
sified as a potential source of biostimulants. In
the present study, soaking the bulbs of Asian lil-
ies ‘Osasco’ and ‘Bright Pixi’ before planting in
a solution of colloidal AgNPs induced mainly
biostimulant effects on bulb yield. As a result of
the application of colloidal AgNPs, lily bulbs had
increased fresh weight, number of scales, and di-
ameter. The results obtained confirm, in part, our
previous studies, where under the influence of
AgNPs at concentrations ranging from 25 to 150
ppm, oriental lilies ‘Mona Lisa’ and ‘Littel John’
had increased fresh bulb weight. Similarly, Alcac
et al. (2022) showed a positive effect of soaking
bulbs in AgNP solutions with concentrations of
50-150 ppm on the bulb yield of ‘Santander’ lil-
ies. The favorable effects of better-quality lily
bulbs may be due to the biostimulatory effect of
colloidal AgNPs on the biosynthesis of assimila-
tory pigments, as demonstrated in Experiment 2.
It is known that assimilatory pigments are one of
the most important chemical compounds in plants
affecting the intensity of photosynthesis and, con-
sequently, biomass production (Simkin et al.,
2022). The stimulating effect of AgNPs at 100
ppm on chlorophyll and carotenoid content was
confirmed by previous studies (Salachna et al.,
2019). The explanation for the beneficial effect
of colloidal AgNPs on lily bulb yield observed
in our study may also be the application method
and the protective effect of silver against patho-
gens (Gupta et al., 2018). In most studies, AgNPs
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previous study (Salachna et al., 2019) found that
soaking lily bulbs in a solution of AgNPs was a
more effective application method than watering
or spraying. Therefore, the present study applied
AgNPs by soaking lily bulbs. Compared to spray-
ing the leaves or watering the plants, this treat-
ment ensures limited penetration of AgNPs into
the ecosystem, which is crucial in discussing the
safety of nanoparticle application (Levard et al.,
2012; Leon-Silva et al., 2016). The advantage of
using AgNPs to treat seeds or bulbs is that the
nanoparticles affect plants from the moment they
start growing. Because silver compounds have
bactericidal, fungicidal, and virucidal properties,
plants treated with AgNPs are less susceptible
to pathogens. Wojdyla et al. (2022) showed that
treating Hyacinthus orientalis ‘Blue Pearl’ bulbs
with a formulation containing a solution of hy-
drogen peroxide enriched with colloidal silver
(H,0,-Ag") significantly reduced fungal growth
on the bulbs and in the growing medium. The cit-
ed authors also found that H,O,-Ag" at 2-10% in-
creased the leaf greening index and, depending on
the concentration, the width of petals and inflo-
rescences, number of flowers, length and length
and width of leaves, and fresh and dry weight of
hyacinth plants.

In the present study, colloidal AgNPs in both
lily cultivars affected the time from bulb planting
to the start of flowering. However, colloidal Ag-
NPs were not observed to have a stimulating ef-
fect on flower number and petal length. In earlier
studies, the Oriental lilies ‘Mona Lisa’ and ‘Little
John’ had increased flower numbers due to AgNP
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application (Salachna et al., 2019). The uneven
effect of AgNPs on lily flower yield is perhaps
related to the different responses of the geno-
type, the size of the nanoparticles, the influence
of environmental factors, and the hormesis effect
(Guzman-Baez et al., 2021; Chen et al., 2023).
According to many researchers, nanoparticles can
stimulate plant growth at low doses and inhibit
plant growth at high doses (Salachna et al., 2021;
Chen et al., 2023).

Despite numerous studies on the issue of
propagation of bulbous plants by scale, few
works have addressed the effect of nanoparticles
on the yield of bulblets. In our previous study
(Byczynska et al., 2018), we showed that soak-
ing the scales of three lily cultivars (Little John’,
‘Mona Lisa’ and ‘Osasco’) in a solution of AgNPs
at a concentration of 25—100 ppm had a stimulat-
ing effect on the number of bulblets. Moreover,
treatment of lily scales with AgNPs at a 25-150
ppm concentration increased the fresh weight of
bulblets and their roots. In this study, we demon-
strated for the first time that colloidal AgNPs can
have a concentration-dependent long-term stimu-
lating effect on the formation of bulblets on lily
scales. Applying colloidal AgNPs at a concentra-
tion of 150 ppm was particularly beneficial, as
most bulblets were obtained simultaneously and
characterized by increased biomass. The benefi-
cial effect of nanosilver at a concentration of 4
ppm added to the in vitro medium on bulblet for-
mation from bulb scales was also demonstrated
by Gioi et al. (2019), who propagated the OT lily
‘Sorbonne’. The effect of AgNPs on the process
of bulb formation may be related to the effect
of AgNPs on plant hormones (Sun et al., 2017).
While the biostimulatory effects of AgNPs on
plants are increasingly understood, their mecha-
nism remains unexplained.

We investigated the effects of a pre-plant ap-
plication of colloidal AgNPs of lily bulbs before
being grown under salt stress induced by NaCl.
In general, NaCl stress negatively affected bulb
biomass, yield, pigment, and mineral content.
Similar detrimental effects of salinity (3 and 6 dS
m') on the fresh weight of leaves and shoots were
demonstrated in two Asian lilies, ‘Fangio’ and ‘El
Divo’ (Ayad et al., 2019). Then, a marked reduc-
tion in chlorophyll content as a result of salinity
(from 35 to 140 mM NaCl) was found in ten lily
hybrids (Bai et al., 2021). The deleterious effects
of salinity are mainly due to a decrease in wa-
ter availability for plants, leading to inhibition of

cell length growth. In addition, excess Na" and
CI ions cause disturbances in the ion balance and
affect the uptake of ions such as K™ and Ca*" (Sa-
lachna et al., 2016; Salachna et al., 2019). A study
showed that AgNPs stimulated the growth of the
fresh weight of bulbs and the number of scales
in bulbs and positively affected the diameter of
lily bulbs when applied under salt-stress condi-
tions. It means that AgNPs effectively mitigated
the adverse effects of salinity in lilies. The protec-
tive effect of colloidal AgNPs may also have been
influenced by the antimicrobial effect of colloidal
AgNPs protecting the bulbs from the beginning
of growth. The plants grown from bulbs treated
with colloidal AgNPs were most likely a priori
prepared for possible environmental stress. This
is because, according to recent discoveries, Ag-
NPs can be a vaccine that induces stress/immune
responses in plants, thereby increasing resistance
to biotic and abiotic stresses (Yan et al., 2022).
The results allow the development of technolo-
gies for producing lily bulbs and perhaps other
plants on degraded, saline land using saline water
for irrigation. Using AgNPs as a biostimulant to
improve bulb yield without additional fertilizer
can help reduce the use of high fertilizer doses
that negatively impact the environment.

CONCLUSIONS

In conclusion, colloidal AgNPs can be used
to increase the quality of lily bulb yield and raise
the efficiency of plant propagation through scales.
Salinity stress in lily cultivation leads to a marked
reduction in bulb yield. The application of AgNPs
can mitigate its negative impact on the quality of
lily bulbs. Given the concern for the environ-
ment and the insufficiently understood impact of
nanoparticles on ecosystems and human health,
further research should be conducted on the safe-
ty of AgNPs application.
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on bulblet production from bulb scales of Lilium. Propagation of Ornamental Plants, 18(3), 104
106

méj udziat polegat na wspotautorstwie koncepcji i zaplanowaniu eksperymentu, przeprowadzeniu
eksperymentu, zebraniu wynikéw i napisaniu manuskryptu, co okreslam jako 70% wkiadu w
przygotowanie ww. publikacji.

Procentowy udzial wszystkich wspolautoréw w publikacji: Byczynska A. 70%; Zawadzinska
A. 15%; Salachna P. 15%.

O$wiadczam, ze w pracy: ,,Byczynska A., Zawadzifiska A., Salachna P. 2023. Colloidal Silver
Nanoparticles Enhance Bulb Yield and Alleviate the Adverse Effect of Saline Stress on Lily Plants.
Journal of Ecological Engineering, 24(6), 338347, doi.org/10.12911/22998993/163173*

m6j udzial polegat na wspdlautorstwie koncepcji i zaplanowaniu eksperymentu, prowadzeniu
nadzoru nad przebiegiem eksperymentu, zebraniu wynikow, opracowaniu statystycznym wynikow i
napisaniu manuskryptu, co okreslam jako 60% wktadu w przygotowanie ww. publikacji.
Procentowy udzial wszystkich wspolautoréw w publikacji: Byczynska A. 60%; Zawadzinska
A. 20%; Salachna P. 20%.
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Szczecin, 9.05.2023 r.

Dr hab. inz. Agnieszka Zawadzinska, prof. ZUT

Katedra Ogrodnictwa

Wydziat Ksztaltowania Srodowiska i Rolnictwa
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
ul. Stowackiego 17

71-434 Szczecin

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze w pracy ,,Byczynska A., Zawadzinska A., Salachna P. 2019. Silver Nanoparticles
preplant bulb soaking affects tulip production. Acta Agriculturae Scandinavica, Section B — Soil &
Plant Science, 69(3), 250-256, doi: 10.1080/09064710.2018.1545863"’

moj udzial polegat na wspotautorstwie koncepcji badan oraz zebraniu i opracowaniu czgsci wynikow
badan, co okreslam jako 15% wktadu w przygotowanie ww. publikacji.

Oswiadczam, ze: w pracy ,,Salachna P., Byczyniska A., Zawadzinska A., Piechocki R., Mizielinska
M. 2019. Stimulatory effect of silver nanoparticles on the growth and flowering of potted oriental
lilies. Agronomy, 9, 610, doi:10.3390/agronomy9100610°’

moj udzial polegat na wspdtautorstwie koncepcji i zaplanowaniu eksperymentu, interpretacji czgsci
wynikéw badan, co okreslam jako 15% wktadu w przygotowanie ww. publikacji.

Os$wiadczam, ze w pracy: ,,Byczynska A., Zawadzinska A., Salachna P. 2018. Effects of nano-silver
on bulblet production from bulb scales of Lilium. Propagation of Ornamental Plants, 18(3), 104-
106’

moj udziat polegal na wspotautorstwie koncepcji i zaplanowaniu eksperymentu i interpretacji czgsci
wynikow badan, co okreslam jako 15% wktadu w przygotowanie ww. publikacji.

Os$wiadczam, ze w pracy: ,,Byczyfiska A., Zawadzinska A., Salachna P. 2023. Colloidal Silver
Nanoparticles Enhance Bulb Yield and Alleviate the Adverse Effect of Saline Stress on Lily Plants.
Journal of Ecological Engineering, 24(6), 338-347, doi.org/10.12911/22998993/163173

moj udzial polegat na wspétautorstwie koncepcji i zaplanowaniu eksperymentu, interpretacji czgsci

wynikéw pomiaréw i finalnej korekcie manuskryptu, co okreslam jako 20% wkiadu w
przygotowanie ww. publikacji.

Jednoczesnie wyrazam zgode, na przedtozenie ww. prac przez mgr inz. Andzelike Byczynska, jako
rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutow opublikowanych w
czasopismach naukowych.
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Szczecin, 9.05.2023 r.

Dr hab. inz. Piotr Salachna, prof. ZUT

Katedra Ogrodnictwa

Wydzial Ksztattowania Srodowiska i Rolnictwa
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
ul. Stowackiego 17

71-434 Szczecin

OSWIADCZENIE WSPOLAUTORA

O$wiadczam, ze w pracy ,.Byczyfiska A., Zawadzifiska A., Salachna P. 2019. Silver Nanoparticles
preplant bulb soaking affects tulip production. Acta Agriculturae Scandinavica, Section B — Soil &
Plant Science, 69(3), 250-256, doi: 10.1080/09064710.2018.1545863""

méj udziat polegat na wspétautorstwie koncepcji badan, finalnej korekeie manuskryptu i petnieniu
funkcji autora korespondencyjnego, co okreslam jako 15% wktadu w przygotowanie ww. publikacji.

Os$wiadczam, ze: w pracy ,,Salachna P., Byczyfiska A., Zawadzinska A., Piechocki R., Mizielinska
M. 2019. Stimulatory effect of silver nanoparticles on the growth and flowering of potted oriental
lilies. Agronomy, 9, 610, doi:10.3390/agronomy9100610°’

méj udziat polegal na wspétautorstwie koncepcji i zaplanowaniu eksperymentu, interpretacji czgsci
wynikéw i petieniu funkcji autora korespondencyjnego, co okreslam jako 15% wkiadu w
przygotowanie ww. publikacji.

Oswiadczam, ze w pracy: ,,Byczynska A., Zawadzifiska A., Salachna P. 2018. Effects of nano-silver
on bulblet production from bulb scales of Lilium. Propagation of Ornamental Plants, 18(3), 104—
106

méj udziat polegat na wspotautorstwie koncepcji i zaplanowaniu eksperymentu i interpretacji czgsci
wynikéw i finalnej korekcie manuskryptu, co okreslam jako 15% wkladu w przygotowanie ww.
publikacji.

Oswiadczam, ze w pracy: ,.Byczynska A., Zawadzinska A., Salachna P. 2023. Colloidal Silver
Nanoparticles Enhance Bulb Yield and Alleviate the Adverse Effect of Saline Stress on Lily Plants.
Journal of Ecological Engineering, 24(6), 338-347, doi.org/10.12911/22998993/163173"’

m6j udziat polegal na wspotautorstwie koncepcji i zaplanowaniu eksperymentu, interpretacji czgsci
wynikéw i finalnej korekcie manuskryptu, co okreslam jako 20% wkiladu w przygotowanie ww.
publikacji.

Jednoczesnie wyrazam zgode, na przedtozenie ww. prac przez mgr inz. Andzelike Byczyniska, jako
rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.
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Mgr inz. Rafal Piechocki

Katedra Ogrodnictwa

Wydziat Ksztattowania Srodowiska i Rolnictwa
Zachodniopomorski Uniwersytet Technologiczny w Szczecinie
ul. Stowackiego 17

71-434 Szczecin

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze:

w pracy ..Salachna P., Byczynska A., Zawadzinska A., Piechocki R., Mizielifiska M. 2019.
Stimulatory effect of silver nanoparticles on the growth and flowering of potted oriental lilies.
Agronomy, 9, 610, doi:10.3390/agronomy9100610°,

moj udziat polegat na zebraniu i interpretacji czgsci wynikéw pomiar6w, co okreslam jako 5%
wkiadu w przygotowanie ww. publikacji.

Jednoczeénie wyrazam zgode, na przedfozenie ww. pracy przez mgr inz. Andzelike Byczyfiska, jako

cze$é rozprawy doktorskiej w formie spdjnego tematycznie zbioru artykutéw opublikowanych w
czasopismach naukowych.
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Szczecin, 9.05.2023 1.

Dr hab. Malgorzata Mizieliiska, prof. ZUT

Centrum Bioimmobilizacji i Innowacyjnych Materialow Opakowaniowych
Wydzial Nauk o Zywnosci i Rybactwa

Zachodniopomorski Uniwersytet Technologiczny w Szczecinie

ul. Klemensa Janickiego 35

71-270 Szczecin

OSWIADCZENIE WSPOLAUTORA

Oswiadczam, ze:

w pracy ,,Salachna P., Byczynska A., Zawadzinska A., Piechocki R., Mizielinska M. 2019.
Stimulatory effect of silver nanoparticles on the growth and flowering of potted oriental lilies.
Agronomy, 9, 610, doi:10.3390/agronomy9100610°",

m6j udzial polegat na zebraniu wynikéw i interpretacji analizy FTIR oraz na finalnej korekcie
manuskryptu, co okreslam jako 5% wkladu w przygotowanie ww. publikacji.

Jednocze$nie wyrazam zgode, na przedtozenie ww. pracy przez mgr inz. Andzelike Byczynska jako

czeéé¢ rozprawy doktorskiej w formie spojnego tematycznie zbioru artykutow opublikowanych w
czasopismach naukowych.
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