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Otrzymywanie i charakterystyka mieszancow
Aegilops triuncialis L. x Triticum aestivum L.

Obtaining and characterizing of Aegilops triuncialis L. x Triticum aestivum L.
hybrids

Abstrakt. W warunkach polowych wykonano krzyzowania miedzy Aegilops triuncialis L. (2n =
4x = 28, genomy UUCC) a odmianami pszenicy zwyczajnej Triticum aestivum L. (2n = 6x = 42,
genomy AABBDD) Begra, Monopol, Nawra i Zyta. Celem krzyzowan byto poszerzenie zmiennosci
genetycznej pszenicy zwyczajnej. Zdolno$é¢ do krzyzowania badanych genotypow w warunkach po-
lowych wahata si¢ od 7,14% (Ae. triuncialis x Zyta) do 13,33% (Ae. triuncialis x Monopol). Ziar-
niaki mieszancowe zawigzaty si¢ jedynie w przypadku, gdy forma mateczng byt Ae. triuncialis.
Z uzyskanych 22 mieszancowych ziarniakow F1w warunkach in vitro wyizolowano 19 zarodkdw
i wylozono je na pozywke MS z dodatkiem 10 mg-dm= IAA (kwas pB-indolilo-3-octowy)
i 0,04 mg-dm-3 kinetyny. Z zarodkéw F1w in vitro rozwingto si¢ 15 siewek. Po 4 tygodniach uzy-
skane siewki mieszancow przesadzono do doniczek i umieszczono w fitotronie, a nast¢pnie w poto-
wie wrzesnia wysadzono na polu do§wiadczalnym obok komponentdéw rodzicielskich. Oceny liczby
chromosoméw mieszancow dokonano na preparatach rozmazowych komoérek merystematycznych
wierzchotkéw korzeni siewek. W czasie sezonu wegetacyjnego z pochew lisciowych roslin mie-
szafncowych pobrano niedojrzate ktosy do analizy mejozy. Analiza cytologiczna wykazata niepra-
widlowos$ci w procesie mikrosporogenezy mieszancow, co wptyneto na wyksztatcenie si¢ niezywot-
nego pytku. Cz¢$¢ klosow mieszancow Fi1 wykastrowano i zapylono wstecznie pytkiem pszenicy.
Mieszance F1rozmnazano réwniez in vitro, wykladajac na pozywke MS z dodatkiem 2 mg-dm-3
2,4-D (kwas 2,4-dichlorofenoksyoctowy) po 100 fragmentow niedojrzatych kwiatostanow w kazdej
kombinacji krzyzowkowej. Z kalusa wytworzonego przez eksplantaty zregenerowato 5 roslin R
w kombinacji Ae. triuncialis L. x T. aestivum L. Zyta. W fazie dojrzatosci petnej na roslinach mie-
szancowych F1i R1 dokonano pomiar6w cech biometrycznych, takich jak krzewienie ogolne, dtu-
gos$¢ pedu gtdéwnego, srednica drugiego od dotu miedzywezla, dlugosé osadki ktosowej klosa gtow-
nego, zbito$¢ klosa glownego i ptodnosé klosa gtdéwnego. Mieszance charakteryzowaly si¢ posred-
nim w stosunku do form rodzicielskich krzewieniem (15,0—41,0 zdzbet), $rednica drugiego od dotu

Cytowanie: Prazak R., 2025. Otrzymywanie i charakterystyka mieszancow Aegilops triuncialis
L. x Triticum aestivum L. Agron. Sci. 80(4), 5-22. https://doi.org/10.24326/as.2025.5576
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miedzywezla (2,1-2,9 mm), zbitoscig ktosa gtdwnego (14,6—17,5 kloskéw na 1 dm osadki klosa),
krotszymi zdzbtami (43,0-48,3 cm) i osadkami ktosowymi (0,55-0,68 dm) oraz sterylnymi ktosami.

Stowa Kkluczowe: Aegilops triuncialis L., cechy plonotwércze, pszenica zwyczajna, kultury in vitro,

mieszance migdzyrodzajowe

WSTEP

Dla zwigkszenia zmiennoS$ci genetycznej pszenicy zwyczajnej krzyzuje sie ja z réznymi
gatunkami pokrewnymi z rodzaju Aegilops L. [Fakhri i in. 2016, Zhao i in. 2018, Wang i in. 2022,
Feldman i Levy 2023]. Gatunki te sg opisywane jako zrodta pozadanych cech plonotwor-
czych, odpornosciowych (na choroby, szkodniki, zakwaszenie i zasolenie gleby), jako-
sciowych (wysoka zawarto$¢ biatka i mikroelementow w ziarniakach pszenicy) [Arzani
i Ashraf 2016, Prazak i Molas 2017, Prazak i Krzepitko 2018, Darko i in. 2020, Kiani i in.
2021, Bocianowski i Prazak 2022, Laugerotte i in. 2022, Hadzhiivanova i in. 2025]. Aegi-
lops triuncialis L. (genomy UUCC) jest przedmiotem zainteresowania hodowcow psze-
nicy jako zrédto gendow odpornosci na choroby ktosa [Pilch i in. 1995], rdz¢ brunatng
(Puccinia recondita) — Lr58 [ljaz i in. 2023], szkodniki [Martin-Sanchez i in. 2003], susze
i zasolenie gleby [Yildiz i in. 2006] oraz charakteryzuje si¢ duza zawarto$cia biatka [Ka-
ragoz 2006]. Pochodzi on z Europy Wschodniej i basenu Morza Srodziemnego oraz Azji
Zachodniej [Kimber i Feldman 1987]. W naturalnych warunkach Ae. triuncialis L. naj-
czegsciej rosnie na ugorach, przydrozach, ale dobrze radzi sobie rowniez na uzytkach zie-
lonych. W Ameryce Potnocnej jest to gatunek inwazyjny, wystepujacy glownie na za-
chodnim wybrzezu Standw Zjednoczonych [Zaharieva i Monneveux 2005, Aigner i Wo-
erly 2011]. Ae. triuncialis L. jest rzadko wykorzystywany do ulepszania pszenicy zwy-
czajnej, istnieje niewiele doniesien o udanych krzyzowaniach miedzy tymi dwoma gatun-
kami. Pilch i in. [1995] zapylali lini¢ mono-5B pszenicy zwyczajnej T. aestivum L. Chi-
nese Spring pytkiem Ae. triuncialis L., a nastgpnie powstalego mieszanca krzyzowali
wstecznie z T. aestivum Chinese Spring. Delibes i in. [1988] w pierwszej kolejnosci krzy-
zowali pszenice tetraploidalng T. turgidum L. z Ae. triuncialis L., a nastgpnie uzyskane
mieszance F1 zapylali pytkiem pszenicy heksaploidalnej. Aghaee-Sarbarzeh i in. [2002]
przeniesli odporno$¢ na rdz¢ brunatng z Ae. triuncialis L. do pszenicy zwyczajnej przy
uzyciu indukowanej homeologicznej koniugacji i przy wykorzystaniu genu Phl. Geno-
mowa hybrydyzacja in situ (GISH) i analiza markeréw DNA (SSR) pozwolity zidentyfi-
kowa¢ u mieszanca pszenicy z Ae. triuncialis L. zrekombinowany chromosom 5U z ma-
tym koncowym segmentem pochodzacym z ramienia 5AS chromosomu pszenicy
[Aghaee-Sarbarzeh i in. 2008]. W krzyzowaniach, w ktorych otrzymuje si¢ niewiele za-
rodkéw, wydajnos¢ regeneracji zywotnych mieszancéw mozna zwigkszy¢ poprzez induk-
cj¢ kalusa z fragmentow niedojrzatych kwiatostanéw. Zastosowanie pozywki regeneru;ja-
cej o odpowiednim sktadzie regulatorow wzrostu moze zapoczatkowaé proces organoge-
nezy w tkance kalusowej [Hejnowicz 2002].

Celem badafi bylo otrzymanie mieszancoOw migdzyrodzajowych Ae. triuncialis L. x
T. aestivum L. oraz ich charakterystyka morfologiczna i cytologiczna.
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MATERIAL I METODY

Obicktem badan byt dziki gatunek Ae. triuncialis L. i odmiany pszenicy T. aestivum
L. Begra, Monopol, Nawra i Zyta. Ziarno Ae. triuncialis L. uzyskano z Instytutu Genetyki
Roslin Leibnitza i Badan Roslin Uprawnych (IPK) Gatersleben w Niemczech (numer
obiektu w banku genow AE 120/78). Pszenice pochodzity z Krajowego Centrum Ro§lin-
nych Zasobéw Genowych IHAR w Radzikowie. Krzyzowania przeprowadzono na polu
doswiadczalnym Uniwersytetu Przyrodniczego w Lublinie. W kazdej kombinacji zapy-
lono co najmniej dziesi¢¢ ktosow. Trzy dni przed kwitnieniem klosy pszenicy zwyczajnej
i Ae. triuncialis L. kastrowano i zaktadano na nie izolatory z celofanu, aby uniknaé niepo-
zadanego zapylenia. Krzyzowania przeprowadzono przy uzyciu $wiezego pytku Aegilops
lub danej odmiany pszenicy. Po 18 dniach od zapylenia w laboratorium kultur in vitro
niedojrzate zarodki mieszancowe izolowano z ziarniakow i wyktadano w warunkach asep-
tycznych do proboéwek na pozywke MS [Murashige i Skoog 1962], z dodatkiem kinetyny
— 0,04 mg-dm~3 i kwasu indolilo-3-octowego (IAA) — 10,0 mg-dm=3 [Chueca i in. 1977].
Ziarniaki byty wcze$niej odwadniane w 70% alkoholu etylowym i odkazane przez 6 minut
w 0,1% roztworze chlorku rteci (HgCly), nastepnie trzykrotnie plukane w sterylnej wo-
dzie. Hodowlg kultur zarodkéw prowadzono w fitotronie, w temperaturze 23 £2°C, przy
60-70% wilgotnosci wzglednej, 16-godzinnym fotoperiodzie i1 nat¢zeniu $wiatla
36 uE-m2.s1. Zregenerowane z zarodkéw roéliny w fazie drugiego liScia przenoszono do
doniczek z wyjatowiong ziemia i piaskiem (w stosunku 1 : 1). Po aklimatyzacji od polowy
wrzes$nia uprawiano je (podobnie jak genotypy rodzicielskie) na poletkach doswiadczal-
nych o dtugosci 2,0 m i szerokos$ci 1,0 m, w rozstawie rzgdéw 20 x 10 cm na glebie bru-
natnej, kompleksu pszennego dobrego, w tych samych warunkach uprawy i nawozenia.
Na roslinach mieszancowych F1 przeprowadzono krzyzowania wsteczne BC1 z pszeni-
cami rodzicielskimi, zapylajac po 50 wykastrowanych kwiatkow w kazdej kombinacji.

Analizy cytologiczne. Do obserwacji podzialow mitotycznych pobierano wierzchotki
korzeni mieszancow, ktore po wstepnym traktowaniu mieszaning wody z lodem przez
okres 24 godzin utrwalano w roztworze Carnoya (etanol : kwas octowy = 3 : 1 v/v). Chro-
mosomy liczono pod mikroskopem $wietlnym przy powigkszeniu 100x. Do obserwacji
podziatow mejotycznych z pochew lisciowych pobierano mtode ktosy z pylnikami zawie-
rajacymi komorki macierzyste pytku i mikrospory na réznym etapie rozwoju i utrwalano
je przez trzy godziny w roztworze Carnoya. Utrwalone preparaty przechowywano
w 70-procentowym alkoholu etylowym i temperaturze 4°C. W metafazie | obserwowano
co najmniej 50 komoérek macierzystych pytku (PMC) wybarwionych acetokarminem.
Okreslano liczbg biwalentow w postaci pretow 1 pierScieni oraz obecnos¢ uniwalentow,
triwalentow, kwadriwalentow. W anafazie I obserwowano obecno$¢ chromosomow opoz-
nionych i mostéw chromatynowych. Badano réwniez frekwencje mikrojader, analizujac
300 tetrad kazdej formy. Pomiary ziaren pytku wykonano okularem 8% z podziatkg, pod
obiektywem 40%, a nastgpnie wynik przeliczono na um. Ziarna pytku wybarwione aceto-
karminem na czerwono uznawano za zywotne [Chrzastek 2000]. Wykonano réwniez pre-
paraty rozmazowe komérek kalusa, ktére barwiono acetokarminem.
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Rozmnazanie mieszancow z fragmentéw kwiatostanéw. Niedojrzale ktosy mie-
szancow odwadniano w 70-procentowym alkoholu C,HsOH, odkazano w 0,1-procento-
wym roztworze chlorku rtgci (HgClz) przez 4 min. Nastepnie po trzykrotnym przeptukaniu
w sterylnej wodzie podzielono je na fragmenty wielkosci ok. 0,5 cm i wytozono do kolb
Erlenmeyera o pojemnosci 150 ml (po 10 szt. na kolbe¢) na pozywke MS [Murashige
i Skoog 1962], z dodatkiem 2,0 mg-dm~2 2,4-D (kwas 2,4-dichlorofenoksyoctowy) [Pra-
zak 1996]. W kazdej kombinacji krzyzéwkowej zastosowano po 100 eksplantatéw. Ho-
dowlg prowadzono w fitotronie w podobnych warunkach temperatury i o$wietlenia jak
w przypadku zarodkow.

Analiza fenotypowa pojedynkdw. Rosliny zebrano z pola w fazie dojrzatosci pelnej
i na 3-5 pojedynkach z kazdej formy mieszancowej oraz na 10 pojedynkach form rodzi-
cielskich analizowano cechy ilosciowe, takie jak: krzewienie ogdlne (liczba pgdow z ro-
sliny), dtugos¢ pedu gtéwnego, srednice drugiego od dotu migdzywezla, dtugosé osadki
ktosowe;j, zbitos¢ klosa gtdwnego (liczbe ktoskow przypadajacych na 1 dm osadki ktoso-
wej), ptodnos¢ klosa gtownego (liczba ziarniakow przypadajacych na 1 ktosek).

Analiza statystyczna. Uzyskane wyniki opracowano statystycznie za pomoca analizy
wariancji, oceniajac istotno$¢ rdznic testem t-Tukeya przy a = 0,05. Do analizy wykorzy-
stano program Statistica v.13.1.

WYNIKI BADAN I DYSKUSJA

Najczesciej pierwszym etapem prac majacych na celu transfer genéw z gatunkow
Aegilops L. do Triticum L. jest otrzymanie ro$lin mieszancowych pierwszego pokolenia.
Dalsze etapy polegaja na kolejnych krzyzowaniach wstecznych mieszancoéw z pszenica
heksaploidalng, prowadzonych jednocze$nie z wszechstronng oceng i selekcja.

W prezentowanej pracy przedstawiono wyniki z bezposredniego krzyzowania dzi-
kiego gatunku Aegilops — A. triuncialis L. z odmianami pszenicy zwyczajnej Triticum
aestivum L. (tab. 1).

Rosliny F1 nie zawigzaty ziarniakow. Wynikalo to z zaburzen w mejozie, w efekcie
ktorych nie powstaly plodne gamety. Zaburzenia te byly spowodowane niekompletng ko-
niugacjg chromosoméw, stabym powinowactwem chromosoméw obcych genomoéw do
wlokien wrzeciona podzialowego. W metafazie I mejozy mieszancow F1 Ae. Triuncialis x
T. aestivum L. (ABDUC) wystgpowaty uniwalenty. Nie byto biwalentow zaréwno w po-
staci pretow, jak i pierscieni, a takze nie zaobserwowano poliwalentow. Liczba pentad
w tych mieszancach wahata si¢ od 23 do 36. W tetradach widoczne byty mikrojadra sred-
nio od 0,28 do 0,33 (tab. 2, ryc. 2D i 2E).

Otrzymywanie roslin drugiego pokolenia w wyniku wstecznego zapylania pytkiem
pszenicy wykastrowanych ktoséw mieszancow pierwszego pokolenia napotyka na ogoét
na jeszcze wieksze trudno$ei. Bai i in. [1994], krzyzujgc Aegilops triaristata Willd. (ge-
nomy UUMMUNUN) z T. aestivum L. cv. Chinese Spring (genomy AABBDD) otrzymali
wysokie zawigzywanie mieszancowych ziarniakéw na poziomie od 38,89% do 60,81%.
Natomiast w wyniku krzyzowania wstecznego zawigzywanie ziarniakéw wahato si¢ jedy-
nie od 0% do 7,14%.



Tabela 1. Rezultaty krzyzowania Aegilops triuncialis L. z odmianami Titicum aestivum L.
Table 1. Results of crosses between Aegilops triuncialis L. and Triticum aestivum L. cultivars

o Liczba zZi:miZIZjI? Liczba zarodkéw F1 w in vitro ROFS hn?;gtls Zfrlgirl:; 'an t\;gro
Kombinacja zapylonych E, seeds se}[ Number of F1 embryos in in vitro 1p cultures
krzyzéwkowa kwiatkow !
Cross combination Numb?{ . OftflgrEtS liczba % kietkujacych | kalusujacych | zamartych | razem liczba %
poflinate number germinating callusing lifeless total number
Ae. triuncialis x Begra 82 8 9,76 4 3 1 8 4 50,00
Begra x Ae. triuncialis 206 0 0,00 0 0 0 0 0 0,00
Ae. triuncialis x 60 8 13,33 5 0 0 5 5 100,00
Monopol
Monopol x Ae. 196 0 0,00 0 0 0 0 0 0,00
triuncialis
Ae. triuncialis x Nawra 36 3 8,33 3 0 0 3 3 100,00
Nawra x Ae. triuncialis 96 0 0,00 0 0 0 0 0 0,00
Ae. triuncialis x Zyta 42 3 7,14 3 0 0 3 3 100,00
Zyta x Ae. triuncialis 94 0 0,00 0 0 0 0 0 0,00
Ae. triuncialis x 220 22 | 10,00 15 3 1 19 15 78,95
T. aestivum
T. aestivum x 592 0 0,00 0 0 0 0 0 0,00
Ae. triuncialis




Tabela 2. Analiza cytologiczna mieszancow F1 Ae. triuncialis L. z T. aestivum L. i R1 Ae. triuncialis L. x T. aestivum L. Zyta
Table 2. Cytological analysis of F1 Ae. triuncialis L. with T. aestivum L. hybrids and R1 Ae. triuncialis L. x T. aestivum L. Zyta

Srednia liczba na komorke )
Mean number per cell Srednia liczba
mikrojader Liczba
Analizowane formy biwalenty w tetradzie pentad
Forms analysed chromosomy |uniwalenty bivalents triwalenty | kwadriwalenty | chiazmy fMe_an numl?e_r. l]:lumttJeé
chromosomes | univalents . .. .| trivalents | quadrivalents | chiasmata oF micro-nucletin Of pentads
prety | pierscienie tetrad
rods rings
F1 Ae. triuncialis x * *
35 35,00 0,00 0,00 0,00 0,00 0,00 0,31 23
Begra
F1Ae. triuncialis x 35 3500" | 0,00 0,00 0,00 0,00 0,00 0,28" 28
Nawra
;; ge. triuncialis 35 3500" | 0,00 0,00 0,00 0,00 0,00 0,33" 36
?;ge' Triuncialis x 35 3394" | 088 | 016" 0,00 0,00 1,22" 0,24" 19
Zyta 42 0,04 0,36 20,62 0,00 0,00 41,52 0,01 0

* Wynik istotnie r6zny od pszenicy Zyta przy o = 0,05
* Result significantly different in relation to the Zyta wheat at o = 0.05
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Po zapyleniu wykastrowanych kwiatkow obu gatunkdéw uzyskano zawigzywanie ziar-
niakdw na poziomie od 7,14% (Ae. triuncialis x Zyta) do 13,33% (Ae. triuncialis x Mono-
pol). Ziarniaki mieszancowe zawigzywaly si¢ jedynie w przypadku, gdy forma mateczng byt
Aegilops. Potwierdza to weze$niejsze badania, w ktorych taki kierunek krzyzowania dawat
kilkukrotnie wigksza mozliwo$¢ uzyskania mieszancoéw F1 [Prazak 2001, Mirzaghaderi i in.
2020]. Krzyzowanie Ae. triuncialis L. z pszenica zwyczajng i uzyskanie ptodnych mieszan-
cOw Fq jest trudne ze wzgledu na bariery krzyzowalnos$ci i brak homologii pomig¢dzy ich
genomami. Jak wynika z badan Chueca i in. [1977], w wyniku krzyzowania pszenicy z ga-
tunkami Aegilops tworzg si¢ ziarniaki, ale niektore z nich sg niezdolne do kietkowania z po-
wodu zamierania zarodkow we wczesnej fazie rozwoju. Wedtug tych autoréw rosliny mie-
szancowe udaje si¢ uzyskaé przez wczesng izolacje i hodowle niedojrzatych zarodkéw
w kulturze in vitro. W niniejszej pracy z 22-mieszaficowych 18-dniowych ziarniakoéw Fy
wyizolowano 19 zarodkéw. Hodowla in vitro tych zarodkéw data w efekcie 15 roélin Fy
(tab. 1, ryc. 1). Kalusujace zarodki wytwarzaty jedynie korzenie. Najwigcej roslin mieszan-
cowych zregenerowato w kombinacji A. triuncialis x Monopol (5). W pozostatych kombi-
nacjach zregenerowaty 3—4 rosliny (tab. 1).

Ryc. 1. Mieszafice F1 Ae. triuncialis L. z T. aestivum L.: A) kietkujace ziarno pytku pszenicy,
B) kietkujacy zarodek mieszancowy, C) klosy Ae. triuncialis L., mieszanca F1 pszenicy Monopol,
D) klosy Ae. triuncialis L., mieszanca F1, pszenicy Zyta
Fig. 1. F1hybrids of Ae. triuncialis L. with T. aestivum L.: A) germinating wheat pollen grain,
B) germinating hybrid embryo, C) spikes of Ae. triuncialis L., F1 hybrid, wheat Monopol,

D) spikes of Ae. triuncialis L., F1hybrid, wheat Zyta
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Ryc. 2. Niektore aspekty mejozy u mieszanca Ae. triuncialis L. x T. aestivum L. Zyta (2n = 5x = 35):
A) metafaza I w PMC, B) pozna anafaza II z mostkami i segmentami, nieregularng cytokineza
i chromosomami op6znionymi, C) poliada z komérkami o réznej wielkosci, D) i E) tetrady
z mikrojadrami, F) puste ziarna pytku (odcinek = 45 um)
Fig. 2. Some aspects of meiosis in Ae. triuncialis L. x T. aestivum L. Zyta hybrid (2n = 5x = 35):
A) metaphase | in PMC, B) late anaphase 11 with bridges and segments, irregular cytokinesis and
lagging chromosomes, C) polyad with cells of different sizes, D) end E) tetrads with micronuclei,
F) empty pollen grains (bar = 45 pm)

W przeprowadzonych badaniach w wyniku krzyzowania wstecznego z pszenica nie
uzyskano mieszancow BCi. Delibes i in. [1988], zapylajac pszenice tetraploidalng T. tur-
gidum L. pytkiem Ae. triuncialis L. uzyskali 3 rosliny mieszancowe F1. Nastgpnie mie-
szance F1 zapylili pytkiem pszenicy heksaploidalnej Almatense H-10-15, uzyskujac tym
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razem 8 roslin, ktore charakteryzowaty si¢ bardzo stabg ptodnoscia, dajac 3-5 ziaren na
rosling, bez zauwazalnego wzrostu plodnosci w kolejnych pokoleniach. Mieszance
z Ae. triuncialis L. charakteryzowatly si¢ mniejsza ptodnos$cia niz z Ae. ventricosa Tausch.
(genomy DDUNUN). Wedtug cytowanych autoréow genom D Ae. ventricosa Tausch. jest
bardziej podobny do genomu D pszenicy heksaploidalnej niz ktorykolwiek z dwoch roz-
nych genoméw (CU) obecnych w Ae. triuncialis L., co moze prowadzi¢ do bardziej regu-
larnej mejozy w pierwszym przypadku i do prawdopodobnego bardziej rozlegtego procesu
rearanzacji chromosomow w drugim przypadku, z powodu niwelowania efektu dziatania
genu Ph przez genom C [Delibes i in. 1988].

W badaniach Stefanowskiej i in. [1995] przy krzyzowaniu Ae. ventricosa Tausch.
z T. durum Desf. Grandur zawigzywanie ziarniakow wyniosto 16,67%, a przy krzyzo-
waniu Ae. juvenalis (Tell.) Eig. (genomy DDMMUU) z linig pszenicy zwyczajnej CZR
1406 — 41,18%.

Gatunki Ae. ventricosa Tausch. (DDUnUn) i Ae. juvenalis (Tell.) Eig. (genomy
DDMMUU) zawierajg genomy D, ktore sa homologiczne do genomu D pszenicy, podob-
nie jak genomy D Ae. tauchyii Coss. (DD) i Ae. cylindrica Host. (DDCC). W tych przy-
padkach transfer genéw moze odbywac sie na zasadzie prostego Crossing-over.

Wszystkich 15 pentaploidalnych mieszancéw A. triuncialis L. z T. aestivum L. byto cat-
kowicie sterylnych. Pylniki zawieraly niezabarwione ziarna pytku (ryc. 2F). Ae. triuncialis
L. zostat zaliczony przez Searsa [1981] do tej samej grupy co gatunki o niskim podobien-
stwie genomow do T. aestivum L., takie jak Ae. umbellulata Zhuk. (genomy UU) i Ae. cau-
data L., syn. Ae. markgrafii (Greuter) Hammer (genomy CC). Prawdopodobnie Ae. triun-
cialis powstal w wyniku skrzyzowania tych dwoch gatunkow [Mirzaghaderi i in. 2014].

Do rozmnozenia mieszancoéw Fi zastosowano rowniez technik¢ hodowli tkankowej
(ryc. 3i4). W kulturze in vitro moze dochodzi¢ do spontanicznego podwojenia liczby chro-
mosomow. Warunki hodowli in vitro mogg rowniez przyczyni¢ si¢ do translokacji pomig¢dzy
chromosomami Aegilops i Triticum. Davies i in. [1986] podaja, ze ro$liny pszenicy zrege-
nerowane wegetatywnie in vitro z wykorzystaniem tej metody charakteryzowaty si¢ wysoka
czestotliwoscig nichomologicznych translokacji powodujacych tworzenie si¢ multiwalen-
tow w czasie mejozy. Feldman [1988] rowniez obserwowat obecno$¢ multiwalentdw w me-
jozie wywotang prawdopodobnie translokacjami u mieszancoéw migdzy T. aestivum a amfi-
ploidem T. turgidum — Ae. squarrosa. Mieszance byly regenerowane z kalusa pochodzacego
z hodowli in vitro mikrospor.

W przeprowadzonych badaniach do indukcji kalusa wykorzystano niedojrzate kwia-
tostany. Z kalusa wytworzonego przez eksplantaty zregenerowalo 5 roélin R; (5,68% ka-
lusujacych eksplanatow) w kombinacji Ae. triuncialis L. x T. aestivum L. Zyta (tab. 3).

Obserwacje cytologiczne wykazaly, ze w chaotycznie zbudowanej tkance kalusowe;j
pojawiaty si¢ morfogenne obszary, z ktérych tworzyty si¢ zawigzki organéw (ryc. 3). Naj-
pierw komorki kalusa przypominaty komorki migkiszowe, a potem odréznicowywaty sig,
przybierajac ksztalt komorek merystematycznych. W wyniku organogenezy na po-
wierzchni kalusa ksztattowat si¢ wierzchotek przybyszowy, w ktéorym po pewnym czasie
roéznicowat si¢ zawigzek pedu z wierzchotkiem wzrostu i zaczatkami lisci i (lub) zawigzek
korzenia z wierzchotkiem.
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Ryc. 3. Kalus mieszanca F1 Ae. triuncialis L. x T. aestivum L. Zyta uzyskany w kulturze in vitro
z fragmentu kwiatostanu: A) grot wskazuje centrum merystematyczne (odcinek = 50 um), B) grot
wskazuje primordium pedu (odcinek = 100 um), C) tkanka kalusowa z widocznymi zielonymi
centrami roznicowania si¢ zawigzkow pedu (odcinek = 3 mm), D) formowanie si¢ pedow
(odcinek = 1,0 mm)

Fig. 3. Callus of the F1 hybrid Ae. triuncialis L. x T. aestivum L. Zyta obtained in in vitro culture
from an inflorescence fragment: A) the arrowhead indicates the meristematic center (bar = 50 um),
B) the arrowhead indicates the shoot primordium (bar = 100 um). C) callus tissue with visible
green centers of shoot primordia differentiation (bar = 3 mm), D) shoot formation (bar = 1,0 mm)

Tabela 3. Regeneracja ro$lin mieszancowych R1 w kulturze in vitro z fragmentdw kwiatostandw
F1 Ae. triuncialis x T. aestivum L.
Table 3. Regeneration of R1 Ae. triuncialis x T. aestivum L. hybrid plants in in vitro culture from
flower fragments of F1 Ae. triuncialis x T. aestivum L.

Kalusujace eksplantaty Zregenerowane w Kalusie
] na 100 wylozonych ro§liny R1
Mieszance F1 Calloused explants per 100 placed | Ri plants regenerated in callus
F1 hybrids - -
liczba % liczba %
number number
Ae. triuncialis x Begra 72 72 0 0,00
Ae. triuncialis x Monopol 84 84 0 0,00
Ae. triuncialis x Nawra 65 65 0 0,00
Ae. triuncialis x Zyta 88 88 5 5,68
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Ryc. 4. Otrzymywanie mieszancéw R Ae. triuncialis L. x T. aestivum L. Zyta w kulturze in vitro:
A) eksplantaty niedojrzatych ktoséw, B) i C) regeneracja pedow i korzeni w kalusie, D) klosy
ro$lin (od lewej): Ae. triuncialis L., mieszaniec Ry, T. aestivum L. Zyta
Fig. 4. Obtaining R1 hybrids Ae. triuncialis L. x T. aestivum L. Zyta in in vitro culture: A) explants
of immature spikes, B) i C) regeneration of shoots and roots in callus, D) spikes of plants (from the
left): Ae. triuncialis L., R1 hybrid, T. aestivum L. Zyta

Tworzenie si¢ wierzcholkéw przybyszowych wiaze si¢ z naruszeniem regulacji hor-
monalnej, w wyniku oddzielenia eksplantatu od tkanki macierzystej lub podania regulato-
réw wzrostu z zewnatrz, glownie auksyn i cytokinin [Hejnowicz 2002].

Kultury in vitro fragmentow kwiatostanow przyczynity si¢ do rozmnozenia mieszancow
F1 i uzyskania dojrzatych roslin Ry Ae. triuncialis x Zyta (ryc. 4). Uzyskano regeneranty Ry
o liczbie chromosoméw rosliny dawcy Ae. triuncialis L. x T. aestivum L. Zyta (2n = 35) —
tab. 3. Pentaploidy Ry Ae. triuncialis L. x T. aestivum L. (ABDUC) zawieraty $rednio 33,94
uniwalentow, 0,88 biwalentow w formie pretow i 0,16 biwalentdéw w formie pierscieni.
Liczba chiazm w ich przypadku wynosita §rednio 1,22, mikrojader w tetradach — 0,24,
a liczba pentad — 19. W anafazach I i II tworzyly si¢ mostki chromosomowe, chromatydowe
i wystepowaly fragmenty chromosomowe oraz nieprawidtowa liczba biegunéw, co w kon-
sekwencji prowadzito do powstawania pentad (tab. 2, ryc. 2).

W mieszancach Ae. triuncialis L. x T. aestivum L. Zyta analizowano zywotno$¢ pytku
i porbwnywano ja z zywotnoscig form rodzicielskich. Ziarna pytku mieszancéw F1 oka-
zaty si¢ w 100% puste, a mieszancow Ri w 94,70%. Natomiast 90,75% ziaren pytku
Ae. triuncialis L. 191,80% pszenicy Zyta byto catkowicie wypeione cytoplazma (tab. 4).
Ziarna pytku mieszancow Fi mialy wielko$¢ od 44,18 x 40,34 um (mieszaniec F:
Ae. triuncialis L. z pszenicg Begra) do 45,51 x 41,23 um (mieszaniec F; Ae. triuncialis L.
z pszenicg Zyta). Mieszaniec Ry Ae. triuncialis L. x Zyta miat ziarna pytku nieco wigksze:
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46,96 x 41,12 um. Srednia wielko$¢ ziaren pylku Ae. triuncialis L. wyniosta 51,80 x
47,60 um. Najwigksze ziarna pytku miata pszenica Zyta 62,29 x 54,86 um. W badaniach
Chrzastek [2000] wielkos¢ ziaren pytku pszenicy Grana wyniosta 56,87 x 56,19 um.

Pylniki mieszancow F1 miaty wielko$¢ od 4,51 x 0,85 mm (mieszaniec F1 Ae. triun-
cialis L. x Begra) do 4,68 x 0,89 mm (mieszaniec F; Ae. triuncialis L. x Zyta) — tab. 4.

Mieszaniec Ry Ae. triuncialis L. z pszenicg Zyta mial pylniki nieco wigksze: 4,73 x
0,86 mm. Srednia wielko$¢ pylnikow Ae. triuncialis L. wyniosta 5,10 x 0,87 mm. Pylniki
pszenicy Zyta mialy $rednig wielkos$¢ 4,46 x 0,94 mm (tab. 4). W badaniach Komaki
i Tsunewaki [1981] dtugo$¢ pylnikéw 61 odmian pszenicy wahata si¢ od 3,0 do 5,0 mm.

Gatunki traw z rodzaju Aegilops naleza do form jednorocznych, silnie krzewiacych
si¢, wytwarzajacych bardzo duzo ziarniakow. Przyktadowo Ae. cylindrica Host wytwarza
ponad 100 zdzbet i ponad 3 tys. ziarniakoéw. Ziarniaki Aegilops pozostaja w glebie nawet
do 3-5 lat, zachowujac zdolno$¢ kietkowania, co pozwala poszczegdélnym populacjom
szybko kolonizowac nowe tereny [Zaharieva i Monneveux 2005].

Pszenice krzewig si¢ znacznie stabiej. Analiza pojedynkow wykazata, ze najwigcej
pedow wytworzyt dziki gatunek Ae. triuncialis — $rednio 146,5 na rosling. Krzewienie
mieszancoéw byto posrednie. Najwiccej pedéw wytworzyty mieszance F1i Ry Ae. triun-
cialis x Zyta, odpowiednio 41,0 i 36,3. Najmniej pedow ($rednio 15,0 na rosling) odnoto-
wano u mieszancow Fi Ae. triuncialis x Monopol. Byta to warto$¢ podobna jak u pszenic
zwyczajnych. Pszenice wytwarzaly $rednio od 9,1 (Nawra) do 14,3 (Monopol) pedow na
rosling (tab. 5).

Dhugos¢ pedu glownego mieszancow byta mniejsza od dtugosci pgdéw obu komponen-
tow rodzicielskich i wynosita $rednio od 43,0 cm (F1 Ae. triuncialis x Nawra) do 48,3 cm
(F1 Ae. triuncialis x Begra). Byly to wartosci istotnie mniejsze od dtugosci pedéw dzikiego
gatunku (70,4 cm) i od pszenic (79,78-100,80 cm) — tab. 5. Podobnie w $rodowisku natu-
ralnym gatunki Aegilops osiagaja wysokos¢ ok. 70 cm [Kimber i Feldman 1987].

Srednica zewnetrzna drugiego od dotu miedzywezla mieszancow miescila si¢ w grani-
cach od 2,1 do 2,9 mm. Byla ona istotnie wigksza od $rednicy dzikiego gatunku (1,46 mm).
Wirod mieszancow najgrubsze zdzbta miat F1 Ae. triuncialis x Zyta. U pszenic warto$¢ tej
cechy byla istotnie wicksza od mieszancow i wahata si¢ od 4,08 do 5,22 mm (tab. 5).

Wigkszos$¢ mieszancow F1 wytworzyla osadki klosowe istotnie krotsze od osadek
form rodzicielskich. Najdtuzsze osadki klosowe o dhugosci od 0,90 do 0,99 dm odnoto-
wano u pszenic. Nieco krotsze osadki ktosowe miat Ae. triuncialis. Osadki ktosowe mie-
szancOw osiagaly $rednig dhugos¢ 0,55-0,68 dm (tab. 5, ryc. 1C, 1D, 4D).

Ksztalt dojrzatych ktosow mieszancow byl posredni w stosunku do form rodziciel-
skich. Jednak przewazaty cechy formy dzikiej (ryc. 1C, 1D, 4D). Najwigksza liczbe kto-
skow przypadajacych na 1 dm osadki ktosowe;j (zbito$¢ ktosa) miaty pszenice (od 19,4 do
24,4). Mieszance charakteryzowaly sie posrednig w poréwnaniu z komponentami rodzi-
cielskimi zbitoscig ktosow (od 14,6 do 17,5 ktoskow na 1 dm osadki klosa). Zbitos¢ kto-
sow Ae. triuncialis wyniosta 7,5 (tab. 5). We wczesniejszych badaniach [Prazak 1997]
ktosy innych mieszancow Aegilops sp. z Triticum sp. réwniez charakteryzowaly si¢ po-
$rednig zbitoscig w stosunku do form rodzicielskich.



Tabela 4. Zywotnoé¢ oraz wymiary ziaren pylku i pylnikow mieszancéw F1 i R1 Ae. triuncialis L. z T. aestivum L. i T. aestivum L. Zyta
Table 4. Viability and dimensions of pollen grains and anthers of F1 and R1 hybrids of Ae. triuncialis L. with T. aestivum L. and T. aestivum L. Zyta

Wymiary ziaren pytku wypetnionych cytoplazma

Ziamafﬁ“‘l:’i’:emione Dimensions of pollen grains filled with cytoplasm Wymiary pylnikéw
cyopazma (um) Anther dimensions
Analizowane formy Pollen grains filled with cytoplasm — — (mm)
(%) catkowicie czg$ciowo puste
Forms analysed .
entirely partly empty
catkowicie |czgsciowo| puste dlugosé¢ | szerokosé | dlugos¢ |szerokos$¢| dtugosé |szerokosc| dilugosé |szerokosc
entirely partly empty length width length width length width length width
F1 Ae. triuncialis x Begra 0,00 0,00 100,00 0,00 0,00 0,00 0,00 44,18™ | 40,34™ 451f 0,85
F1 Ae. triuncialis x Monopol 0,00 0,00 100,00 0,00 0,00 0,00 0,00 44,29™ | 40,45 4,53f 0,86
F1 Ae. triuncialis x Nawra 0,00 0,00 100,00 0,00 0,00 0,00 0,00 4542™ | 41,16™ | 4,62 0,88
F1 Ae. triuncialis x Zyta 0,00 0,00 100,00 0,00 0,00 0,00 0,00 4551 | 4123™ | 4,68 0,89
R1 Ae. triuncialis x Zyta 0,00 5,30 94,70 0,00 fm 0,00 50,85™ | 44,32™ | 46,96™ | 41,12™ | 4,73™ 0,86
Ae. triuncialis 90,75 3,08 6,17 52,00 46,50 44,83 41,00 51,80 47,60 5,10 0,87
Zyta 91,80 1,19 7,01 67,53 64,08 61,57 56,71 62,29 54,86 4,46 0,94

f Wynik istotnie r6zny od formy matecznej przy o = 0,05; ™ wynik istotnie rézny od formy ojcowskiej przy o.= 0,05
f Result significantly different from the mother form at o = 0.05; ™ result significantly different from the paternal form at a. = 0.05




Tabela 5. Wartosci $rednie wybranych cech ilosciowych u mieszancéw F1 i R1 Ae. triuncialis L. x T. aestivum L. oraz ich form rodzicielskich
Table 5. Mean values of some quantitative traits in Frand R1 Ae. triuncialis L. x T. aestivum L. hybrids and their parental forms

. Srednica drugiego Dhugos¢ ,,
Liczba .| Diugos¢pedu od dotu osadki Zbitosé klosa | T rodnose
Analizowane formy ro$lin Krzewienie glownego . mi¢edzywezla ktosowej glownego klosa
0g6lne Length of main - A gtéwnego
Forms analysed Number T e g Diameter of 2nd Length of Main spike -
otal tillering shoot - ] - o Main spike
of plants bottom internode spike rachis density g
(cm) (mm) (dm) fertility
F1 Ae. triuncialis x Begra 4 22,50f 48,30 m 2,35 0,68M 15,60 0,00
F1 Ae. triuncialis x Monopol 5 15,00 46,00 2,50m 0,60 fm 16,70 0,00fm
F1 Ae. triuncialis x Nawra 3 34,00f 43,00 2,10m 0,55 m 14,60 0,00fm
F1 Ae. triuncialis x Zyta 3 41,007 48,00™ 2,90 fm 0,63m 17,50 0,00fm
R1 Ae. triuncialis x Zyta 5 36,30 m 46,50 ™ 2,43 m 0,56 fm 14,60 0,00fm
Ae. triuncialis 20 146,50 70,40 1,46 0,77 7,50 1,69
Begra 20 12,10 86,50 4,08 0,93 21,10 2,66
Monopol 20 14,30 100,80 4,43 0,90 24,40 2,75
Nawra 20 9,10 79,78 4,62 0,94 20,00 2,16
Zyta 20 12,50 99,88 5,22 0,99 19,40 2,48

Hiczba pedow z rosliny, 2 liczba ktoskow przypadajaca na 1 dm osadki klosa, 2 liczba ziaren przypadajaca na 1 ktosek

fwynik istotnie rézny w stosunku do formy zenskiej przy a = 0,05; ™ wynik istotnie rézny w stosunku do formy meskiej przy a = 0,05
 numer of shoots from plant, 2 number of spikelets per 1 dm of the spike rachis, ®number of kernels per 1 spikelet
f result significantly different in relation to the female form at o = 0.05; ™ result significantly different in relation to the male form at o = 0.05
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Mieszance nie zawigzaly ziarniakow. Natomiast plodnosé klosow gtownych pszenic
wabhata si¢ od 2,16 (Nawra) do 2,75 (Monopol). Ptodno$¢ dzikiego gatunku Ae. triuncialis
wyniosta 1,69. Staba ptodno$¢ mieszancow F1 pszenicy z gatunkami Aegilops wynika
z niskiego poziomu koniugacji chromosoméw w mejozie lub jej braku [Bai i in. 1994].

Dla zwigkszenia ptodnosci form mieszancowych mozna zastosowaé wcze$niejsze
krzyzowanie Ae. triuncialis L. z pszenicami tetraploidalnymi, np. T. turgidum L. lub T. du-
rum Desf. jako formami pomostowymi [Delibes i in. 1988, Stefanowska i in. 1995]. Inng
metoda moze by¢ krzyzowanie pszenicy zwyczajnej T. aestivum L. mono-5B Chinese
Spring z Ae. triuncialis L., a nastepnie powstalego mieszanca z T. aestivum Chinese Spring
[Pilch i in. 1995]. Jezeli chromosom obcy nie jest homeologiczny do chromosoméw psze-
nicy i nie moze z nimi koniugowa¢ w mieszancach pomostowych F1, mozna zastosowac
metody radiacji w celu spowodowania jego fizycznej aktywacji, a nastgpnie w pokoleniu
F, identyfikowa¢ translokacje z obcym chromosomem [Pilch 2005].

WNIOSKI

1. Przy krzyzowaniach odwrotnych Ae. triuncialis L. z odmianami pszenicy zwyczajnej
Begra, Monopol, Nawra i Zyta ziarniaki mieszancowe uzyskano jedynie przy zapyleniu Ae.
triuncialis L. pytkiem T. aestivum L. Srednia zdolnoé¢ do krzyzowania wyniosta 10,0%,
a regeneracja rolin z 18-dniowych zarodkéw F1 hodowanych in vitro — 78,95%.

2. Wylozenie fragmentow niedojrzatych klosow na pozywke MS z dodatkiem
2,0 mg-dm~3 2,4-D przyczynilo si¢ do uzyskania tkanki kalusowej mieszancow F1 Ae. triun-
cialis z Triticum aestivum L. Najbardziej embriogenny okazat si¢ kalus mieszancoéw Fi Ae.
triuncialis x T. aestivum L. Zyta, w ktorym zregenerowaly pedy i korzenie roslin Ri.

3. W poréwnaniu do form rodzicielskich mieszance Ae. triuncialis z T. aestivum L.
miaty posérednig liczbe pedow (15,0—41,0), srednice drugiego od dotu miedzywezla (2,1—
2,9 mm) i zbito§¢ ktosa (14,6—17,5 ktoskow na 1 dm osadki ktosa) oraz krotsze zdzbta
(43,048,3 cm) i osadki ktosowe (0,55-0,68 dm). Brak ptodnosci mieszancow F1 i Ry oraz
brak skutecznos$ci krzyzowan wstecznych BCs z pszenica byt spowodowany zaburzeniami
W procesie mejozy, ktore wynikaty ze stabej homologii pomiedzy genomami ABD psze-
nicy zwyczajnej i genomami UC Ae. triuncialis L.
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Abstract. Field crosses were performed between Aegilops triuncialis L. (2n = 4x = 28, UUCC ge-
nomes) and the common wheat cultivars Triticum aestivum L. (2n = 6x = 42, AABBDD genomes)
Begra, Monopol, Nawra, and Zyta. The aim of the crosses was to expand the genetic variability of
common wheat. The interbreeding ability of tested genotypes under field conditions ranged from
7.14% (Ae. triuncialis x Zyta) to 13.33% (Ae. triuncialis x Monopol). Hybrid kernels were formed
only when the maternal form was Ae. triuncialis. From obtained 22 F1 hybrid kernels, 19 embryos
were isolated in vitro and plated on MS medium supplemented with 10 mg dm=3 TAA (B-indolyl-
-3-acetic acid) and 0.04 mg dm-2 kinetin. F1 embryos developed into 15 seedlings in vitro. After
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4 weeks, the hybrid seedlings were transplanted into pots and placed in a growth chamber. Then, in
mid-September, they were planted out in the experimental field next to the parental components.
Chromosome number of the hybrids were assessed on smear preparations of meristematic cells from
the seedling root tips. During the growing season, immature spikes were collected from the leaf
sheaths of the hybrid plants for meiosis analysis. Cytological analysis revealed abnormalities in the
microsporogenesis process of the hybrids, which resulted in the development of non-viable pollen.
Some spikes of the F1 hybrids were castrated and back-pollinated with wheat pollen. The F1 hybrids
were also propagated in vitro by placing 100 fragments of immature inflorescences in each cross
combination on MS medium supplemented with 2 mg dm=3 2.4-D (2.4-dichlorophenoxyacetic acid).
Five R1 plants in the Ae. triuncialis L. x T. aestivum L. Zyta combination were regenerated from
callus produced by the explants. At the full maturity stage, biometric traits such as general tillering,
main shoot length, diameter of the second internode from the bottom, length of the main spike rachis,
main spike density and main spike fertility were measured on F1 and R1 hybrid plants. The hybrids
were characterized by intermediate tillering (15.0-41.0 stems) compared to their parental forms,
a diameter of the second internode from the bottom (2.1-2.9 mm), a dense main spike (14.6-17.5),
shorter stems (43.0-48.3 cm) and spike rachis (0.55-0.68 dm), and sterile spikes.

Keywords: Aegilops triuncialis L., field traits, common wheat, in vitro cultures, intergeneric hybrids
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Identyfikacja molekularna i ocena zréznicowania genetycznego
genotypdw miety z wykorzystaniem markerow DNA — SCoT i ISSR

Abstract. The aim of this study was to molecularly identify and assess the genetic diversity of
12 Mentha genotypes using, for the first time, two types of DNA markers simultaneously — ISSR
(inter simple sequence repeats) and SCoT (start codon targeted). Selected genotypes representing
various Mentha species and varieties were analyzed to determine the level of genetic similarity and
phylogenetic relationships between them. The level of polymorphism obtained for ISSR markers
was 71%, while for SCoT it was 88.7%. The obtained data were analyzed, allowing for the assess-
ment of the level of genetic similarity and the construction of dendrograms illustrating the genetic
structure of the studied population. Studies indicate that the use of SCoT markers enables the iden-
tification of the following genotypes: Plectranthus amboinicus (Lour.) Spreng, Mentha pulegium L.,
Mentha spicata L. cv. Moroccan, Mentha suaveolens Ehrh. var. variegata (pineapple mint), Mentha
spicata L., and Mentha longifolia L. ISSR markers, due to the generation of only monomorphic and
polymorphic bands, do not allow for the direct identification of any of the studied genotypes. Data
from both marker systems indicate significant genetic diversity among the analyzed genotypes,
which may be important for breeding programs and the conservation of genetic resources of the
Mentha genus.
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INTRODUCTION

The family Lamiaceae, representing the sixth largest group among angiosperms, com-
prises over 245 genera and approximately 7,886 species with a cosmopolitan distribution.
Members of this family are characterized by a high content of essential oils and a wide
diversity of secondary metabolites. Owing to these phytochemical properties, numerous
Lamiaceae species have significant applications in traditional and modern medicine, phar-
macology, cosmetics, and aromatherapy, as well as in horticulture for their ornamental
and aromatic value [Sofyalioglu et al. 2025]. The genus Mentha, belongs to the Lamiaceae
includes more than a dozen wild species and numerous hybrids and cultivated varieties
with diverse functional properties [Silva et al. 2006, Mkaddem et al. 2009] and is one of
the most important genera with approximately 30 identified species distributed in Europe,
Asia, America, Australia, and temperate regions [Dorman et al. 2013]. The systematics of
the genus Mentha is very complex and still not fully unified. Predisposition of mint to
open pollination between wild and cultivated varieties have contributed to the develop-
ment of numerous cultivars and interspecific hybrids [Jedrzejczyk and Rewers 2018]. The
chromosome number in plants of the genus Mentha is usually x = 12, but it varies depend-
ing on the species and may be: monoploid (basic) number: x =9, x = 10, x = 12, x = 18,
x = 25; while the ploidy level (2n) may be equal to: 2x, 4x, 6x, 8x, 10x [Lawrence 2006].
Within this genus, in addition to variability in the basic chromosome number, polyploidy,
and aneuploidy, there is also polymorphism in morphology, the composition of essential
oils, and secondary metabolites, depending on the environmental conditions in which the
plants are grown. Therefore, morphological, biochemical markers, and even karyological
analysis are often unreliable in distinguishing Mentha species [Jedrzejczyk and Rewers
2018]. Because, as Devi et al. [2022] report the genus Mentha has undergone frequent
interspecific hybridization between wild and cultivated populations, which leads to vary-
ing basic chromosome count. To distinguish genotypes, DNA markers should be used.
In the case of the studied species, the diversity analysis was performed using SRAP [Malik
et al. 2019], ISSR [Smolik et al. 2007, Rodrigues et al. 2013, Jedrzejezyk and Rewers
2018, Choupani et al. 2019, Soilhi et al. 2020, Moshrefi-Araghi et al. 2021, Devi et al.
2022, Celik et al. 2024], RAPD [Khanuja et al. 2000, Ibrahim 2017, Kiettyka-Dadasiewicz
et al. 2017, Ahmad et al. 2018, Panjeshahin et al. 2018], SSR [Vining et al. 2019, Fukui
et al. 2022], SCoT [Khan et al. 2017, Salama et al. 2019, Heylen et al. 2021] markers.
Molecular marker techniques generate reliable and reproducible results without being in-
fluenced by environmental factors. In the analysis of genetic similarity, it is recommended
to use two types of primers to scan a large area of the genome. SCoT exploits the gene
regions flanking the ATG initiation codon [Collard and Mackill 2009], while ISSR mark-
ers can amplify the flanking regions of the target microsatellite [Sabboura et al. 2016].
Therefore, in this study, for the first time, the ISSR and SCoT marker systems were used
simultaneously for the studied set of genotypes. Information on the genetic diversity and
relationships among different species in Mentha genus may produce new insights and give
a better understanding of the distribution of genetic diversity and is necessary for
germplasm collection, conservation and breeding program. The aim of this study was to
conduct molecular identification of various mint genotypes. Molecular analyses were con-
ducted to develop rapid and precise species identification, determine interspecific and in-
traspecific variability within the genus, and describe relationships between genotypes.
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MATERIALS AND METHODS

DNA extraction

Samples of healthy leaves from 10 randomly selected plants grown at the Experi-
mental Farm of the Department of Vegetable and Medicinal Plants of the University of
Life Sciences in Lublin (51°14'53"N, 2°34'13"E) were collected. DNA was isolated in two
replications, for every listed in table 1 genotypes. DNA was extracted following the CTAB
method described by Doyle and Doyle [1987]. The DNA concentration was determined
using Thermo Scientific Nanodrop spectrophotometer. Test samples were diluted to a final
concentration 25 ng pl=.

Table 1. The list of genotypes

Species Code
Mentha suaveolens Ehrh. var. variegata (pineapple mint ) Gl
Mentha suaveolens Ehrh. G2
Mentha pulegium L. G3
Mentha longifolia L. G4
Plectranthus amboinicus (Lour.) Spreng. (Mexican mint) G5
Mentha piperita L. var. officinalis Sole f. rubescens Camus G6
Mentha spicata L. G7
Mentha spicata var. crispa cv. Persian G8
Mentha spicata L. cv. Moroccan G9
Mentha rotundifolia L. Huds. G10
Mentha piperita L. var. citrata Ehrh. Gll1
Mentha spicata L. var. crispa G12

ISSR analysis

A total of 30 ISSR primers (Sigma-Aldrich) were initially screened, of which 13 pro-
duced clear, reproducible banding patterns. These primers were selected for subsequent
analyses. PCR amplification was performed in a final reaction volume of 15 pL, contain-
ing 130 uM dNTPs, 1.5mM MgCl,, 1 U of Taqg DNA polymerase, 1x reaction buffer,
470 pM primer, and 60 ng of genomic DNA. Amplification reactions were carried out in
a gradient thermal cycler (Biometra GmbH) using the following program: an initial dena-
turation step at 94°C for 7 min; followed by 35 cycles of denaturation at 94°C for 30's,
primer annealing at the primer-specific annealing temperature (Tm) for 30 s, and extension
at 72°C for 2 min; with a final extension step at 72°C for 7 min.
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SCoT analysis

Fifteen 18-base primers selected from 25 arbitrary primers were used for PCR ampli-
fication. DNA amplification of SCoT markers was carried out in a final volume of 10 ul
containing 0.5 U of Taq DNA Polymerase (Fermentas), 0.8 ul of oligonucleotide primer
(0.8 puM), 1 uM dNTPs, 1 x PCR buffer with MgCl,, and 25 ng of genomic DNA as
a template. Amplification was performed in a gradient thermal cycler (Biometra GmbH)
with the following reaction conditions: initial predenaturation at 94°C for 3 min, followed
by 35 denaturation cycles at 94°C for 1 min, annealing at 50°C for 1 min, and extension
at 72°C for 2 min. The final extension was carried out for 5 min at 72°C with the holding
temperature of 4°C.

DNA data analysis

PCR products were separated on 1.5% agarose gels stained with ethidium bromide
and electrophoresed at a constant voltage of 3 V cm™ until the bromophenol blue tracking
dye reached the end of the gel. The gel was visualized in a UV transilluminator and pho-
tographed using GeneSnap ver. 7.09 (SynGene) gel documentation system. NZYDNA
Ladder 111 (NZYtech; ISSR) and MassRuler DNA Ladder Mix (Thermo Scientific; SCoT)
were used to establish molecular weight of the products. ISSR and SCoT amplification
products that were clearly distinguishable and reproducible were scored. Bands were rec-
orded in a binary format: presence (1) or absence (0). A band was considered monomor-
phic if it was present in all analyzed individuals. Polymorphic bands were those observed
only in specific genotypes, while specific bands referred to those uniquely present in
a single individual. The unique combination of bands produced by each primer was de-
fined as its banding pattern.

Statistical analysis

The similarity coefficient between the studied genotypes in the ISSR and SCoT anal-
ysis was assessed according to the Dice formula [Nei 1979]. Cluster analysis was con-
ducted using the UPGMA (unweighted pair-group method with arithmetic mean) distance
method implemented in the PAST software [Hammer 2001]. PAST software was also used
for the principal component analysis (PCA).

RESULTS AND DISCUSSION

ISSR-PCR amplification

In this study, a total of 136 allelic bands were detected that could be assessed using
13 different ISSR markers in 12 Mentha genotypes. Of these, 97 were found to be poly-
morphic, representing 71 percent polymorphism. Thirty-nine monomorphic bands were
also detected, representing an average of three bands per primer. Primer ISSR12 generated
the maximum number of bands (14), while primers ISSR3 and ISSR8 generated the min-
imum number (8). Band sizes ranged from 350 to 3800 bp (tab. 2). No specific bands were
identified in the sample. Therefore, the marker sequences used in the study did not allow
identification of any of the studied genotypes. However, according to Jedrzejczyk and
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Rewers [2018], ISSR markers are useful in identifying Mentha species. The ISSR markers
used by Celik et al. [2024] to analyze various mint genotypes generated 100% polymor-
phic bands, which, similarly to our study, make identification impossible. In the study by
Sabbour et al. [2016], no specific bands were identified. The primers used generated only
polymorphic bands. The studies by the cited authors show significant differences in the
average number of bands generated by primer, which in the case of the first author was
17.5 and the second 3.42. Our results are situated between these values (10.5). This may
be due to the sequence of markers used and the genetic diversity of the plant material
analyzed. The average polymorphism of 71% obtained in our study should be considered
moderate, especially in the context of the study by Celik et al. [2024], where it reached
100%. However, it was higher compared to the value of 65% reported by Choupani et al.
[2019]. A high value of this parameter is observed when, among all amplicons, those that
can be considered polymorphic predominate, and this most often happens in the analysis
of a genetically diverse group of genotypes.

Table 2. Starter sequence and assessment of the number and type of products generated
with the ISSR primers used in the study

Number Number of PCR products POly.mor_ Range
of starter Starter sequence ' ' ‘ phism (bp)
total | polymorphic | monomorphic| specific (%)
ISSR 1 VBV(AC);* 11 10 1 0 90.9 400-3800
ISSR 2 BDB(CA), 10 10 0 0 100.0 500-3200
ISSR 3 HBH(CT), 8 4 4 0 50.0 500-1500
ISSR 4 GCV(TC), 11 8 3 0 72.7 400-2300
ISSR 5 BDV(AG), 11 5 6 0 45.5 400-1500
ISSR 6 | HVHTG(TTG),T 9 7 2 0 77.8 400-1400
ISSR7 | BDBCA(CCA),C 10 7 3 0 70.0 500-1400
ISSR 8 BDM(CAG);s 8 4 4 0 50.0 400-2300
ISSR 9 (GAA)s 11 11 0 0 100.0 400-2800
ISSR 10 (ATG)s 11 7 4 0 63.6 400-3200
ISSR 11 (TGG)s 11 7 4 0 63.6 350-1500
ISSR 12 (GATA);s 14 8 6 0 57.1 400-2000
ISSR 13 (GACA)s 11 9 2 0 81.8 350-1500
Total 136 97 39 0 - 350-3800
Mean 10.46 7.46 3.0 - 71.0 -

*V—notT;B-notA;H-notG;D-notC
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The genetic similarity coefficient between the studied genotypes calculated using the
Dice method ranged from 0.56 to 0.88 (tab. 3). As a result of clustering the genotypes,
a dendrogram was generated which can be divided into three main clusters (fig. 1a). The
first two have only one genotype each: M. spicata var. crispa and Mentha piperita var.
citrata, respectively. In cluster I, comprising a total of 10 genotypes, two subclusters
should be distinguished: A and B. Subcluster 11l A consisted of M. suaveolens and
M. suaveolens var. variegata (for which the similarity coefficient was 0.79), joined by
Plectranthus amboinicus. Subcluster I11 B contained the largest group of objects (7). The
first clusters within it were formed by M. spicata var. crispa Persian and M. piperita var.
officinalis, and then M. spicata, M. longifolia, M. spicata cv. Maroccan, M. pulegium, and
finally M. rotundifolia were added. According to Vining et al. [2022], M. spicata is a hy-
brid whose parental forms are M. suaveolens and M. longifolia. Dendrogram analysis in-
dicates that these forms are located in different subclusters of cluster Il — 111 A and 111 B,
respectively. At the same time, M. spicata and M. spicata cv. Maroccan are located in
subcluster 111 B, indicating their greater similarity to the paternal form. Gobert et al.
[2002], Choupani et al. [2019] point out the high similarity between M. longifolia and
M. spicata based on their studies. The study by Naseem et al. [2024] indicates the joint
clustering of the M. spicata hybrid and the parent forms M. suaveolens and M. longifolia.
Taxonomy defines M. piperita as a hybrid between M. spicata and M. aquatica, and ac-
cording to Momeni et al. [2006] shows greater similarity to M. spicata than to M. aquatica.
This is confirmed by the results of our study, as both these genotypes were grouped to-
gether, and the genetic similarity coefficient was 0.88. A similar relationship between the
studied objects is indicated by Soilhi et al. [2020]. According to Choupani et al. [2019],
M. piperita and M. longifolia are highly similar, and our findings support this view with
a genetic similarity value of 0.85. However, it should be noted that M. piperita is grouped
into separate clusters, which was also observed by Celik et al. [2024]. The authors suggest
that this may be due to backcrossing. Relationships between Mentha accessions were as-
sessed using PCA (fig. 2). For ISSR markers, principal component analysis (fig. 2a) re-
vealed that the variance of the first two components accounted for 50.39% of the total
variance. The first axis, accounting for 35.05% of the variance, separated genotypes G12,
G11, and G5, G2, and G1, of which the first two formed single clusters in the dendrogram,
while the remaining three formed cluster Il1a from the remaining genotypes. The second
axis, accounting for 15.34% of the variance, essentially separated genotypes G4 and G7
from the remaining five (G3, G6, G8, G9, and G10), which constituted cluster I1IB in the
dendrogram. The results of the PCA analysis are consistent with the results of the cluster
analysis. PCA also confirms the results obtained by UPGMA clustering for SCoT markers
(fig. 2b). The first axis, explaining 40.60% of the variance, separated genotypes G3, G5,
and G11 from the others except G1, while the second axis, accounting for 16.89% of the
variance, partially divides the objects of cluster IV dendrogram and genotype G3.
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Fig. 1. UPGMA dendrogram of genetic similarity generated by ISSR (1a) and SCoT (1b) markers
for 12 Mentha genotypes
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Table 3. Matrix of genetic similarity between the studied genotypes obtained on the basis of ISSR below the diagonal and SCoT above diagonal markers

Gl G2 G3 G4 G5 G6 G7 G8 G9 G10 Gl1 G12
Gl 1.00 0.55 0.40 0.61 0.47 0.63 0.55 0.59 0.60 0.58 0.55 0.56
G2 0.79 1.00 0.46 0.62 0.36 0.64 0.63 0.65 0.57 0.57 0.47 0.62
G3 0.73 0.67 1.00 0.39 0.37 0.41 0.48 0.42 0.43 0.54 0.41 0.58
G4 0.69 0.80 0.70 1.00 0.48 0.71 0.62 0.67 0.67 0.60 0.54 0.63
G5 0.76 0.69 0.70 0.65 1.00 0.45 0.36 0.43 0.42 0.40 0.43 0.40
G6 0.76 0.73 0.80 0.85 0.69 1.00 0.73 0.71 0.84 0.63 0.59 0.70
G7 0.74 0.70 0.71 0.82 0.67 0.86 1.00 0.70 0.75 0.57 0.57 0.72
G8 0.76 0.73 0.77 0.81 0.65 0.88 0.82 1.00 0.71 0.66 0.49 0.61
G9 0.72 0.69 0.76 0.76 0.73 0.80 0.78 0.80 1.00 0.62 0.65 0.70
G10 0.70 0.74 0.74 0.70 0.67 0.74 0.72 0.78 0.74 1.00 0.45 0.62
Gl1 0.70 0.63 0.71 0.73 0.60 0.70 0.75 0.73 0.63 0.65 1.00 0.56
G12 0.68 0.71 0.66 0.68 0.68 0.64 0.65 0.57 0.64 0.59 0.56 1.00

G1 — Mentha suaveolens Ehrh. var. variegata (pineapple mint ); G2 — Mentha suaveolens Ehrh.; G3 — Mentha pulegium L.; G4 — Mentha longifolia L.; G5 — Plectranthus
amboinicus (Lour.) Spreng. (Mexican mint); G6 — Mentha piperita L. var. officinalis Sole f. rubescens Camus; G7 — Mentha spicata L.; G8 — Mentha spicata var. crispa cv. Persian;
G9 — Mentha spicata L. cv. Moroccan; G10 — Mentha rotundifolia L. Huds.; G11 — Mentha piperita L. var. citrata Ehrh.; G12 — Mentha spicata L. var. crispa
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SCoT-PCR amplification

Molecular markers are used to assess genetic diversity, study population structure,
and investigate relatedness between individuals. A relatively new marker technique used
in DNA research is the start codon targeted (SCoT) polymorphism method, developed
by Collard and Mackill [2009]. It utilizes dominant and repetitive markers based on the
region surrounding the ATG translation initiation codon. This method is based on the
polymerase chain reaction (PCR) using single primers, 18 nucleotides in length. In this
study, fifteen SCoT primers were analyzed, and their sequences, along with the gener-
ated products, are listed in table 4. All primers produced a total of 157 bands, averaging
more than 10 bands per primer. The percentage of polymorphism obtained ranged from
75% to 100%, averaging 88.7% for the fifteen primers mentioned above. A slightly
lower value of this parameter at 56.8% was observed in 4 mint species by Salama et al.
[2019]. Specific products generated by ten primers (SCoT 2, SCoT 3, SCoT 4, SCoT 5,
SCoT 7, SCoT 9, SCoT 10, SCoT 12, SCoT 14, and SCoT 15) were also detected.
A total of 14 products were obtained, with an average of 1.4 bands for primers amplify-
ing these products. Primers SCoT 8, SCoT 9, and SCoT 15 generated monomorphic
products. All the above-mentioned primers produced only one band of this type. The
size of the obtained products ranged between 350 and 4200 bp. The usefulness of SCoT
markers in the characterization of mint species is indicated by Salama et al. [2019] and
Heylen et al. [2021]. Salama et al. [2019] identified specific amplicons generated by
some primers allowing the identification of the species M. sativa, M. spicata, M. piperita
and the subspecies M. longifolia subsp. typhoides and schimperi. The possibility of iden-
tifying M. x piperita cultivars with this marker system was indicated by Khan et al.
[2017], and with the RAPD marker system by Kiettyka-Dadasiewicz et al. [2017]. This
is confirmed by the results of this study, which enable the identification of six of the
twelve genotypes tested, which include: Plectranthus amboinicus — using primers SCoT
2,3, 4,10 and 14 generating a total of 6 specific fragments, Mentha pulegium L. using
primer SCoT 7, Mentha spicata L. cv. Moroccan using primers SCoT 5 and 9, Mentha
suaveolens Ehrh. var. variegata (pineapple mint) using starter SCoT 2 and 4, Mentha
spicata L. using starter SCoT 12, and Mentha longifolia L. using starter SCoT 15
(tab. 5).

The genetic similarity coefficient assessed according to the Dice formula between
12 studied genotypes is presented in table 3. The similarity ranged from 0.36 to 0.84.
The highest similarity occurred between Mentha piperita L. var. officinalis Sole f. ru-
bescens Camus and Mentha spicata L. cv. Moroccan while the lowest between Mentha
suaveolens and Plectranthus amboinicus and Plectranthus amboinicus and Mentha spi-
cata L.



Table 4. Starter sequence and assessment of the number and type of products generated with the SCoT primers used in the study

Number Number of PCR products Polymorphism Range
of starter Starter sequence total polymorphic | monomorphic specific (%) (bp)
SCoT 1 CAACAATGGCTACCACCA 11 11 0 0 100 650-3500
SCoT 2 CAACAATGGCTACCACCC 12 10 0 2 83.3 450-4200
SCoT 3 CAACAATGGCTACCACCT 9 8 0 1 88.8 850-2700
SCoT 4 CAACAATGGCTACCACGT 13 11 0 2 84.6 550-3200
SCoT 5 CAACAATGGCTACCAGCC 8 7 0 1 87.5 650-4200
SCoT 6 ACGACATGGCGACCGCGA 17 17 0 0 100.0 250-3500
SCoT 7 ACCATGGCTACCACCGAC 9 7 0 2 777 550-3200
SCoT 8 ACCATGGCTACCACCGAG 10 9 1 0 90.0 550-3200
SCoT 9 ACCATGGCTACCACCGCC 8 6 1 1 75.0 3504200
SCoT 10  |ACCATGGCTACCACCGGC 10 8 0 2 80.0 350-2400
SCoT 11 CCATGGCTACCACCGCCG 9 9 0 0 100.0 450-3500
SCoT 12 |CCATGGCTACCACCGGAG 10 9 0 1 90.0 350-2300
SCoT 13 ACGACATGGCGACCAGCG 10 10 0 0 100.0 550-2500
SCoT 14 ACGACATGGCGACCACGT 9 8 0 1 88.8 450-2500
SCoT 15 CCATGGCTACCACCGGCA 12 10 1 1 83.3 450-2700
Total 157 140 3 14 - 350-4200

Mean 10.5 9.3 0.2 0.9 88.7 -
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Fig. 3. Fingerprints of twelve Mentha genotypes using ISSR 2 (1a) and SCoT 6 (1b) primer
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Table 5. SCoT markers specific to Mentha

Species names SCoT primer Specific band size (bp)
M. suaveolens Ehrh. var. variegata SCoT2 4200
Gl SCoT4 1500
Mentha pulegium L. SCoT7 1700
G3 SCoT7 800
Mentha longifolia L. SCoT15 1200
G4
SCoT2 1400
SCoT3 2700
Plectranthus amboinicus (Lour.) Spreng SCoT4 650
G5 SCoT10 1200
SCoT10 450
SCoT14 1400
Mentha spicata L. SCoT12 1700
G7
Mentha spicata L. cv. Moroccan SCoT5 650
G9 SCoT9 2500

The analysis of genetic similarity generated using SCoT markers was presented in the
form of a dendrogram (fig. 1b). The dendrogram intersection at 0.56, which is the average
value for all analyzed genotypes, allows for the identification of four distinct clusters.
Three of these clusters include single genotypes: Mentha piperita var. citrata, Mentha
pulegium, and Plectrantus amboinicus — Mexican mint, the latter of which was the most
distant from all the others. In cluster 1V, composed of nine genotypes, the first cluster was
formed by M. piperita var. officinalis and M. spicata cv. Moroccan. Subsequently, the
remaining genotypes were added to this cluster, and finally M. suaveolens var. variegata.
However Khan et al. [2017] in their study of genetic diversity using SCoT markers did not
group Mentha piperita and Mentha spicata genotypes into separate clusters, but rather
combined them with M. cardiaca and M. viridis into one large cluster. The genotypes
present in cluster IV were characterized by a high level of similarity ranging from 0.55 to
0.84. Among them, M. spicata and M. longifolia were used by Salama et al. [2019] in the
analysis using SCoT markers and by Ibrahim [2017] using RAPD markers. The authors
report similarity between M. spicata and M. longifolia at 0.45 and 0.44, respectively, for
the marker systems used. This is reflected in the results of this study, as these species
formed one cluster, and the similarity value was even higher than the reported results and
amounted to 0.62. In turn, the study by Vining et al. [2019] using SSR markers indicate
a joint grouping of M. suaveolens and M. longifolia genotypes. This relationship is con-
firmed by the cluster IV observed in our study, which includes both aforementioned spe-
cies. Phylogenetic tree analyses conducted by Thakur et al. [2016] indicate grouping of
M. piperita and M. citrata in one cluster and M. spicata in a separate one. Genetic simi-
larity determined by SCoT markers within the M. spicata species, represented by three
genotypes, should be considered high, as it ranged from 0.70 to 0.75. This was reflected
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in the formation of the second cluster on the dendrogram between M. spicata and M. spi-
cata cv. Maroccan. Furthermore, the same cluster included M. suaveolens and M. longifo-
lia, which, according to Vining et al. [2022], are parental forms of this species, and their
direct similarity was estimated at 0.62. Therefore, using SCoT markers allows for the as-
sessment of genetic diversity within the studied genus, allowing for effective differentia-
tion of even forms with close phylogenetic relationships.

CONCLUSION

Genetic improvement of Mentha should integrate both morphological and molecular
data, as accessions with similar morphology often differ at the molecular level. Molecular
diversity databases are thus valuable tools for breeding and analysing novel intra and in-
terspecific hybrids. SCoT markers, due to their primer design based on conserved start
codon regions, are predominantly distributed within gene rich regions on both DNA
strands, enhancing their relevance for functional genomic studies. Unlike ISSR markers,
which target repetitive non-coding regions, SCoT markers are more likely to amplify cod-
ing sequences, including regions associated with pseudogenes and transposable elements,
providing greater insight into gene-associated polymorphisms. Additionally, the effi-
ciency of SCoT markers is influenced by the precise distance between primer binding
sites, contributing to their reproducibility and specificity. These advantages make SCoT
a more informative and functionally relevant tool compared to ISSR for assessing genetic
diversity and structure Mentha genus. Selected primers generating unique bands can be
used to precisely identify specific genotypes.
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Advancements in plant protection — the application
of machine learning to the detection of maize infestations
Zastosowanie uczenia maszynowego w wykrywaniu szkodnikow kukurydzy

Abstract. Plant infestations cause significant economic losses in agriculture, necessitating rapid and
accurate detection for optimized agrotechnical operations and reduced environmental pollution. This
study addresses this challenge by proposing a customized convolutional neural network (CNN) archi-
tecture for detecting corn leaf worm infestations in maize. The research focuses on developing unique
CNN models through extensive experimentation, systematically adjusting hyperparameters like opti-
mizers, filter numbers, and kernel sizes. The study’s main contributions include the design of an accu-
rate CNN classifier, and its implementation in a user-friendly smartphone application. The research
highlights the importance of hyperparameter tuning in CNN performance, demonstrating that optimal
configurations lead to high accuracy (up to 95% for accuracy, precision, recall, specificity, and
F1-score). While the current model focuses on a single pest, the findings underscore the potential of
custom CNN classifiers in vision systems for automated crop inspection, offering a promising solution
for minimizing crop losses and the environmental impact of chemical plant protection products.
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INTRODUCTION

The aetiology of plant diseases is multifactorial, with biotic stressors (pathogens,
fungi, bacteria, and insects) and abiotic stressors (weather, soil conditions, and chemicals)
both playing a role [Oliveira 2019]. Plant diseases have the potential to cause significant
damage to agricultural crops, resulting in reduced yields. In the event of a large-scale at-
tack, this can even lead to the complete failure of a crop, with serious economic conse-
quences [Li et al. 2020, Khanramaki et al. 2021]. In order to reduce the negative impact
of diseases on crop quality and yield, it is necessary to detect them quickly. This is
a challenging task due to the labour-intensive and time-consuming nature of traditional
methods of pest and diseases detection and identification. Furthermore, farmers often lack
the necessary knowledge to identify diseases or insects, which can result in the inappro-
priate application of agrochemicals with negative environmental consequences.

Maize is one of the three most important crops in the world, along with rice and wheat.
However, since the end of the second decade of the twenty-first century, it has ranked
second in terms of area sown. A number of factors have contributed to this state of affairs,
the most significant of which are its versatility of use (as fodder, food, and for industrial and
energy purposes), high yields, and the advancement of breeding progress (including the de-
velopment of hybrid cultivars and the breeding of early-maturing cultivars). The earlier mat-
uration of the cultivars permits their cultivation in cooler climates with a shorter growing
season. Poland provides an illustrative example, where the area planted with this species
increased nearly threefold (2.84 times) over a 10-year period (2010-2020) [FAOSTAT
2024]. It is regrettable that the expansion of maize cultivation is leading to an intensifica-
tion of pest pressure, particularly from those species that have been identified as the most
problematic. Until recently, the European corn borer (Ostrinia nubilalis H.) and the frit
fly (Oscinella frit L.) were considered the most significant pests in Europe. However, more
recently, the western corn rootworm (Diabrotica virgifera KeConte) has emerged as
a growing concern, and with the anticipated effects of climate change, the corn leaf worm
(Spodoptera frugiperda) may become a prominent issue in the near future.

The corn leaf worm is a polyphagous pest that most often attacks plants of the panicle,
nightshade, cabbage family, as well as many vegetables. Of the cereals, it is most danger-
ous in maize crops. Its grey-brown front and white back wings are distinguished by distinct
brown veins. The voracious larvae are the most damaging, and their distinctive feature is
the inverted Y on their head. They cause leaf skeletonization, which significantly reduces
photosynthetic capacity of crops. They also often damage flower buds, plant growth tips
and even cobs and grain, resulting in reduced maize yield and quality. As reported by van
der Berg et al. [2021], yield losses of up to 30% to 70% have been documented in the
Americas, while losses of 11% to 100% have been observed in Africa. The corn leaf worm
is mainly known for causing significant damage to crops in South America, however, there
have been observations of its migration to colder regions of the world. Despite being con-
sidered a thermophilic species, the pest has also been observed in cooler regions, including
Europe [Jeger et al. 2018, Babendreier et al. 2022].

The efficacy of the utilisation of agrochemicals is contingent upon the prompt identi-
fication of crop diseases. The expeditious advancement of image recognition algorithms
employing machine learning in recent years has rendered the real-time identification of
selected crop pests and diseases. One limitation of this method of detecting threats to crops
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is the necessity to represent the effects of infection in the image. Additionally, the acqui-
sition of images at different crop growth stages and under different lighting conditions is
important because these factors affect the quality of the classification. Based on image
data, machine learning-based vision systems for automatic detection of pests and crop
infections are being developed. Image processing with SVM classifier was utilised by
Ebrahimi et al. [2017] to detect of thrips on the strawberry canopies in greenhouses. Mo-
han et al. [2016] developed system for detection and recognition of brown spot disease,
leaf blast disease and bacterial blight disease in paddy plants. The methods used were
AdaBoost classifier for detection and k-Nearest Neighbour (k-NN) and Support Vector
Machine (SVM) algorithms for recognition.

In recent years, deep learning methods based on convolutional neural networks
(CNNs) have become a widely used tool in agriculture for the purpose of solving classifi-
cation problems. Examples of such applications include the detection of weeds [Gao et al.
2020, Hasan et al. 2021], plant water stress identification [Kamarudin et al. 2021], yield
prediction [Srivastava et al. 2022], crop type classification [Kussul et al. 2017], as well as
vegetable and fruit quality assessment [Gill et al. 2022]. There are also numerous applica-
tions related to the detection of pests and crop diseases [Jiao et al. 2020, Wang et al. 2020,
Xu et al. 2022, Yang et al. 2022]. The availability of open databases containing images
that can be used as training data represents a significant advantage in the construction of
systems for plant diseases and insects recognition. Ferentinos [2018] employed an open
database comprising 87,848 images of plants belonging to 25 different species. The data-
base was utilized to train five convolutional neural network architectures, namely
AlexNet, AlexNet-OWTBn, GoogLeNet, Overfeat, and VGG. The VGG model yielded
the most optimal results, with a success rate of 99.53%. The RGB insect images from the
three publicly available insect datasets were employed by Thenmozhi and Reddy [2019]
to train a CNN architecture. The authors compared their model with pre-trained models
such as AlexNet, ResNet, and VGG. The original images were converted to grayscale. The
CNN model developed in this work demonstrated superior performance to the pre-trained
models with transfer learning, achieving classification accuracy approximately 2% higher
for the tested datasets. The PlantVillage dataset [Hughes and Salathe 2015] which contains
images of common diseases across a range of crops, has been used by some researchers
[Mohanty et al. 2016, Barbedo 2018, Ferentinos 2018]. Computer vision systems that em-
ploy convolutional neural networks are integral components of comprehensive solutions,
including harvesting robots [Jia et al. 2020], automated sprayers [Khan et al. 2021, Storey
et al. 2022], and smartphone applications, which facilitate the prediction of yields [Covi-
ello et al. 2020] and the identification of weeds, pests, and crop diseases [Loyani and Ma-
chuve 2021, Lanjewar and Panchbhai 2023].

This study evaluates the performance of custom-designed convolutional neural net-
work architectures on images of maize plants, with a focus on how varying hyperparame-
ters affect model accuracy and efficiency. Unlike traditional studies that rely on pre-exist-
ing architectures, the authors developed unique CNN architectures through extensive ex-
perimentation, with numerous iterations and refinements ultimately yielding the presented
model. To optimize performance, the architecture was tested under varying hyperparam-
eters, including different optimizers, the number of filters, and kernel sizes. This explora-
tion led to the investigation of 25 distinct models, each differing in parameters such as
batch size, dropout rate, and optimizer type. By systematically adjusting these parameters,
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we gained insights into how specific choices impact the model’s accuracy and computa-
tional efficiency, providing valuable guidance for CNN design in agricultural image clas-
sification tasks. Furthermore, a CNN classifier was implemented in a smartphone appli-
cation to create a rapid detection tool for maize infestation by corn leaf worms, designed
for use in field conditions.

MATERIALS AND METHODS

Custom CNN model

Convolutional neural networks represent an advanced deep learning architecture that
has significantly transformed computer vision and image analysis tasks. CNNSs are built to
automatically and progressively learn spatial feature hierarchies directly from input data,
adapting to patterns at multiple levels of abstraction. This architecture makes the neural
network particularly well-suited for tasks involving image and video recognition, classifi-
cation, and segmentation. The fundamental building blocks of a CNN include convolu-
tional layers, pooling layers, and fully connected layers. Convolutional layers apply a set
of learnable filters to the input, each detecting specific features at various locations. Pool-
ing layers reduce the spatial dimensions of the feature maps, providing a form of transla-
tional invariance. Fully connected layers, typically used at the end of the network, combine
these features for final classification or regression tasks.

The proposed custom CNN model’s design (fig. 1) incorporates convolutional layers
with multiple kernel sizes spread across them, dropout layers, max-pooling, normalization,
and an early stopping feature. The selection of this structure was informed by the findings
of preliminary research. In the course of this research, 10 CNNs were examined. The re-
sults of the accuracy dependence on the number of adjustable parameters are presented in
table 1.
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Fig. 1. Building blocks of the model
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Table 1. The accuracy of the custom CNN models of various structures

No. Number of parameters Accuracy
1 23,907,650 0.71
2 23,907,842 0.94
3 22,245,186 0.76
4 93,506 0.72
5 2,424,802 0.62
6 11,169,218 0.79
7 23,077,282 0.68
8 10,104,418 0.66
9 31,874 0.87
10 66,599,572 0.95

43

Despite its strengths, the complexity of the proposed CNN model may introduce po-
tential challenges, as larger kernel sizes (7 x 7 and 9 x 9) significantly increase the number
of parameters, potentially resulting in longer training times and higher memory require-
ments. This can be problematic, especially when computational resources are limited
and/or when training a significantly larger amount of data. Additionally, the risk of over-
fitting remains, particularly with a high number of parameters (tab. 2), or in case the train-
ing data is insufficient. To mitigate these issues, we employed the Early Stopping callback
from the Keras library, which halts training when the validation loss ceases to improve,
preventing overfitting. Early Stopping was configured with a patience of five epochs to
accommodate minor fluctuations without prematurely stopping the training. This approach
ensures that the model achieves optimal performance while efficiently utilizing computa-

tional resources.

Table 2. The summary of the custom CNN model

Layer (type) Output shape Number of parameters
Conv2D (400, 400, 32) 896
Dropout (400, 400, 32) -
Conv2D (400, 400, 64) 51,264
MaxPooling (133, 133, 64) -
Dropout (133, 133, 64) -
Conv2D (133,133, 128) 401,536
Pooling (44, 44, 128) -
Conv2D (44, 44, 256) 2,654,464
MaxPooling (22,22, 256) -
Normalization (22,22, 256) 1,024
Flatten 123,904 -
Dense 512 63,439,360
Dropout 512 -
Dense 2 51,026
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Such CNN architecture offers significant advantages — using varying kernel sizes en-
ables the network to capture both fine details and larger structures in the images. For ex-
ample, a 3 x 3 kernel is effective at detecting small features, while larger kernels (5 x 5, 7 x
7, and 9 x 9) are better suited for recognizing bigger patterns and even entire objects.
Dropout layers serve a critical role in regularization by randomly deactivating a certain
fraction of neurons during training, thereby reducing the risk of overfitting and enhancing
the model’s generalization capabilities. Max-pooling layers further reduce the feature map
dimensions and the number of parameters, mainly to lower the computational load. Nor-
malization layers stabilize the training process by making activation distributions more
predictable, leading to a faster and more stable outcome.

This CNN model has several structural and functional advantages for image-based
tasks. The number of filters, starting with 32 filters and progressively increasing up to
256 allows the model to learn hierarchical representations. Initial layers capture basic fea-
tures (like edges and textures) with fewer filters, while deeper layers capture more com-
plex patterns and object parts with more filters. With four convolutional layers, the model
can gradually increase abstraction levels. This depth helps the network capture both low-
level and high-level spatial hierarchies in the data. By varying kernel sizes (3, 5, 7, and 9),
the model learns to detect features at multiple scales within each layer. Smaller kernels
focus on fine-grained details, while larger kernels cover broader spatial regions. This can
help capture both small and large patterns within images, improving robustness and accu-
racy, especially if objects vary in scale within the dataset. Dropout layers with rates of
0.25 and 0.5 help reduce overfitting by randomly ,,dropping out” a fraction of neurons
during each training step, ensuring the model doesn’t become overly reliant on specific
paths within the network. This is especially important in deeper networks. Batch normal-
ization applied before the fully connected layers stabilizes the training process by normal-
izing layer outputs, accelerating convergence, and further reducing overfitting. Each Max-
Pooling layer progressively reduces the spatial dimensions of feature maps, which lowers
computational load, enabling efficient training on large images (e.g., 400 x 400 input size)
as well as helping the network focus on the most prominent features, as MaxPooling se-
lects the strongest activations, aiding in translation invariance. After flattening, a dense
layer with 512 neurons serves as a feature synthesizer, integrating information from all
previous layers before the final classification. The ReLU activation in this dense layer
supports effective learning and gradient flow. A final softmax layer with two outputs is
suitable for binary classification, producing probabilities for each class, which is intuitive
for tasks with two possible labels.

A key feature of the model training process is the use of an Early Stopping function,
which prevents the network from utilizing the full number of epochs (set to 100 in this
case) if it reaches a plateau in performance. This approach allows the model to halt training
as soon as validation performance stabilizes, saving computational resources and prevent-
ing overfitting by avoiding unnecessary training cycles. Setting a high number of epochs
(100) provides enough time for the network to learn complex patterns within the maize
dataset. However, Early Stopping, along with dropout and batch normalization layers, acts
as a balance to prevent overfitting, ensuring that the model does not continue learning
beyond the point of optimal generalization. The dropout layer, in particular, with varia-
tions tested from 0.0 to 0.49, introduces controlled regularization by randomly deactivat-
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ing certain neurons during training. This reduces dependency on specific neurons, enhanc-
ing generalization capability. Interestingly, dropout 0.5 causes the model to crash and run
out of memory.

Dataset overview

The images employed in this study to train the neural network were sourced from
Kaggle’s ,,corn leaf infection dataset™ [Acharya 2020]. This dataset encompasses images
of corn leaves, illustrating both healthy specimens and those affected by pathogens such
as the larvae of Spodoptera frugiperda (fall armyworm moth). The training set consists of
3770 images, with 1794 images representing healthy leaves and 1976 images representing
infected leaves. During training, this data set was divided into training and validation sets
in a ratio of 3 : 1. The test set contains 454 images with 204 healthy and 250 infected
leaves. Illustrative images utilised for the training of the models are depicted in figure 2.

Given the high-definition nature of the original images, data preprocessing was im-
perative. This preprocessing included resizing the images to a uniform resolution, normal-
izing pixel values to standardize the dataset. These preprocessing steps were essential to
ensure the dataset was adequately prepared for effective neural network training, thereby
improving the models’ accuracies in identifying healthy and infected corn leaves under
various conditions.

Fig. 2. Images of healthy (A) and infected (B) plant

Data pre-processing and model parameters

The original high-definition images in the dataset were resized to a resolution of 400 x
400 pixels to accommodate memory limitations. Consequently, the training set was con-
verted into a four-dimensional tensor with dimensions 3770 x 400 x 400 x 3, representing
the number of training images, the size of each image (400 x 400 pixels), and the three
RGB colour channels. Similarly, the test set was converted into a four-dimensional tensor
with dimensions 451 x 400 x 400 x 3. This tensor format facilitates the input of image
data into the neural network for training and subsequent evaluation of the model’s perfor-
mance on unseen data. The dataset was pre-labeled, and a manual verification process was



46 M. KASPROWICZ, K. PENTOS, W. WOJCIECHOWSKI, S. KUJIAWA, J. TEMBECK MBAH

conducted to ensure label accuracy. The custom CNN model was employed using the Ten-
sorFlow framework. The study involved over 25 experiments, each training a new neural
network on the same dataset and comparing the aggregate results. These variations were
driven by adjustments in hyperparameters to identify the optimal configuration for accu-
rate disease detection.

The hyperparameters considered during the experiments included the number of
epochs (set to 100), a validation split of 25%, and batch sizes of either 32 or 64. Dropout
rates varied from 0% to 49% (0%, 10%, 30%, and 49%) to assess their impact on model
regularization and performance. Additionally, various optimizers, such as SGD, Adam,
Ada, and Adadelta, were utilized to determine the most effective optimization strategy for
this specific task. These systematic variations and evaluations were critical in refining the
model to achieve high accuracy in distinguishing between healthy and diseased corn
leaves, demonstrating the robustness and versatility of the CNN approach in agricultural
diagnostics.

The CNN models were developed using python programming language, utilizing li-
braries such as NumPy, which is a fundamental tool for array manipulation and computa-
tion. It is widely recognized and utilized in the development and implementation of artifi-
cial neural networks. Complementing NumPy, the pandas library extends its functionality,
serving as a versatile and comprehensive tool for data manipulation and analysis, a kind
of ,,Swiss army knife” in the realm of data science. Creation, training and deployment of
neural networks were performed based on libraries associated with neural networks — spe-
cifically Keras and TensorFlow. After training, the model was deployed for use in the
production phase. The neural network was trained based on the TPU (Tensor Processing
Unit) architecture, enabling the efficient execution of artificial neural networks on the
Google Colab platform, which leverages cloud computing resources.

Evaluation metrics

The following metrics were used to evaluate the quality of the CNN models:
TN + TP

A =
CCUTaY = IN'T TP + FN + FP
orecision — TP
recision = TP n FP
Recall = TP
A = TP F FN
S ificity = ™
pecificity = o5
2 - Precission - Recall
F1 — score =

Precission + Recall

where TP (true positive) and FP (false positive) are the number of correctly and in-
correctly classified images of infected plants. TN (true negative) and FN (false negative)
are the number of correctly and incorrectly classified images of non-infected plants.
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RESULTS

In order to obtain an optimal model for the classification of images of maize leaves
infected and non-infected by corn leaf worms, a range of values for batch size, dropout
and different types of optimisers were tested. The results show notable trends and some
striking contrasts in CNN performance based on hyperparameter variations, as summa-
rised in table 3.

Table 3. The time of training and error metrics for models tested
(the best model is marked in bold)

No. | Optimiser Batch Dropout| Time Accu- | Preci- | oo call Specificity | F1-score
size racy | sion
1 SGD 64 0 5:17:18 | 0.95 0.98 0.90 0.99 0.94
2 SGD 64 0.1 1:20:59 | 0.93 0.94 0.94 0.93 0.94
3 SGD 64 0.3 5:28:35 | 0.76 0.58 0.98 0.66 0.73
4 SGD 64 0.49 2:45:03 | 0.55 1.00 0.55 — 0.71
5 SGD 32 0 3:48:12 | 0.95 0.96 0.95 0.95 0.95
6 SGD 32 0.1 5:37:00 | 0.87 0.78 0.97 0.78 0.86
7 SGD 32 0.3 2:40:45 | 0.90 0.90 0.91 0.88 0.91
8 SGD 32 0.49 1:58:05 | 0.55 1.00 0.55 - 0.71
9 Adam 64 0 2:01:56 | 0.59 1.00 0.57 1.00 0.73
10 Adam 64 0.1 2:10:37 | 0.57 1.00 0.56 1.00 0.72
11 Adam 64 0.3 2:04:28 | 0.64 1.00 0.60 0.98 0.75
12 Adam 64 0.49 2:04:00 | 0.58 0.69 0.61 0.54 0.64
13 Adam 32 0 3:37:54 | 0.84 0.99 0.78 0.99 0.87
14 Adam 32 0.1 4:02:02 | 0.60 1.00 0.58 1.00 0.73
15 Adam 32 0.3 2:30:59 | 0.62 1.00 0.59 1.00 0.75
16 Adam 32 0.49 2:08:37 | 0.55 1.00 0.55 — 0.71
17 | Adadelta 64 0 4:48:49 | 0.91 0.98 0.82 0.98 0.89
18 | Adadelta 64 0.1 2:06:07 | 0.71 1.00 0.65 0.99 0.79
19 | Adadelta 64 0.3 2:05:50 | 0.55 1.00 0.55 — 0.71
20 | Adadelta 64 0.49 1:12:27 | 0.55 1.00 0.55 - 0.71
21 | Adadelta 32 0 7:54:10 | 0.92 0.97 0.90 0.96 0.93

Utilising the Adadelta optimiser with a batch size of 32 and a dropout greater than 0,
the training process encountered an issue pertaining to inadequate memory resources, thus
resulting in its failure.

The findings reveal considerable variability in accuracy of models and computational
time across different configurations, underscoring the critical role of tuning the hyperpa-
rameters in optimizing CNN performance for this specific task. The choice of optimizer
significantly affects accuracy. In general, the best results were obtained with optimiser
SGD and the weakest with optimiser Adam. With the SGD optimiser, the F1-score ranged
from 0.71 to 0.95, while with Adam optimizer the F1-score ranged from 0.64 to 0.87. The
F1-score is defined as the harmonic mean of the precision and recall, and is widely re-
garded as a metric that correctly indicates the reliability of a model [Vujovic 2021]. The
most common metric utilised for the assessment of classification models is accuracy,
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which indicates the percentage of correctly classified cases. Nevertheless, it must be noted
that this particular metric is not sufficiently comprehensive in order to provide a full and
detailed assessment of the quality of the classifier, particularly in instances where the clas-
ses are imbalanced [Chicco and Jurman 2020]. In this work, the test set was reasonably
well balanced, and when employing the SGD optimiser, accuracy was in the range of 0.55
to 0.95, with a value of 0.55 occurring in two models where all cases were classified as
infected. In the context of plant disease diagnosis, the classifier can be utilised as a com-
ponent of a decision-making system, in conjunction with a vision system, to determine the
application of a plant protection product. The utilisation of chemical plant protection prod-
ucts in situations where they are not required has deleterious consequences for the envi-
ronment and the economic aspect of crop management. Conversely, the non-application
of plant protection products in the event of a disease outbreak can lead to yield losses.
Consequently, the classifier developed in this study places significant emphasis on met-
rics such as recall and specificity. Recall signifies the probability of accurately predict-
ing positive cases, whereas specificity ensures the precision of negative classifications
[Baldi et al. 2000]. It was observed that models which achieved high F1-scores and
accuracy values also exhibited high recall and specificity values when employing the
SGD optimiser. The findings revealed no substantial impact of batch size on the quality
of the models obtained. However, it was observed that smaller batch sizes (32) fre-
quently exhibited marginal superiority over larger ones (64). In contrast, the selection
of dropout probability proved to be of significant importance. The incorporation of drop-
out into CNNs is intended to reduce the number of parameters that require adjustment
during model training, thereby counteracting the issue of overfitting and reducing the
necessary training time. The experimental findings demonstrated that the introduction
of dropout typically resulted in a reduction in training time. However, models that em-
ployed a low dropout probability value exhibited higher classification quality. For all
optimisers employed, the highest classification quality was attained for a batch size of
32 and dropout of 0. Models with longer training times did not necessarily result in
higher accuracy, indicating that resource allocation might be optimized by reducing
training time without significantly impacting performance.

Loss

Epoch

Fig. 3. Loss graph of the best model
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The study identified the following models as the most effective classifiers: models 1,
2,5, 7 and 21. The majority of the metrics analysed for these models exceeded 0.9. Model
5, for which all metrics reached a value of at least 0.95, can be considered the most effec-
tive. The loss graph of this model is presented in figure 3 and the confusion matrix showing
the classification results is shown in figure 4. The results of the study suggest that a com-
bination of SGD optimiser, low dropout and smaller batch size tends to give optimal re-
sults for this CNN on the maize dataset, providing the best possible balance between reg-
ularisation and model complexity, thus enhancing the model’s ability to generalise well
across the dataset.

Experimental
Non-infected

Infected

Non-infected Infected

Predicted

Fig. 4. Confusion matrix obtained from test dataset for the best model

In a departure from standard practice, the authors employ the Softmax function in the
final layer for binary classification, even though it is typically used in multi-class scenarios
[Duan et al. 2003]. Consequently, the proposed method proves more efficient than the
conventional sigmoid function.

The mobile application for the detection of maize infestation by corn leaf worms

The application leverages Discord as a platform to facilitate seamless user interaction
while offloading the computational tasks of image recognition and classification to
a hosted cloud environment. This approach offers significant advantages. First, since Dis-
cord is a widely accessible platform, any user with a phone and a Discord account can use
the application without requiring additional installations, making it universally accessible
and user-friendly. Additionally, Discord provides a safe and robust environment where user
management and communication security are inherently managed, reducing the need for de-
velopers to address these aspects independently. By focusing computational resources solely
on the cloud-based image classification, the system achieves optimized performance, as it
does not expend resources on user interface maintenance or peripheral features.

Furthermore, the hosted environment collects all images uploaded by users, enabling
ongoing, seamless improvement of the neural network model through continuous training
with real-world data. This process allows for smooth, quick, and painless updates to the
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network’s capabilities, as the CNN can be re-trained with new data, improving accuracy
and adaptability over time. Importantly, users benefit from these updates without needing
to adjust or update anything on their devices, as all upgrades are handled directly in the
cloud. This architecture thus ensures that users experience consistently enhanced func-
tionality without the complexity or inconvenience of manual updates, making the applica-
tion both highly accessible and continuously refined. Additionally, as only the initial im-
age transfer is necessary for classification, the application remains effective even with
weak internet connectivity, maximizing usability in diverse network environments.

The presented classification system integrates a convolutional neural network with
a user-friendly messaging interface. The application employs a pretrained deep learning
model built using TensorFlow/Keras framework to perform binary classification of plant
images into ,,infected” or ,healthy” categories. The system architecture comprises four
primary components: a Discord bot interface utilizing the Discord.py library for user in-
teraction, a CNN model for image classification, an image preprocessing module leverag-
ing PIL (Pillow) for image manipulation, and a comprehensive logging system for tracking
user interactions and analysis results. The preprocessing pipeline standardizes input im-
ages through RGB conversion, resizing to 400 x 400 pixels, and normalization before
feeding them to the neural network, ensuring consistent model performance across various
input format files up to 8 MB in size.

The system workflow operates through command-based interactions where users submit
plant images via Discord attachments and execute classification using the “!check” com-
mand. Upon receiving an image, the application performs multi-stage validation including
file format verification, size constraints checking, and image integrity assessment before
processing. The CNN model processes the normalized image tensor through batch expansion
and generates predictions with binary output corresponding to disease presence or absence.
The implementation incorporates robust error handling mechanisms at multiple levels —
model loading, image processing, Discord API communication, and file operations — while
maintaining comprehensive audit trails through structured logging. This integration of ma-
chine learning capabilities with a widely-adopted communication platform provides an ac-
cessible and efficient solution for rapid plant health assessment, demonstrating the practical
application of deep learning in agricultural disease detection systems. The application is de-
ployed and accessible through the Discord platform on a dedicated server named Traynia,
providing users with direct access to the classification service.

Figure 5 demonstrates the application’s functionality. As demonstrated in figure 5A,
the primary user interface enables the uploading of a photograph of a plant. As demon-
strated in figure 5B, the image that has been uploaded for the purposes of evaluation is
displayed. As demonstrated in figure 5C, the application yielded the anticipated outcome.

The presented model has the potential for implementation not only on mobile devices,
but also as a component of a vision system installed on a drone, for example. The imple-
mentation of such a system has the potential to facilitate the monitoring of crops, with
a particular focus on large-scale crops. The early and accurate detection of plant infesta-
tions facilitates rapid action to control the pest. This approach has the potential to assist in
the mitigation of crop losses and the reduction of the adverse economic and environmental
consequences associated with the utilisation of chemical plant protection products.
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Fig. 5. The example of the functionality of the application. A — the primary user interface,
B — the image that has been submitted for analysis, C — the result of the classification

DISCUSSION

Vision systems supported by artificial intelligence tools are becoming increasingly
popular in agricultural applications. Convolutional networks are often used in such solu-
tions because of their ability to extract accurate features automatically. They enable accu-
rate classification of various objects, such as pests. Qureshi et al. [2024] proposed a system
based on CNN to classify the severity levels of maize stalk rot. The system recognised six
classes of stalk rot with an accuracy of 83.58%.

Models based on convolutional networks can work accurately even on devices that do
not have large memory resources, such as smartphones. This makes it easy for farmers to
use applications that use CNNs. Such applications include the detection and identification
of pests and plant diseases. Mallick et al. [2023] presented a CNN model based on Mo-
bileNetV2 architecture for detection of six different types of mung bean diseases and four
types of pests. They optimised the model and reduced its size from 20.6 MB to 6.02 MB,
achieving 93.65% accuracy for the test dataset. This enabled the model to be implemented
as a native application on the Android platform. Berka et al. [2023] developed a CNN-based
application called CactiViT. The application used a visual image transformer to diagnose
cactus cochineal with an average accuracy of 88.34%. The CactiViT mobile application
allows the assessment of the health status of cacti based on images captured by the user.
Lanjewar and Parab [2024] tested a customised CNN and four pre-trained deep CNNs to
recognise citrus leaf diseases (black spot, melanose, canker and greening). The high-
-accurate (accuracy of 98%, and F1-score of 99%) optimised CNN with 15 layers and
a size of 1.68 MB was deployed to the platform as a service cloud and released to the users
as a link. Similar research was carried out by Peyal et al. [2023] for diseases of tomato and
cotton crops. Their custom CNN model outperformed VGG-16, VGG-19, Inception-V3,
MobileNet and MobileNetV2, achieving an accuracy of 97.36% and an F1-score of 97%.
The model was implemented as an Android application that can detect 12 different dis-
eases in an average time of 4.84 ms.
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It is evident that both transfer learning-based CNNs (e.g., MobileNet, ResNet) and
custom CNNs (e.g., the one under discussion) are effective. As demonstrated in this re-
search, the technology is employed in the field of precision agriculture for the purpose of
detecting plant diseases and pests. Nevertheless, the decision to develop and optimise
a custom CNN classifier constitutes a significant methodological contribution of this
study. Whilst transfer learning offers rapid deployment, the architecture presented here
focuses on systematic hyperparameter tuning (including optimisers, filter numbers and
kernel sizes) to achieve optimal performance for the specific task of detecting corn leaf
worm infestations. Additionally, the architecture presented in this study was selected
based on preliminary research, which involved training various CNN architectures. Each
of the architectures examined was associated with a distinct number of adjustable param-
eters. Despite the network with a considerably reduced number of parameters (No. 2 in
table 1) attaining only marginally lower levels of accuracy, the remaining metrics also
exhibited diminished values (precision = 0.93, recall = 0.94, and F1-score = 0.94). In cir-
cumstances where the implementation of the model is constrained by limited resources, it
is recommended to select that model without a substantial compromise in the quality of
classification.

The rigorous approach presented in this study demonstrates that it is possible to
achieve state-of-the-art detection accuracy (up to 95% across all key metrics: accuracy,
precision, recall, specificity, and F1-score) using a lighter, less complex model dedicated
solely to this single-pest problem. This is a critical factor for practical application. Typi-
cally, custom models are smaller in size and computationally more efficient, enabling their
seamless implementation in user-friendly mobile applications for direct use in the field.
Consequently, the high accuracy, when combined with the low computational overhead
of the custom architecture, yields a significant practical advantage, namely the ability to
execute real-time, highly localized detection. This capacity enables agricultural practition-
ers to transition from conventional, prophylactic spraying to precision chemical applica-
tion in affected areas, thereby optimising the utilisation of plant protection products from
both economic (cost reduction) and environmental (reduced chemical runoff) perspec-
tives.

CONCLUSIONS

In the field of agriculture, infestations of plant life have been demonstrated to result
in considerable economic losses. The rapid and accurate detection of diseases and pest
attacks is instrumental in optimising agrotechnical operations, thereby minimising pro-
duction costs and environmental pollution. The issue is especially pronounced in the con-
text of large-scale crop cultivation, where effective monitoring and management of plant
health become particularly challenging. In such cases, the combination of modern vision
systems with machine learning algorithms has been proven to be a highly effective solu-
tion. Such systems can be installed, for example, on drones and thus automate the crop
inspection process. The findings of our research suggest that custom CNN classifiers can
be utilised in such systems. The identification of the optimal set of hyperparameters for
the model is a prerequisite for the creation of an accurate classifier. In the case of the
proposed model, the levels of accuracy, precision, recall, specificity, and F1-score were
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determined to be at the 95% level. Moreover, the findings of this study demonstrated that
the optimisation of the hyperparameters of model and the training process exerted a sub-
stantial influence on the model’s accuracy. Depending on these hyperparameters, we ob-
tained models ranging from highly inaccurate to those that may have practical applica-
tions. The limitation of this work is that the model has been trained on data concerning
only one type of pest. Consequently, the model is capable of accurately identifying leaf
damage caused exclusively by corn leaf worm infestations. It is important to note that
images showing similar damage caused by other factors, such as hail or other pests, may
be classified by the model as corn leaf worm damage. The results presented herein refer
to preliminary research that focused on the possibility of using custom CNN structures to
recognise plant infestations. Future research will entail the development of models capable
of recognising various diseases and pest attacks. In addition to employing convolutional
networks for this purpose, it is also planned to utilise quantum tensors, which will facilitate
more accurate image analysis, including fine details and interpretation.
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Abstract. Many plant diseases are transmitted through seeds. Thus, seed dressing is the first and
most important protective measure. It promotes germination, increases seed vigour, improves root-
ing, and effectively controls pathogens. Due to the reduction of chemical plant protection products
on the market, new products are being sought. Therefore, the aim of the present study was to pre-
liminarily assess non-fungicidal methods that significantly reduce seed contamination before sprout-
ing and do not affect germination rates and initial maize growth. The following non-fungicidal seed
surface-sterilisation methods were tested: hypochlorous acid, sodium and calcium hypochlorite,
peracetic acid and non-ionic nanosilver for 5, 10, 20 or 30 minutes of soaking. Dish and pot experi-
ments were carried out. Among the tested treatments, hypochlorous acid and calcium hypochlorite
were the most effective, resulting in the least seed contamination and the highest maize germination.
These treatments also significantly enhanced plant height, root elongation and its fresh weight. How-
ever, the remaining treatment methods using sodium hypochlorite, peracetic acid and nanosilver
were ineffective. Additionally, a pot experiment was carried out to evaluate the effect of non-fungi-
cide seed treatments. The positive effect of hypochlorous acid and calcium hypochlorite on germi-
nation capacity, plant growth and weight, as well as its physiological condition, was also confirmed.

Keywords: calcium hypochlorite, hypochlorous acid, seed dressing, germination, natural plant pro-
tection products

INTRODUCTION

In contemporary agriculture, farmers face increasing challenges due to climate
change, biodiversity loss, and environmental degradation [Gai and Wang 2024]. At the
same time, there has been a noticeable rise in plant diseases caused by bacterial, fungal,
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and viral pathogens. According to Nazarov et al. [2020], in favourable conditions, diseases
can affect up to 70-80% of the total plant population, and crop yields can decline by as
much as 80-98%. Thus, the threat from crop diseases continues to grow, posing a risk to
food security and agricultural productivity. Chemical control has long been the mainstay
of plant disease management. However, one significant problem in recent years has been
the progressive reduction of chemical plant protection products on the market, largely due
to regulatory and environmental concerns. Therefore, there is a need to develop more en-
vironmentally friendly, safe, and sustainable integrated control strategies and technologies
for plant diseases.

Pathogens affect plants at various stages of agricultural production, ranging from seed
germination to growth, harvest, and storage. The basic condition for achieving high yields
with good quality parameters is the use of high-quality seed material as well as its proper
dressing. Seed dressing is a common agricultural practice that improves germination rates,
protects against pathogens, and enhances crop productivity. These treatments are of great
importance in the development of vigorous and healthy plants from the initial stages of
growth [Madruga et al. 2023].

Many plant diseases are transmitted through seeds that are colonised by various bac-
teria and fungi, and some may be detrimental to the germination and subsequent growth
of seedlings [Hong et al. 2023, Surovy et al. 2023]. The result of this damage is a reduction
and deterioration in the quality of the obtained crops. Thus, seed treatment is essential and
beneficial for all crops, aiming to eliminate and control pathogens that attack seeds, seed-
lings and plants [Madruga et al. 2023]. It is particularly crucial for maize seeds, which can
be susceptible to a range of fungal pathogens, including those belonging to the Fusarium
genus. Thus, maize seed treatment is the first and most important protective measure dur-
ing the early stages of its growth. This treatment can significantly increase germination
velocity, resulting in improved seedling establishment, particularly under varying envi-
ronmental conditions [Rossini et al. 2024]. Furthermore, seed dressing inhibits post-emer-
gent diseases, contributing to better plant health [Yang et al. 2022, Kardava et al. 2023].

Due to the withdrawal of chemical dressings from the market, it is necessary to ex-
plore alternative methods of dressing seed material before sowing. Maize is an important
agricultural crop, ranking third globally in both harvested area and total production [To-
biasz-Salach et al. 2023]. It can be used for fodder, food, and industrial and energy pur-
poses, as well as in the phytoremediation process. Non-fungicide maize seed treatment
methods offer viable alternatives to chemical products, particularly in light of growing
concerns about pesticide use and its impact on health and the environment. These methods
must focus on promoting germination, increasing seed vigour and effectively controlling
pathogens. Therefore, the aim of the present study was to preliminarily assess non-fungi-
cidal methods that can significantly reduce seed contamination before sprouting and do
not adversely affect germination rates and the appropriate growth of maize.

MATERIAL AND METHODS

The maize seeds came from the 2024 harvest. The following seed dressing methods
were used: soaking in 0.05% hypochlorous acid (produced by Bio ActiW), 10% sodium
hypochlorite or 10% calcium hypochlorite (Chempur), 1% peracetic acid (Pol-Aura) and
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0.01% non-ionic colloidal nanosilver (Uni-Farma). All seeds were soaked in these solutions
for 5, 10, 20 or 30 minutes and then washed in sterile distilled water to remove the solution.

After the surface sterilisation, the maize seeds were placed in a 90 mm Petri dish with
Potato Dextrose Agar (PDA) medium. The experiment included five replicates for each
treatment and time point, with each replicate containing five seeds. The control consisted
of undressed seeds. All plates were incubated at 28°C for 4 days. Then, the Petri dishes
with seeds were placed in the phytotron at 20°C/15°C under a 14-hour/10-hour (day/night)
photoperiod. Germination energy was assessed after 4 days, and germination capacity af-
ter 10 days. The percentage of seed infection was calculated at 4 and 14 days after the start
of the experiment. Additionally, shoot and root length, as well as fresh root mass, were
measured after one month of growth.

At the same time, the experiment was conducted in a greenhouse from June to July
2025. The maize seeds were sown in plastic pots filled with a mixture of Jiffy and QTS
substrates (1 : 1, volume basis). Five surface-sterilised seeds were planted in each pot.
Three replications for each treatment and sterilisation time point were performed. The
plants were grown in a greenhouse at 25°C (x5) and 80-90% relative humidity for
4 weeks. The watering was performed based on water demand. Then, the shoot length and
diameter, average root length and above-ground and below-ground mass of plants were
determined. The index of leaf greenness (relative chlorophyll content) expressed in SPAD
units was recorded using a portable Chlorophyll Meter SPAD-502 Plus.

Statistical analysis was performed using Statistica v.13.1. An ANOVA and the LSD
mean separation test were used at a significance level of 0.05.

RESULTS AND DISCUSSION

Seed dressing is the first and most important protective measure during the early
stages of plant growth [Kowalska and Lukaszyk 2022]. It can significantly increase crop
yield by improving germination, stimulating root development, enhancing nutrient uptake
and protecting plants against diseases [Madruga et al. 2023]. However, the number of reg-
istered chemical seed dressings in Poland has been decreasing annually [Kowalska and
Lukaszyk 2022]. Additionally, chemical dressings are not allowed in organic farming.
Therefore, new, environmentally friendly and non-invasive methods of eliminating path-
ogens from seed coats are being sought.

Different degree of effectiveness of the treatments used in reducing the level of sur-
face contamination of the maize seed was found. After 14 days, seed infection ranged from
3 to 100%. The most effective was peracetic acid, but it significantly reduced seed germi-
nation, even after 5 minutes of soaking (tab. 1). Furthermore, after treatment with peracetic
acid for more than 20 min, the maize seeds lost their ability to germinate (fig. 1). Similarly,
Wilson [1976] found that the germination of wheat and soybean seeds was reduced after
treatment with peracetic acid. Effective disinfectants must significantly reduce seed con-
tamination without significantly reducing the germination percentage. Thus, peracetic acid
cannot be recommended for corn dressing. Nevertheless, peracetic acid is gaining increas-
ing attention as a powerful disinfectant, particularly within the agricultural and food pro-
cessing sectors [Hopkins et al. 2003, Lee et al. 2016, Sehirli et al. 2020]. Its broad-spec-
trum antimicrobial activity allows it to inactivate various microorganisms, particularly
bacteria and fungi, effectively.
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Table 1. The effect of different seed treatments on germination and growth of maize plants using
the agar method

Moo | oy | cermina: | OHOE | stont | Root | g
tion energy - length length
me_nt after 4 after 14 (%) capacity (cm) (cm) (g)
(min) days days (%)
control
0 | 80c | 100¢ | s28¢ [ 0B [ 09A | 1948 | 00204
hypochlorous acid
5 42 122 762 962 572 18.1 % 0.3523
10 0 82 722 924 10.3° 216° 0.536 2
20 0 0 642 762 6.9® 16.3 % 0.4502
30 0 0@ 642 842 8.2® 14.8¢ 0.3912
X 1A 5A 69 ¢ g7 ¢ 788 17.7° 0.432°
sodium hypochlorite
5 0 8a 40° 642 082 432 0.1052
10 42 42 402 602 102 46° 0.1222
20 0 82 442 68 @ 118 54¢@ 0.168 2
30 0 42 36° 48 092 26° 0.056 2
X 1A 64 408 60 B 1.04 428 0.116 8
calcium hypochlorite
5 162 242 72 92b 722 482 0.1072
10 128 162 56 @ 84 8.9® 9.2 0.261 %
20 128 128 56 @ 802 10.0 % 13.2 ¢ 0.360°
30 0 42 80" 84 12.1° 14.6°¢ 0.307°
X 108 148 66 ¢ 85¢ 9.6¢ 105¢ 0.259 ¢
peracetic acid
5 0 0 0 162 125 74°¢ 0.154°
10 42 82 0 482 0.9° 3.20 0.083
20 0 42 0 02 022 0.02 0.000 2
30 0 0 0 02 0.0@ 0.0 0.000 2
X 1A 3A 0A 16A 064 2.848 0.062 AB
non-ionic nanosilver
5 88 1002 40° 402 0.72 1.22 0.0102
10 96 @ 100 442 442 082 152 0.0142
20 1002 100 56 @ 562 102 102 0.008 @
30 1002 1002 602 642 1.0 212 0.0172
X 96 P 100 © 508 518 094 14A 0.012A

Different letters within the columns indicate significant differences (p < 0.05) according to the LSD test, ower-
case letters indicate significant differences among treatment time periods (p < 0.05) according to the LSD test



5 min 10 min 20 min 30 min

Fig. 1. Comparison of maize growth and development depending on the seed treatment:
A) hypochlorous acid, B) sodium hypochlorite, C) calcium hypochlorite, D) peracetic acid,
E) non-ionic nanosilver
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One promising method of seed treatment is the use of hypochlorous acid. Several
studies have demonstrated that this treatment reduces microbiological contamination on
seed surfaces [Goo and Koo 2020, Gilbert et al. 2023, Saikumar et al. 2023]. In this
study, this effect was confirmed, as on average, 95% of the maize seeds were not in-
fected. Furthermore, seed infection was completely eliminated by 20- and 30-minute
treatments with hypochlorous acid. This capacity for microbial reduction is crucial, as
surface contamination can adversely affect seed germination and subsequent plant
health. At the same time, seed treatment with hypochlorous acid showed a 27% im-
provement in germination capacity compared to the control. It suggests that this treat-
ment can be a beneficial method for enhancing seed germination. However, hypo-
chlorous acid must be prepared fresh, as it is unstable and loses its antimicrobial effec-
tiveness within a few days [Gilbert et al. 2023].

The calcium hypochlorite prevented the growth of microbial contaminants present on
the maize seed surface to a lesser extent. After 2 weeks, 14% of the maize seeds were in-
fected using the agar method. However, the effectiveness of this treatment increased with
the length of soaking time, from 24% to 4% (tab. 1). It can be assumed that the longer the
treatment time, the better the effect of seed sterilisation and the greater the reduction in path-
ogens. Additionally, the use of calcium hypochlorite significantly increased maize germina-
tion capacity compared to the control (tab. 1). After 10 days, 85% of the seeds had germi-
nated, a substantially higher rate than the untreated seeds. Similarly, Dempsey and Walker
[1973] found that calcium hypochlorite was an effective surface disinfectant of pepper seed
and did not reduce germination. Calcium hypochlorite has also been previously tested for
the disinfection of alfalfa seeds and sprouts against Escherichia coli and Salmonella enterica
[Gandhi and Matthews 2003, Ding et al. 2013, Kim et al. 2025].

Sodium hypochlorite is a substance commonly used for explant surface decontamina-
tion in in vitro plant cultures [Yildiz and Ekiz 2014, Hesami et al. 2017, Bo$njak Mi-
hovilovi¢ et al. 2024]. In the present study, the sodium hypochlorite significantly elimi-
nated maize seed infection, but the germination rate was similar to that of untreated seeds.
This result is consistent with Dempsey and Walker [1973]. They reported that sodium
hypochlorite was more effective in sterilising pepper seeds than calcium hypochlorite, but
its germination was reduced. On the other hand, Gilbert et al. [2023] obtained different
results. They reported that sodium hypochlorite was an effective treatment for reducing
fungal growth on seeds, without harming germination rates. However, they used a lower
solution concentration — 0.6% instead of 10%. Similarly, the use of nanosilver showed
a comparable germination to the control. Additionally, it was found that there is a rela-
tionship between the duration of silver treatment and the germination capacity of seeds.
Longer exposure to silver was associated with a higher rate of maize seed germination,
from 40% to 64%. However, under the silver treatment, all seeds were contaminated by
fungal pathogens within 14 days. Nevertheless, the positive impacts of silver nanoparticles
have been noted in agriculture [Khan et al. 2023, Rahman et al. 2023, de Almeida Junior
et al. 2024, Al Salama et al. 2025].

The impact of non-fungicide seed dressing solutions on the initial growth and devel-
opment of maize plants was also determined. Among the tested treatments, hypochlorous
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acid and calcium hypochlorite were the most effective, with the lowest rate of contamina-
tion and the highest germination rates. Additionally, surface sterilisation treatment does
not appear to impact the growth of shoots and roots. Maize plants treated with hypo-
chlorous acid and calcium hypochlorite exhibited significantly higher growth compared
to the control (tab. 1, fig. 1). These treatments significantly increased plant height, root
elongation and its fresh weight. Furthermore, longer exposure to calcium hypochlorite was
observed to stimulate shoot growth and root elongation. All other treatments proved to be
inhibitors of plant growth. The treatment of maize seeds with nanosilver, peracetic acid
and sodium hypochlorite resulted in statistically similar growth of seedlings compared to
the untreated control. It can be assumed that microbiological infections at the seed germi-
nation stage can inhibit rooting and further plant growth. Moreover, longer exposure to
peracetic acid significantly reduced shoot length and root development.

At the same time, a pot experiment was established. After 10 days, the untreated maize
seeds germinated at a level of 60%. Similarly, the application of sodium hypochlorite re-
sulted in the same germination rate as the control. In contrast, peracetic acid completely
inhibited maize germination, even after 5 min of soaking. Particularly, the use of hypo-
chlorous acid and calcium hypochlorite increased the maize germination capacity (tab. 2).
The results of the pot experiment were consistent with those obtained using the agar plate
method.

Maize plants treated with calcium hypochlorite exhibited improved growth compared
to untreated plants. The plants were on average over 80 cm in height and almost 1 cm in
diameter, with roots extending over 20 cm. This seed treatment method was found to be
the most effective treatment, resulting in improved shoot and root elongation, particularly
during the 20- and 30-minute treatments (tab. 2). Hypochlorous acid treatment was also
effective for initial maize growth and development. These plants reached a length of al-
most 80 cm and a shoot base diameter of nearly 0.8 cm. Faster seed germination is crucial
for successful corn growth, as it allows for earlier emergence and reduces the time plants
are vulnerable to diseases, pests, and environmental stress. Thus, this leads to better over-
all growth and potentially higher yields.

In turn, sodium hypochlorite, commonly used for sterilisation, limited the develop-
ment of maize plants during the studied exposure periods. Similarly, silver nanoparticles,
while used for their antimicrobial properties, also inhibited the early stages of maize de-
velopment. A slower seed germination rate was also observed in silver treatments. How-
ever, the use of silver treatment has been shown to have a significant impact on the phys-
iological state of plants. The highest SPAD leaf greenness index was found for silver-
treated maize plants. Peracetic acid completely inhibited seed germination, regardless of
the treatment duration. Similarly, Vines et al. [2003] found that peracetic acid has phyto-
toxic effects.

Plant mass production is also a crucial factor in determining plant yield [do Moraes
Gatti et al. 2023]. In this study, the fresh shoot mass ranged from 13 to 20 g, while the
fresh root mass ranged from 4 to 10 g per plant after a month. The use of calcium hypo-
chlorite proved to be the most effective strategy for increasing the underground and above-
ground mass of maize (tab. 2). Longer exposure to calcium hypochlorite was observed to
stimulate shoot growth and root elongation. Similarly, the use of hypochlorous acid con-
tributed to increased shoot and root mass.
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Table 2. Effect of different seed treatments on maize seed germination and growth
in pot experiment

Time Germi-
of nation Shoot _Shoot Average Fresh Fresh root SPAD
treat- capacity length diameter | root length | shoot mass mass index
ment (%) (cm) (mm) (cm) )] )
(min)
control
0 | eoec | 7428 | 73ec | 1808 | 1398 | 438 | 344FC
hypochlorous acid
5 93¢ 79.82 8.3 20.0° 17.22 6.72 3408
10 874 80.08 5.82 19.82 19.28 9.22 34.7%
20 804 7768 9.48 21.92 1362 782 3364
30 80 7532 8.0 19.02 17.72 758 33.12
X 85pb 78.2¢ 7.78 20.0¢P 17.2 8¢ 7.8¢ 33968
sodium hypochlorite
5 534 76.8" 7.7°2 1738 1424 3.72 33.7°
10 534 70.3% 762 18.22 1762 562 317
20 734 5794 5.72 1494 9.72 352 29.34
30 60 @ 63.5%® 592 16.72 10.12 278 336°
X 60 BC 67458 6.8 B 16.88 1318 4,08 3208
calcium hypochlorite
5 100°b 77.2% 9.12 18.22 16.6 2 762 3594
10 73% 80.82 9.42 21.0¢° 19.1 9.2 35.0¢°
20 50¢ 8452 10.72 2462 205 13.8° 37.9¢°
30 672 88.22 10.22 2278 2208 10.9 3722
X 72 ¢b 83.0¢ 98¢ 21.7° 19.8¢ 10.3P 36.4¢
peracetic acid
5 0 0.02 0.02 0.02 0.02 0.0 0.0
10 0 0.02 0.02 0.02 0.02 0.0 0.0
20 0 0.02 0.02 0.02 0.02 0.0 0.0
30 (S 0.02 0.02 0.02 0.02 0.02 0.02
X 0A 0.04 0.04 0.04 0.04 0.04 0.04
non-ionic nanosilver
5 402 81.8b 892 1842 159 8.6° 4132
10 402 86.0° 732 18.1@ 21.3°b 6.4 39.18
20 60 2 73.92 744 17.02 10.3@ 3.82 3732
30 80" 59.32 5.0 15.02 8.62 3.22 3342
X 538 76.1 8C 758 17.38 13.78 5.8 BC 38.3¢

Different letters within the columns indicate significant differences (p < 0.05) according to the LSD test, lower-
case letters indicate significant differences among treatment time periods (p < 0.05) according to the LSD test
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CONCLUSIONS

Seed dressing is the most effective method for protecting plants from diseases during

the early growth stages. However, one significant problem in recent years has been the
progressive reduction of chemical plant protection products on the market. Preliminary
studies on non-fungicide seed treatments are promising in maize protection. The use of
calcium hypochlorite and hypochlorous acid significantly reduced the seed-borne patho-
gens, which is beneficial during the period of seed germination. These treatments also
enhanced the germination capacity and improved maize plant growth and root develop-
ment. It was observed that longer exposure to calcium hypochlorite stimulated shoot
growth and root elongation. Thus, the use of calcium hypochlorite and hypochlorous acid
is a promising method for seed treatment. These treatments can be used as a supplement
to chemical plant protection products. However, the research was conducted under in vitro
and greenhouse conditions and further studies are needed. It is also necessary to extend
the research to include field experiments. It should be noted, however, that products used
for sterilisation may disturb the microbiological balance under natural conditions.
In contrast, peracetic acid, which significantly reduces microbial growth and significantly reduces
seed germination, will not be an effective method for maize seed surface sterilisation. Exposure to
peracetic acid significantly reduced the shoot length and root development of maize plants. The
remaining seed treatment methods using sodium hypochlorite and nanosilver were also ineffective.
Moreover, the silver nanoparticles cannot eliminate all pathogens from the seed coat. Silver nano-
particle treatments were included solely as an experimental option, tested under controlled in vitro
and greenhouse conditions, and not as a recommended method for field-ready use. Nanoparticle-
based treatments are currently not considered standard, environmentally friendly practices in agri-
culture.
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Wplyw temperatury na energi¢ i zdolnos¢ kietkowania nasion
oraz wplyw podtoza na plonowanie Withania somnifera w warunkach
Polski potudniowo-wschodniej

Abstract: The aim of this study was to determine the effect of air temperature on the energy and ger-
mination capacity of W. somnifera seeds and to assess the effect of different substrates on the yield of
the aboveground and root parts. An additional aim of the study was to develop agrotechnical recom-
mendations for pioneering cultivation of this species in the temperate climate of south-eastern Poland.
Germination energy and capacity were evaluated at 10°C, 20°C, and 30°C. Additionally, the impact of
three substrate types — soil (A), a 50 : 50 mixture of soil and compost (B), and pure compost (C) — on
the yield of shoots and roots was assessed over the years 2021-2023. The results indicate that the ger-
mination energy and capacity of W. somnifera seeds were highly dependent on air temperature. The
highest germination energy was observed at 30°C in all study years, with an average value of 93.56%,
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while the lowest was recorded at 10°C (average: 0.44%). Germination capacity was also highest at
30°C, reaching an average of 95.45%, indicating that this temperature is optimal for maximizing both
germination energy and capacity. Substrate type had a significant effect on the yield of both above-
ground and root parts. The highest yield of aboveground biomass was obtained on pure compost (C),
while the lowest was recorded on the soil-compost mixture (B). Over the three years, substrate C con-
sistently provided the highest root yields, averaging 3.5 t ha%, followed by substrate B (3.2 t ha*) and
substrate A (3.1 t ha). This study demonstrates that W. somnifera has high adaptive potential for
cultivation in Poland; however, it requires high air temperature during seed germination and appropri-
ate substrate selection. These results allow for the development of agronomic recommendations for the
cultivation of W. somnifera in south-eastern Poland.

Keywords: Withania somnifera L., seeds, temperature, germination capacity, germination energy, herb
yield, root yield

INTRODUCTION

The genus Withania includes 23 species, two of which — Withania somnifera (ashwa-
gandha) and W. coagulans (ashutoshbooti) — occur in India. Their dried roots are widely
used in traditional medicine, particularly in Ayurveda [Potumackanycz et al. 2020]. With-
ania somnifera, also known as Indian ginseng, belongs to the nightshade family (Sola-
naceae) and is a xerophytic plant that naturally occurs in dry, hot regions of the Middle
East and North Africa [Khabiya et al. 2024]. It is primarily cultivated in subtropical and
tropical zones, including India, Africa, and Australia [Obidowska and Sadowska 2004].
In India, ashwagandha is extensively grown as a medicinal plant, particularly in the north-
western region of Madhya Pradesh, on more than 5,000 ha of land. Other major producing
states include Rajasthan, Gujarat, Uttar Pradesh, Punjab, Haryana, Andhra Pradesh, and
Maharashtra, with a total cultivation area of approximately 10,768 ha [Khabiya et al.
2024]. In Ayurvedic medicine, ashwagandha is used as an adaptogen to help the body cope
with stress, and it also exhibits anti-inflammatory, neuroprotective, and antioxidant prop-
erties [Afewerki et al. 2021, Mikulska et al. 2023, Mondal and Paul 2023, Dipankar et al.
2025]. The roots are the most valuable plant part [Chauhan et al. 2022], but a bioactive
compound in the leaves, withaferin A, has demonstrated anti-cancer potential, increasing
the plant’s significance in pharmaceuticals. In India, ashwagandha is often cultivated on
marginal soils by small-scale farmers in states such as Madhya Pradesh, Andhra Pradesh,
Rajasthan, and Karnataka. Its popularity is due to ease of cultivation, high market value
of roots, and additional income from leaves and seeds [Mondal and Paul 2023]. The root
is the main pharmaceutical raw material used in Ayurvedic and Unani medicine to treat
rheumatic diseases, lung infections, stomach ailments, and skin conditions, and it is valued
for its anti-inflammatory and aphrodisiac properties [Polumackanycz et al. 2020]. In re-
cent years, interest has grown in cultivating W. somnifera in temperate climates, including
Poland, due to increasing demand for natural herbal raw materials [Pisulewska et al. 2025].
However, cultivation under these conditions presents several challenges, such as a shorter
growing season, lower temperatures, and reduced sunlight. The minimum germination
temperature for this species is 18-20°C, while the maximum is 30-32°C; temperatures
outside this range may slow germination or inhibit growth [Singh et al. 2015]. In Poland,
W. somnifera is cultivated as an annual plant, and cultivation success depends on substrate
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choice, germination conditions, and agronomic practices. Low seed germination capacity
in temperate climates is a major limitation [Kaur et al. 2018], which makes achieving high
germination energy and capacity crucial to justify seed costs and ensure profitable yields
[Kumar et al. 2016]. The aim of this study was to determine the effect of air temperature
on the energy and germination capacity of W. somnifera seeds and to assess the effect of
different substrates on the yield of the aboveground and root parts. An additional aim of
the study was to develop agrotechnical recommendations for pioneering cultivation of this
species in the temperate climate of south-eastern Poland.

Alternative hypotheses:

Hi: There is a statistically significant effect of different temperature levels on the germi-
nation capacity of W. somnifera seeds.

Hz: There is a statistically significant effect of different substrate types on the yield of
W. somnifera.

Null hypotheses:

Ho1: There is no statistically significant effect of temperature on the germination capacity
of W. somnifera seeds.

Ho2: There is no statistically significant effect of substrate type on the yield of W. som-
nifera.

MATERIALS AND METHODS

The field experiment was conducted over three growing seasons (2021-2023) in the
field experiment was conducted over three growing seasons (2021-2023) at the Experi-
mental Field of the State Higher Vocational School in Krosno (49°41'N, 21°47'E) under
the climatic conditions of south-eastern Poland. The study was arranged in a randomized
block design with three replications. To evaluate the effect of substrate on plant growth
and yield, three experimental variants were applied: A (control), consisting of garden soil
(S); B, a 50 : 50 mixture of garden soil and compost (S + C); and C, pure compost (C).
The clean compost was purchased from Krosno Municipal Holding. Each experimental
plot had an area of 13.5 m? (9 x 1.5 m).

Seedling preparation and production

The seeds were purchased from a certified seed retailer. Class A seeds were soaked in
distilled water for 24 h prior to sowing. They were then sown into multi-cell trays filled
with a 50 : 50 mixture of soil and compost, with the top layer covered with perlite to main-
tain optimal moisture. After reaching the BBCH 19 (Biologische Bundesanstalt, Bun-
dessortenamt und Chemische Industrie) growth stage (approximately 7 cm in height), the
seedlings were transplanted into P9 pots containing the same substrate. The plants were
subsequently transplanted to the field at the BBCH 29 stage (about 5 weeks after sowing),
maintaining a spacing of 30 x 25 cm. Due to the lack of registered plant protection prod-
ucts for W. somnifera in Poland, crop maintenance was limited to manual weeding. Har-
vesting was carried out in two stages: the above ground parts were collected at the begin-
ning of flowering (BBCH 61), while the roots were dug up at the end of October (BBCH
95). The seedling production process and subsequent stages of cultivation are illustrated
in figure 1.
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Fig. 1. Steps of growing Withania somnifera L. A — seeds, B — seedling, C — seedling planted
in a plantation, D — flowering, E — tsarina plantation, F — fruit formation, G — above-ground part
(stem, leaves, fruits) and underground part (root), H — harvesting of roots

Laboratory analysis and soil studies

Between 2021 and 2023, seed germination tests were conducted at the Microbiology
Laboratory of the State Academy of Applied Sciences in Krosno. The seeds were disin-
fected by soaking them for 24 h in 40% ethanol, followed by 8 h in 3% perchloric acid.
The prepared seeds were then placed on sterile filter paper in Petri dishes (150 x 25 mm)
(100 seeds per dish, in three replicates). Germination was monitored in a Fito 300 incuba-
tor (Biogenet, Poland) at a constant relative humidity of 95%, under temperatures of 10°C,
20°C, and 30°C, with a photoperiod of 16 h light/8 h dark. Germinated seeds were counted
every 48 h, and germination capacity and germination energy were determined according
to ISTA guidelines [ISTA 2004]. Before the start of each growing season (2021-2023),
representative soil samples were collected from the topsoil layer (0-30 cm) of each plot
in accordance with the Polish Standard [PN-R-04031:1997] and analyzed at the accredited
Regional Chemical-Agricultural Station in Rzeszdw. Key chemical parameters were as-
sessed, including pH (in 1 M KCI), organic matter content (Tiurin method) [Mys$linska
2010], as well as macroelements (P, K, Mg) [Handzel et al. 2017] and microelements (Cu,
Mn, Zn, Fe) [Ostrowska et al. 1991].
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Physicochemical properties of soil

Table 1 presents the physicochemical properties of three different types of soil sub-
strates analyzed during the years 2021-2023. These substrates include: A) (Z) — soil serv-
ing as the control object, B) (Z + K) — a mixture of soil and compost in a 50 : 50 ratio, and
C) (K) — pure compost.

Table 1. Chemical composition and soil reaction (2021-2023): macro- and micro-nutrients,
humus, calcium carbonate

Micronutrients Macronutrients
(mg kgb) pH Humus | CaCO3 (mgkg?) Substrates
(KCl) | (gka) | (gkg™)
Fe | zn | Mn | Cu Mg | K20 | P2Os
1585 146 1739 57 5.69 26.8 0.2 241 310 196 A
1798 156 1841 6.1 6.70 29.2 0.4 198 202 123 B
1887 16.4 1869 4.7 7.10 29.8 0.6 370 380 240 C

Source: Data prepared based on the results obtained from the District Chemical-Agricultural Station in Rzeszow;
substrates: A — soil (Z) as a control object, B — soil + compost (Z + K; 50 : 50), C — compost (K)

The analysis shows that substrate C (compost) had the highest content of macronutri-
ents (P20s, K20, Mg) and humus compared to the other substrates, reflecting its greater
nutritional potential. Substrate C also exhibited the highest pH value (7.10), indicating
a slightly alkaline reaction, in contrast to the slightly acidic reaction of substrates A (pH
5.69) and B (pH 6.70). The highest concentrations of iron (Fe = 1887 mg kg™), manganese
(Mn = 186.9 mg kg™), and copper (Cu = 16.4 mg kg) were also observed in the compost
substrate. On the other hand, the control substrate A had the lowest content of these ele-
ments. Additionally, substrate A showed the lowest levels of both CaCO3 and humus,
making it the least nutrient rich. Substrate B (soil + compost) was intermediate in terms
of CaCOs; and humus content, while substrate C (compost) stood out with the highest val-
ues, indicating the greatest potential for enriching the soil and improving its physicochem-
ical properties (tab. 1). This suggests that the use of compost (substrate C) can significantly
enhance plant growth conditions by enriching the soil with essential nutrients and improv-
ing its structure. The weather pattern during the growing season of the ashwagandha was
variable, as illustrated in table 2.

According to data from the meteorological station in Dukla, the weather conditions
during the vegetation period of ashwagandha in the years 2021-2023 were characterized
by considerable variability. Three key parameters were analyzed: precipitation, air tem-
perature, and humidity, expressed by the Hydrothermal Coefficient (HTC).

Precipitation

The total precipitation sum for the April-September period was lower than the long-
term average. The driest year was 2021, with mean monthly precipitation of 17.9 mm.
Exceptionally low precipitation was recorded in June 2022 (6.5 mm) and in July 2023
(11.7 mm), which could have led to water stress in plants. In contrast, the highest precip-
itation was observed in May 2022 (61.4 mm) and in June 2023 (52.9 mm).
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Table 2. Meteorological conditions during the growing season of ashwagandha 20212023,
according to the Dukla Meteorological Station

Vears Months Mean
v v VI Vil il x| (IV-IX)
Rainfalls (mm)

2021 71 | 161 14.0 20.9 31.2 415 17.9

2022 238 | 614 6.5 16.1 13.0 10.2 24.2

2023 233 | 357 52.9 117 15.3 22.0 27.8
The auorage smof| s5.0 | 956 | 1009 | 1165 | 301 | 531 | 798

Air temperature (°C)

2021 155 | 188 20.9 21.3 216 13.0 19.6

2022 106 | 137 23.0 20.2 20.6 12.4 17.6

2023 100 | 124 17.1 20.4 213 155 16.2
Lor(‘gggzgg‘;%r)age 92 | 136 | 164 | 190 | 194 | 140 155

Hydrothermal coefficient (HTC)

2021 05 0.9 0.7 1.0 1.4 3.2 0.9

2022 2.2 45 0.3 0.8 0.6 0.8 1.7

2023 2.3 2.9 3.1 0.6 0.7 1.4 1.9

The ranges of this index values were classified as follows: K < 0.4 — extremely dry month; 0.4 <K < 0.7 — very
dry; 0.7 < K< 1.0 — dry; 1.0 < K < 1.3 — quite dry; 1.3 < K < 1.6 — optimal [Cherszkowicz 1971];
1.6 <K < 2.0 — moderately humid; 2.0 < K< 2.5 — humid; 2.5 < K < 3.0 — very humid; K > 3.0 — extremely
humid [Skowera and Wojnowski 2003]

Air temperature

The average air temperature in 2021-2023 was higher than the long-term mean
(15.5°C), which was favorable for the vegetation of the thermophilic ashwagandha. The
warmest period was August 2021 (21.6°C). The lowest average temperature was recorded
in April 2023 (10.0°C). Despite the overall warming trend, the cool beginning of the 2023
season may have delayed early plant development.

Air humidity

Humidity was assessed using the Hydrothermal Coefficient (HTC), with values cate-
gorized according to the classification of Skowera and Wojkowski [2003]. The analysis
revealed considerable variability in humidity conditions across months and years. For in-
stance, May 2022 (HTC = 4.5) was a very humid month, which could have positively
influenced plant development, whereas June 2022 (HTC = 0.3) and July 2023 (HTC = 0.6)
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were very dry, posing challenges for cultivation. The overall mean HTC values for the
respective years indicated a predominance of dry to moderately humid conditions.

Statistical calculations

The experimental data were analyzed using a two-way analysis of variance (ANOVA)
with interaction effects to evaluate the influence of experimental factors (substrate type,
meteorological conditions) on response variables (germination capacity, yield, biomass
parameters) [Sokal and Rohlf 1995, Quinn and Keough 2002]. For post-hoc comparisons
between group means (e.g. different substrates or years), Tukey’s Honestly Significant
Difference (HSD) test was applied [Tukey 1949, Zar 2010]. This conservative multiple
comparison procedure maintains the experiment-wise error rate at a < 0.05. The results
were presented using standard ANOVA tables showing F-statistics, degrees of freedom,
and significance levels [Press Underwood 1997], as well as boxplots for visualizing com-
parisons between groups [McGill 1978, Crawley 2013]. All analyses were performed us-
ing the R statistical software [Core and Team 2023] with the Agricola [Mendiburu 2021]
and ggplot2 [Wickham 2016] packages for statistical computations and data visualization,
respectively.

RESULTS

Seed germination capacity and energy

One of the basic yield-forming factors in plant production is seed material, and seed
germination energy and germination capacity are the first steps towards successful culti-
vation of ashwagandha. The results of seed germination are presented in tables 3 and 4.

Table 3. Germination capacity of ashwagandha seeds at different temperatures (%)

Air temperture vears Mean
2021 2022 2023
10°C 1.3+0.0°¢ 1.7+0.0°¢ 1.3+0.0°¢ 16°¢
20°C 447+1.0° 447 +1.2°b 447 +1.0°P 446"
30°C 96.0+1.1% 95.7+2.2¢% 96.0+1.1% 9552
LSD p <0.05 7.22 2.4
Mean 47.32 47.3% 46.92 47.2
LSD p<0.05 ns* -

Statistically significant differences in means within groups (lines) are marked with letters,

+ — standard deviation,

* not significant at p < 0.05

The germination capacity of ashwagandha significantly varied depending on the air
temperature, which means that the temperature significantly affected the results obtained.
The highest germination capacity was recorded at 30°C, reaching an average of 95.45%,
which indicates that this is the most optimal temperature for germinating ashwagandha
seeds. At 20°C, the germination capacity was on average 44.56%, which is significantly
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lower than at 30°C, but still significantly higher than at the lowest air temperature. The
lowest germination capacity was recorded at 10°C, where the results were almost zero
(1.6%). This shows that such a low temperature is not suitable for germinating this plant
(tab. 3). Differences between years: the average germination capacity in 2021-2023 was:
47.3% (2021), 47.3% (2022) and 46.9% (2023), respectively. The differences between
years were not statistically significant, indicating that the germination capacity of seeds
was not dependent on the variability of conditions in individual years in a statistically
significant manner (tab. 3). This study highlights the need to ensure appropriate thermal
conditions for optimal ashwagandha growth.

No significant differences were observed between years in individual temperatures,
emphasizing that temperature is the main factor determining the germination capacity of
seeds. Therefore, the obtained results clearly indicate that for ashwagandha, the optimal
temperature for seed germination is around 30°C, which is in line with the literature on
this plant, which prefers warm, subtropical conditions. A temperature of 20°C, although
it allows germination of some seeds, is not high enough to achieve the full germination
potential. On the other hand, a temperature of 10°C completely prevents effective seed
germination. For commercial cultivation of ashwagandha, it is therefore recommended to
use thermal conditions close to 30°C to achieve high germination capacity and ensure the
success of the crop. In conclusion, temperature is a key factor influencing the germination
capacity of ashwagandha seeds, and the optimal thermal conditions are 30°C. Ashwagan-
dha seed germination varied significantly under different temperature regimes, with the
highest values observed at 30°C, indicating optimal conditions for rapid and uniform seed-
ling emergence. Lower temperatures (10°C) resulted in minimum germination energy,
highlighting the species’ preference for warmer climate during the initial growth phase
(tab. 4). The standard deviation for this feature (e.g. 94.7 £4.1 for a temperature of 30°C)
confirmed that the measurements were very precise and repeatable (tab. 4).

Table 4. Germination energy of ashwagandha seeds at different temperatures (%)

Air temperture vears Mean
2021 2022 2023

10°C 0.3+0.0°¢ 0.3+0.0°¢ 0.740.1¢ 04c¢

20°C 447 +1.2° 457 +1.9° 453+16° 4525

30°C 92.7+3.1% 94.7+4.12 93.3+3.6% 9362

LSD p <0.05 7.22 2.37

Mean 4593 46.9°2 46.4 2 46.4
LSD p<0.05 ns -

Statistically significant differences in means within groups (lines) are marked with letters, not significant
atp<0.05

The results of our own research indicate that the germination energy of ashwagandha
seeds was significantly dependent on the germination temperature. The highest germina-
tion energy was observed at 30°C in all the years of the study, with an average value of
93.6%, which indicates that this temperature provides optimal conditions for seed vigor
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and early seedling development. Moderate germination energy was recorded at 20°C (av-
erage: 45.2%), while the lowest germination energy was observed at 10°C (average:
0.44%), which highlights the adverse effect of low temperatures on seed metabolic activity
and germination potential. LSD analysis confirmed significant differences between tem-
perature treatments, without significant changes between the years of the study.

The interaction between temperature and years indicates that the effect of temperature
on germination energy of ashwagandha seeds was stable in the years studied (2021-2023).
The results show that temperature was crucial for germination energy, and the highest
values were consistently recorded at 30°C regardless of the year, which indicates the re-
peatability and independence of this result from environmental conditions in individual
years (tab. 4).

In contrast, at 20°C, germination energy values were moderate and stable between
years, suggesting that this temperature provides acceptable, although suboptimal condi-
tions. On the other hand, at 10°C, the interaction was the least pronounced, as germination
energy was very low and similar each year. The lack of significant differences between
years (LSD = ns) indicates that germination energy was more influenced by temperature
than possible differences resulting from annual conditions.

Yield of the aboveground and underground parts of the Withania somnifera

Soil substrates significantly affected the yield of the aboveground part of the Withania
somnifera. The highest yield of the tested trait was achieved in the substrate with compost,
while the lowest in the substrate made of soil and compost (B). Statistical analysis showed
that in the first year of the study, the yield of the aboveground part of Withania somnifera
significantly depended on the substrate used and was the highest in the treatment with
compost. The treatment with compost alone increased the herb yield by 12.4%, compared
to the control treatment (A). In the treatment where compost was added to the soil in
a 50 : 50 ratio, the value of the tested trait was only higher by approx. 2%, compared to
the control treatment (tab. 5). The standard deviation for fresh mass of above ground parts
of ashwagandha (e.g. 15.1 +1.1 for compost substrate) confirmed that the measurements
were repeatable (tab. 5).

Table 5. Fresh mass yield of above-ground parts of ashwagandha (tha)

Substrates Years Mean
2021 2022 2023

A 9.7+09° 11.0+0.9® 12.1+1.0° 109¢

B 13.6+0.82 126 +£1.02 144 +1.2°2 135°

C 13.8+1.02 141+1.02 1514112 14.42

LSD p<0.05 2.49 2.37

Mean 12.4° 12.6° 13.9 13.0
LSD p<0.05 ns* -

Statistically significant differences in means within groups (lines) are marked with letters, + — standard deviation,
substrates: A — soil (S) as a control object, B — soil + compost (S + C) (50 : 50), C — compost
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Year x substrate interaction is a statistical term used in analysis of variance (ANOVA)
that refers to a situation in which the effect of one factor (in this case, year) on the outcome
of an experiment depends on the level of a second factor (in this case, substrate). The
interaction between substrates and years in relation to the fresh mass of the above-ground
parts of ashwagandha indicates a varied response of plants to the type of substrate in indi-
vidual years (fig. 3). Substrate A (control object): Fresh mass was the lowest in all years,
confirming that soil alone (without compost addition) does not provide optimal conditions
for maximum yield. However, an increasing trend was observed in subsequent years (from
9.7 tha! in 2021 to 12.1 t ha* in 2023), which may suggest improved environmental
conditions or the influence of increasing plant adaptation. Substrate B (soil + compost,
50 : 50): The test results were higher than in the control substrate in each year. The average
fresh mass increased from 13.6 tha= in 2021 to 14.4 tha™ in 2023, indicating that compost
addition had a positive effect on yield and that the effectiveness of this substrate was stable
between years. Substrate C (compost): This all-compost substrate provided the highest
fresh mass in each year, with a peak yield of 15.1 tha™ in 2023. These results suggest that
compost as a substrate provided optimal growth conditions, likely due to its high nutrient
content and improved physical soil properties (fig. 3).
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Fig. 3. Interaction of substrates and years of research on the yield of aboveground biomass
of ashwagandha
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Year and substrate interaction: Although there was an overall improvement in yield
between years, regardless of substrate, the difference between substrates was significant.
Substrate type had the greatest effect on fresh mass, with years having only a moderate
effect (fig. 3). This suggests that the main factor influencing yield is the soil quality, while
environmental conditions in individual years played a secondary role.
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Table 6 shows the dry matter yield data of the above-ground parts of ashwagandha
(tha?) over three years (2021-2023) under different substrate conditions (A, B and C).
The standard deviation for dry matter of above-ground parts of ashwagandha (e.g. 3.1 0.1
to 3.4 +£0.3) for a compost substrate) confirmed that the measurements were repeatable
(tab. 6).

Table 6. Yield of dry matter of above-ground parts of ashwagandha (t ha™)

Substrates vears Mean
2021 2022 2023

A 2.0 £0.1° 2.0+0.2° 2.9+0.3° 2.3¢

B 2.5+0.1° 2.5+0.2° 3.1+0.28 2.7°

C 3.1+0.18 3.2 +£0.18 3.4 +0.32 3.3

LSD p <0.05 0.4 2.37

Mean 2.55 2.6° 3.1° 2.8
LSD p<0.05 ns -

Statistically significant differences in means within groups (lines) are marked with letters, + — standard deviation,
substrates: A — soil (S) as a control object, B — soil + compost (S + C; 50 : 50), C — compost

Effect of substrates: substrate A (as control, soil only): consistently resulted in the
lowest dry matter yield in all years, with an average of 2.31 t ha™*. This indicates that soil
alone provides limited nutrients and is less effective in supporting optimal plant growth.
Substrate B (soil + compost, 50 : 50) showed higher yields, as compared to substrate A,
with an average of 2.69 t haL. This suggests that the addition of compost increases soil
fertility and nutrient availability, promoting better growth. Finally, substrate C (compost
only) gave the highest yield in all years, with an average of 3.25 t ha*. This highlights the
higher effectiveness of compost in providing nutrients and creating favorable growth con-
ditions. Year effect: in all substrates, the aboveground dry matter yield increased consist-
ently over the three years, with average values of 2.5 t ha* (2021), 2.6 t ha™* (2022) and
3.1 t ha? (2023). This may indicate an improvement in environmental conditions or an
increase in the efficiency of experimental management. The LSD values (p < 0.05) for
substrates and years (0.1) indicate that the differences between substrates and between
years are statistically significant (tab. 7). This only strengthens the conclusion that both
the choice of substrate and the year of cultivation have a significant effect on yield.

Interaction: consistent classification of substrate C > substrate B > substrate A in all
years suggests that the effect of substrate type is strong and is not dependent on year-to-
year changes. Thus, the obtained results of the study show that compost (substrate C) is
the most effective substrate for obtaining high dry matter yields of ashwagandha, followed
by soil and compost mixture (substrate B) —tab. 6. Soil alone (substrate A) gives the lowest
results. The improvement in yields over the years suggests either better environmental
conditions or adaptive management practices during the study period.
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Table 7 illustrates the yield of fresh root mass of V. somnifera depending on the year
and type of substrate. The standard deviation for yield of fresh mass of roots of ashwagan-
dha (e.g. from 3.1 +£0.6 to 4.0 +£0.2) for a compost substrate) confirmed that the measure-
ments were repeatable (tab. 7).

Table 7. Yield of fresh mass of roots of ashwagandha (t ha?)

Substrates vears Mean
2021 2022 2023

A 3.1+03° 3.1+04¢2 3.0+03¢2 3.1¢

B 35+03° 3.1+0.22 3.0+04¢2 3.2°

o 40022 3.5+0.22 3.1+062 358

LSD p<0.05 0.5 2.37
Mean 35a 3.2b 30¢ 3.3
LSD p<0.05 ns -

Statistically significant differences in means within groups (lines) are marked with letters, + — standard deviation,
substrates: A — soil (S) as a control object, B — soil + compost (S+C) (50 : 50), C — compost

The data obtained indicate that the use of compost, either alone (substrate C) or mixed
with soil (substrate B), increases the yield of ashwagandha root fresh weight compared to
soil alone (substrate A). Over the three years, substrate C consistently produced the highest
yield, averaging 3.54 t ha™?, followed by substrate B with 3.19 t ha™* and substrate A with
3.07 t ha™. The least significant difference (LSD) at p < 0.05 for the mean values is 0.17,
indicating that the differences between substrates C and A, as well as between C and B,
are statistically significant, whereas there is no difference between substrates A and B.
This suggests that the inclusion of compost in the growing medium can significantly im-
prove the yield of ashwagandha root (tab. 7). These results are consistent with previous
studies showing that organic nutrient sources such as compost positively affect the yield
and quality of ashwagandha. For example, a field experiment investigating the effect of
organic nutrient management on ashwagandha showed increased yield and quality param-
eters with the use of organic amendments.

Analysis of the interaction between years and substrate types in relation to the yield
of fresh root mass of Withania somnifera indicates significant differences in performance
depending on the substrate used and the year of cultivation. A (control object): Fresh root
yields were relatively stable over the years of the study, with a slight decrease from
3.1tha?tin 2021 t0 3.0 t ha' in 2023. Substrate B (soil + compost in a ratio of 50 : 50),
where a decrease in yields was observed from 3.5 thain 2021 to 3.0 that in 2023, which
suggests a decreasing efficiency of this substrate in the following years. Substrate C (com-
post), where the highest yields were obtained in this substrate, from 4.0 t ha*in 2021,
however, a decrease in fresh root yield was observed to 3.1 t ha™ in 2023 (tab. 7).

In 2021 the highest yields were obtained in substrate C (4.00 t ha') and the lowest in
substrate A (3.1 t ha%). In 2022, substrate C continued to outperform the others (3.51 t ha%),
while substrate B had a slightly higher yield (3.1 t ha?) than substrate A (3.1 t hal).
In 2023, although substrate C maintained the highest yield (3.1 t ha?), the differences
between substrates were smaller and all substrates showed a decreasing trend compared
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to previous years. Summary: Substrate C (compost) showed the highest efficiency in in-
creasing ashwagandha root fresh mass yields in all years, but a decreasing trend is notice-
able over time. Substrate B (soil + compost) did not bring the expected benefits compared
to substrate A (control soil) and even showed a decrease in yields in 2023 (tab. 7). The
overall downward trend in yields from 2021 to 2023 suggests the possibility of substrate
nutrient depletion or other environmental factors, which require further investigation.
Crop rotation, substrate regeneration, or additional fertilization may also be considered to
maintain high yields over the longer term (tab. 7). Table 8 illustrates the influence of sub-
strates and years on the yield of dry root mass of Withania somnifera.

Table 8. Yield of dry mass of ashwagandha roots (tha?)

Years
Substrates Mean
2021 2022 2023
A 1.4+0.1° 1.3+0.1° 1.2+0.1° 13°¢
B 15+0.12 14+0.12 131022 1.4°
C 181032 151022 141012 162
LSD p <0.05 0.2 01
Mean 162 140 13¢ 14
LSD p <0.05 0.1 -

Statistically significant differences in means within groups (lines) are marked with letters, + — standard deviation,
substrates: A — soil (S) as a control object; B — soil + compost (S+C) (50 : 50); C — compost

Table 8 data shows that substrate composition significantly affects the root dry matter
yield of ashwagandha. Over the three-year period (2021-2023), substrate C (compost)
consistently produced the highest mean root dry matter yield of 1.55 t ha™, followed by
substrate B (soil + compost) with 1.4 t ha™ and substrate A (soil) with 1.3 t ha™. The least
significant difference at p < 0.05 was 0.1, suggesting that the differences between these
means are statistically significant. This trend was consistent across all three years of the
study, with substrate C significantly outperforming the others, indicating that the use of
compost as a substrate increases the root dry matter yield of ashwagandha. The interaction
between years and substrates shows that although there are some differences in yields
between years, the superiority of the C substrate remains consistent, highlighting the ben-
eficial effect of compost on root biomass production (tab. 8). The standard deviation for
yield of dry mass of ashwagandha roots (e.g. from 1.4 +0.1 to 1.8 +0.3) for a compost
substrate and for an object B soil + compost (S + C, 50 : 50; e.g. from 1.31 +0.2 to
1.5 £0.1) confirmed that the measurements were repeatable (tab. 8).

These results are consistent with previous studies indicating that organic nutrient
sources such as compost positively affect the yield and quality of ashwagandha. A field
experiment evaluating the effect of organic nutrient management on ashwagandha showed
increased yield values with the use of organic amendments. In conclusion, the incorpora-
tion of compost into the growing medium can significantly increase the root dry matter
yield of ashwagandha, offering a viable strategy for improving crop productivity in sus-
tainable agricultural practices.
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DISCUSSION

Our research provides a comprehensive assessment of the factors influencing the cul-
tivation of Withania somnifera in a temperate climate, with particular emphasis on the
conditions prevailing in south-eastern Poland. The results obtained from both field and
laboratory experiments are consistent and confirm that both biotic factors (soil quality)
and abiotic factors (temperature) play a key role in determining the success of cultivation.

Energy and germination of seeds

Germination capacity and germination energy are critical determinants of early plant
development and play a decisive role in crop productivity [Kucera et al. 2005, Nonaka et
al. 2010, Faligowska and Szukata 2012, Faligowska et al. 2018, Genze et al. 2020, Mo-
hamed et al. 2021]. These parameters directly influence seedling uniformity, vigor, and
the ability to adapt to field conditions. As reported by Mohamed et al. [2021] and Rymuza
and Radka [2021], seeds exhibiting high germination energy produce robust and uniform
seedlings, which is essential for successful crop establishment and subsequent yield po-
tential. Therefore, optimizing germination conditions is a fundamental aspect of agro-
nomic management.

Our results indicate that a temperature of 30°C is optimal for both germination capac-
ity and germination energy of W. somnifera seeds, yielding the highest recorded values of
95.45% and 93.56%, respectively (tab. 3 and 4). These findings are consistent with exist-
ing literature, which classifies W. somnifera as a thermophilic species that thrives in the
warmer conditions characteristic of subtropical climates. Maintaining optimal temperature
during germination is therefore essential to ensure uniform seedling emergence and vig-
orous early growth.

The germination process involves a series of complex physiological and biochemical
changes, beginning with water uptake, which activates hydrolytic enzymes responsible for
mobilizing stored nutrient reserves, and culminating in the emergence of the embryonic
radicle, indicating the breaking of the seed coat [Kambizi et al. 2006, Faligowska and
Szukata 2012, Faligowska et al. 2018, Mohamed et al. 2021, Rymuza and Radka 2021,
Khaim et al. 2022, Kumar et al. 2022, Sharma et al. 2023]. Enzymes such as a-amylase
and proteases are particularly critical, facilitating the conversion of starches and proteins
into soluble forms that fuel embryonic growth [Xia et al. 2024]. Suboptimal temperatures
can suppress enzymatic activity, leading to delayed or incomplete germination. Our ob-
servations indicate that temperatures below 20°C markedly reduce germination rates,
while exposure to 10°C nearly inhibits germination entirely.

Conversely, high temperatures (~30°C) likely stimulate the synthesis of heat shock
proteins (HSPs), which protect cellular structures and enzymes from thermal stress,
thereby enhancing germination efficiency and producing uniform seedlings [Faligowska
and Szukata 2012, Porter et al. 2016, Faligowska et al. 2018]. Unlike the findings of Ku-
mar et al. [2016], who observed high germination under fluctuating temperatures
(15/35°C), our study focused on constant temperature conditions, providing a clearer un-
derstanding of the thermal optimum for W. somnifera. These results complement existing
literature, confirming that stable high temperatures are critical for successful germination
of this species.
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For cultivation in temperate climates, where early spring temperatures are often
suboptimal, producing seedlings under controlled conditions, such as polytunnels or
greenhouses maintained at approximately 30°C, is essential to ensure uniform emergence
and robust early growth. Seedling vigor at this stage is particularly important, as it affects
the plant’s capacity to compete for resources and withstand environmental stresses in
the field.

Future research should explore thermo-priming techniques, which involve prelimi-
nary thermal conditioning of seeds to enhance seedling tolerance to low temperatures,
potentially extending the cultivation range of W. somnifera [Lim et al. 2015]. Additionally,
the identification and selection of genotypes with superior adaptability to variable climatic
conditions represent a promising strategy for improving crop resilience and ensuring sus-
tainable production under changing environmental conditions [Singh et al. 2024].

The effect of substrate and environmental conditions on yield

Our research demonstrates that substrate type is the primary factor influencing the yield
of both above-ground and root parts of W. somnifera. The highest fresh (14.36 t ha*) and
dry matter (3.25 t hat) yields from above-ground parts were obtained on substrate C (pure
compost), which can be directly attributed to its high fertility [Patel and Rank 2022]. Phys-
icochemical analysis (tab. 1) confirmed that substrate C had the highest concentrations of
essential macronutrients (P20s, K;O, Mg) and micronutrients (Zn, Fe, Mn), along with
a neutral pH of 7.10. These characteristics are known to favor optimal nutrient uptake and
plant development. This finding aligns with previous studies highlighting the critical role
of soil pH and nutrient availability in determining W. somnifera growth and productivity
[Helfenstein et al. 2016, Neina 2019, Xia et al. 2024].

Soil pH plays a crucial role in controlling nutrient bioavailability [Lim et al. 2015],
particularly for phosphorus and zinc, which are essential for enzymatic activity, energy
transfer, and overall metabolic processes in plants. Acidic conditions, such as those ob-
served in the control substrate (A) with a pH of 5.69, limit nutrient availability and conse-
quently reduce both vegetative growth and yield [Singh et al. 2024]. Over the period 2021—
2023, an increase in yield was observed on all substrates, likely reflecting a combination
of improved meteorological conditions and progressive plant adaptation to the local envi-
ronment, underscoring the interactive effects of edaphic and climatic factors on crop per-
formance.

The highest fresh (3.54 t ha™t) and dry root mass (1.55 t ha™) were also recorded on
substrate C, confirming the exceptional nutrient-retention and fertility properties of high-
quality compost [Patel and Rank 2022]. These results are consistent with numerous studies
demonstrating that organic nutrient sources, such as compost and manure, significantly
enhance both biomass accumulation and secondary metabolite content in W. somnifera
[Patel and Rank 2022, Singh et al. 2024]. The availability of organic matter not only pro-
vides essential nutrients but also improves soil structure, water-holding capacity, and mi-
crobial activity, all of which contribute to improved root development and plant vigor.

Interestingly, while above-ground yields generally increased, root yields exhibited
a downward trend across all substrates over the years 2021-2023. This observation cannot
be fully explained by meteorological conditions alone, which were relatively favorable,
particularly in 2023. Potential factors contributing to the decline in root biomass include:
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Nutrient depletion: despite the initially high fertility of the substrates, continuous cul-
tivation without adequate substrate regeneration may have gradually reduced nutrient
availability, particularly in the root zone.

Lack of crop rotation: Monoculture practices can lead to the accumulation of soil-
borne pathogens, negatively impacting root development and overall plant health
[Noworolnik 2015, Helfenstein et al. 2016, Porter et al. 2016, Neina 2019, Xia et al. 2024].

These findings emphasize that even the most fertile organic substrates require a com-
prehensive, long-term management strategy. Substrate regeneration, rotational practices,
and supplementary fertilization are necessary to maintain soil fertility and sustain high
yields over multiple growing seasons. This highlights an important practical consideration
often overlooked in single-season studies, underlining the need for long-term experiments
to fully understand substrate effects on crop productivity.

Furthermore, these results have implications for optimizing cultivation protocols for
W. somnifera, especially in regions with marginal soils or limited access to high-quality
compost. Integrating organic amendments with targeted nutrient management and adap-
tive agronomic practices can enhance both above-ground biomass and root yield, contrib-
uting to sustainable production systems and maximizing the medicinal potential of this
species.

CONCLUSIONS

The results of the study confirmed hypothesis Hs, indicating that temperature had
a statistically significant effect on the germination capacity of W. somnifera seeds. The
null hypothesis Ho; was therefore rejected. Similarly, the obtained results confirmed hy-
pothesis Hz, showing that different substrate types had a significant effect on the yield of
W. somnifera. Consequently, the null hypothesis Hgz was also rejected.

The study clearly demonstrated that both germination temperature and substrate type
play a crucial role in the successful cultivation of Withania somnifera L. The optimal ger-
mination temperature was found to be 30°C, at which the highest germination capacity
and energy (over 90%) were recorded, confirming the plant’s strong preference for warm,
subtropical conditions. Lower temperatures, especially 10°C, almost completely inhibited
effective germination, ruling out the possibility of cultivation in cooler climates without
temperature control.

The composition of the substrate was equally important — the highest yields of both
aerial parts and roots were obtained on a substrate consisting exclusively of compost (sub-
strate C), indicating the high fertilization value of organic matter and its positive effect on
the physical and chemical properties of the soil. Although a slight decrease in yields was
observed in the third year of the study, the results confirmed that compost significantly
improves both the quality and quantity of ashwagandha production.

In the context of sustainable agriculture and the growing demand for medicinal plant
raw materials, it is recommended to implement practices such as substrate rotation, regen-
eration, and further optimization of organic fertilization. Future efforts should focus on
maintaining high productivity while ensuring the quality of raw materials and the long-
term sustainability of cultivation.
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Abstract. Modern methods of cultivating trees in a nursery plants require nursery stock of very good
quality, free from viruses, with an extensive root system, strong growth and, most importantly, with
the correct structure of the tree crown, i.e. the number of lateral shoots. High-quality planting material,
properly branched, determines the productive efficiency of the trees in a nursery in subsequent years
of cultivation and its profitability. The research was conducted in 2017-2019 at a private nursery farm
near Lublin. The purpose of the research was to analyze the effect of mixtures of biostimulants with
growth regulators of natural origin on the effectiveness of chemical treatment to stimulate the emer-
gence of lateral shoots in apple trees of the Gloster. The study showed that the height of maiden apple
trees of the Gloster. significantly depended on the concentration of growth regulators. The best results
were achieved using a mixture of AGRIMIX PRO (35 ml) and Maxifruit, producing trees 6% taller
than the control. The number of side shoots, the average length of one shoot and the sum of the lengths
of side shoots significantly depended on the number of growth regulator applications. Double applica-
tion of AGRIMIX PRO resulted in an increase in the number of side shoots by 37.5% compared to
single application, while in the case of a mixture of growth regulators with a biostimulant this effect
was less pronounced and amounted to 17.0%.The biostimulation treatment with Maxifruit does not
guarantee improved tree growth and quality, but its use in combination with the growth regulator
AGRIMIX PRO improves the effectiveness of treatments that stimulate apple branching.
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INTRODUCTION

The efficiency and profitability of a nursery farm depends on the quality of the plants
produced there. On the other hand, the use of high-quality nursery stock in horticultural
cultivation determines the productive efficiency of the trees in subsequent years of culti-
vation [Gudarowska 2002, Rejman et al. 2002, Basak 2009, Czynczyk 2012, Kumawat et
al. 2023, 2025], and thus its profitability [Skrzynski and Poniedziatek 2000, Bielicki and
Pasko 2013, Kaptan et al. 2017].

Modern methods of cultivating trees in a nursery plants require planting material of
very good quality, free of viruses, with an extensive root system [Zhalnerchyk et al. 2015],
with strong growth and the right structure of the tree crown, i.e. the number of lateral
shoots [Skrzynski and Poniedziatek 2000, Bielicki and Pasko 2013, Kaptan et al. 2017].
Producing plants with such characteristics is a complex process, often taking several years,
e.g., trees on a 3-year cycle (the so-called knip-boom) or on a 2-year cycle [Gudarowska
2002, Basak 2009, Czynczyk 2012].

The quality of the nursery stock produced is influenced by a number of factors, start-
ing with the growth strength of the rootstock used [Gudarowska 2002, Kviklys 2004, 2006,
Kaptan and Baryta 2006, Necas et al. 2018, 2020], the predisposition of the cultivar to
form lateral shoots [Kaptan and Baryta 2006] and ending with external factors, i.e. the
type and effectiveness of treatments to stimulate branching, soil and climatic conditions
related to the location of the nursery and weather conditions during the initiation and
growth of lateralshoots [Gudarowska and Szewczuk 2002, Jacyna 2002, Matysiak and
Adamczewski 2009, Kaptan et al. 2017, Lanar et al. 2020].

Many popular apple tree cultivars at the nursery stage have a problem with the formation
of a crown consisting of 5-8 lateral shoots. The reason for this is the apical dominance of
the main shoot. In an attempt to prevent this phenomenon, nurserymen use mechanical treat-
ments to stimulate branching of young trees, such as pinching the apical shoot, twisting the
apex of growth by 180°, removing lateral shoots from the lower parts of the tree and root-
stock [Rejman et al. 2002, Kaptan 2016] and chemical treatments [Kopytowski and
Markuszewski 2009, Elfving 2010, Dori¢ et al. 2015, Lordan et al. 2017, Necas et al. 2018].

Horticultural production is constantly looking for innovative solutions that have a ben-
eficial effect on plant productivity, and the introduced EU restrictions require them to be
environmentally friendly at the same time [Pacholczak et al. 2012, Kozak et al. 2016, Bura-
czyk et al. 2020, Lanar et al. 2020]. Therefore, in nursery cultivation one can notice an in-
crease in interest in biopreparations, which can be such a group combining both features, i.e.
stimulate the growth and development of plants (e.g. growth of the root system and above-
ground parts), and, in addition, contain substances that have little impact on the environment
[Hetman and Adamiak 2003, Kaptan et al. 2021]. Biostimulants meet these challenges.

According to the EU definition for Member States, a plant biostimulant means a ma-
terial containing substance(s) or microorganisms, intended for application to the plant,
seed or root zone to stimulate natural processes that increase nutrient use efficiency, abi-
otic stress tolerance and/or yield quality, the effect of which does not depend on nutrient
content [Traon et al. 2014]. These are natural or synthetic compounds, which include free
amino acids, humic substances, extracts from marine algae, the polysaccharide chitosan,
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equivalents of natural phytohormones, phosphites, effective microorganisms and vitamins
[Gawronska and Przybysz 2011]. Biostimulants are safe and all-purpose preparations that
support various physiological processes of plants and positively affect their overall condi-
tion, and the demonstration of their positive effect on plants depends largely on the prep-
aration used and the plant species [Matyjaszczyk 2015].

The aim of the study was to analyze the influence of mixtures of growth biostimulants:
AGRIMIX PRO and Maxifruit SL on the effectiveness of chemical growth stimulation on
the growth and quality of maiden apple trees of the Gloster, budded on the M9 rootstock
in the Lublin region in eastern Poland.

MATERIAL AND METHODS

Description of the experimental design

The study was conducted in 2017-2019 years at a private nursery farm located in the
Lublin district, 5 km from Lublin (GPS: 51.285260, 22.616847). The experimental mate-
rial was an apple Gloster budded on M.9 RN 29 rootstocks. The experiment evaluated the
growth and quality of apple cv. apple trees after the application of treatments to stimulate
branching. The experiment was set up in a randomized block design and included 11 com-
binations in 5 repetitions (one repetition was a plot with 10 plants). In each of the tested
combinations, 50 plants were observed and measured.

The following combinations were used in the experiment:

Control — trees not sprayed, not treated to stimulate branching,

. AGRIMIX PRO 25 ml per 1 liter of water — 1 application,

. AGRIMIX PRO 35 ml per 1 liter of water — 1 application,

. AGRIMIX PRO 25 ml + Maxifruit SL 0.2% per 1 liter of water — 1 application,
. AGRIMIX PRO 35 ml + Maxifruit SL 0.2% per 1 liter of water — 1 application,
. AGRIMIX PRO 25 ml per 1 liter of water — 2 applications,

. AGRIMIX PRO 35 ml per 1 liter of water — 2 applications,

. AGRIMIX PRO 25 ml + Maxifruit SL 0.2% per 1 liter of water — 2 applications,
. AGRIMIX PRO 35 ml + Maxifruit SL 0.2% per 1 liter of water — 2 applications,
10. Maxifruit SL 0.2% per 1 liter of water — 1 application,

11. Maxifruit SL 0.2% per 1 liter of water — 2 applications.

O© 0O ~NO O~ wWwhN

Principles and application methods of growth regulators and biostimulation

Each year, the experiment was established in June, when the maiden apple trees
reached a height of approximately 75 cm. The six youngest, well-developed lateral buds
and leaves just below the cone were sprayed with a water solution. Applications were
performed once or twice during the growing season — the first application after the maiden
apple trees reached an average height of approximately 75 cm, while the second applica-
tion, in the case of the double-application combination, was performed 10 days after the
first spray. Chemical treatments for branching stimulation consisted of application in the
form of an aqueous solution of AGRIMIX PRO (manufacturer Agrimix s.r.l.) at a dose of
25 and 35 ml per liter of water. AGRIMIX PRO [GA4 +7gibberellins —19.1 g/l (1.8%) and
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6-benzyladenine — 19.1 g/l (1.8%)] is the Italian equivalent of the Promalin 3.6 SL formu-
lation. Depending on the combination, the AGRIMIX PRO preparation was applied as
a single-component solution or a mixture, i.e. the growth biostimulant Maxifruit (manu-
facturer Timac Agro) was added to the prepared solution. Maxifruit (NMX® Complex,
N 3%, P 7%, K 7%, Mn 0.05%, Zn 0.1%), contains extracts from plants living in extreme
conditions (marine, desert and tropical), phytohormone precursors and transmitters for
their expression and nutrients that support the action of substances that stimulate the pro-
duction of natural phytohormones in the plant. The adjuvant Superam 10 AL was added
to the prepared solution each time. During the experiment, regular protection against dis-
eases, pests and weeds was carried out, and all treatments were carried out in accordance
with the current nursery stock protection program. Adjuvant was used only in combina-
tions where growth regulators were used.

Measurements and observations

In autumn, after October 10 and the end of apple tree growth, the height, number of
side shoots and length of all lateral shoots were measured. The height of the trees from the
ground to the apical bud of the main shoot was measured with a scaler with an accuracy
of 1.0 cm. On each maiden apple trees, lateral shoots were counted and their length was
measured. Based on the measurements, the following were calculated: the sum of the
length of the lateral shoots and the average length of the lateral shoot.

Statistical analysis

The results obtained in the experiment were statistically analyzed using the one-way
analysis of variance method. Additionally, the results were presented graphically using
a dendrogram. Correlations between parameters determining the growth and quality of
maiden apple trees and weather conditions were estimated by calculating Pearson corre-
lation coefficients. Inference was based on significance p < 0.05. All statistical analyses
were performed in SAS Enterprise Guide 5.1 software.

RESULTS

The average air temperature for the 2017-2019 growing season was higher than the
multi-year average (in 2017 by 1.5°C, while in 2018 and 2019 by 2.5°C). The above de-
pendence were also observed in the individual months of the growing season. The warmest
month in all the analyzed years was August, while the coolest month was April (tab. 1).

Table 1 shows the total precipitation for the 2017—-2019 period, which varied signifi-
cantly by growing season. In the first year it was 292.00 mm higher than the multi-year
average, in 2018 it was 61.00 mm, while in 2019 it was equal to the multi-year average.
The highest precipitation was recorded in 2017 in June (282.00 mm), 2018 in July (124.00
mm), and in 2019 in August (102.00 mm).
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Table 1. Average monthly air temperatures and total precipitation according to
the Agrometeorological Station in Lublin during the months of April to October in 2017-2019

Air temperature (°C)

Year v \ VI VIl VIl 1X X average
2017 8.0 141 19.6 18.9 20.2 13.5 8.5 14.7
2018 7.5 16.7 18.8 20.6 20.8 155 10.0 15.7
2019 9.5 134 215 194 20.3 14.5 11.0 15.7

Multi-year average | 7.4 13.0 16.3 18.0 17.2 12.6 7.6 13.2

Total precipitation (mm)

Year v \% \ VII VIl IX X sum
2017 55.0 29.1 282.0 | 107.9 48.0 80.0 90.0 692.0
2018 40.0 56.0 65.0 124.0 72.0 68.0 36.0 461.0
2019 49.0 93.0 37.0 38.0 102.0 52.0 29.0 400.0

Multi-year average | 39.0 60.7 65.9 82.0 70.7 53.7 40.1 400.0

The height of maiden apple trees ranged from 153.92 to 166.07 cm (tab. 2). It was
shown that the trait under study was significantly influenced by branching and biostimu-
lation treatments. In the case of maiden apple trees treated with growth regulators, no sig-
nificant effect of the number of applications on the studied trait was shown. A significant
effect of the number of treatments was shown only in the case of biostimulant application.
It was found that significantly the highest maiden apple trees were after the application of
Maxifruit, while significantly the lowest were after AGRAMIX PRO. Within the maiden
apple trees treated with growth regulators, a significantly favorable effect of biostimula-
tion on the final height of the studied apple trees was shown (tab. 2).

The number of lateral shoots of maiden apple trees of the Gloster ranged from
0.84 to 4.36 units (tab. 2). A significant effect of branching and biostimulation treatments
and the number of applications on the studied trait was shown. In the case of maiden apple
trees treated with branching, it was found that two applications of growth regulators signifi-
cantly increased the number of shoots compared to a single application. In maiden apple
trees treated with a biostimulant preparation, the relationships were significantly opposite.
A significantly beneficial effect of growth regulators on the studied trait was demonstrated.
The trees in the above-mentioned combinations formed significantly more lateral shoots than
the control and biostimulation-treated trees. Within the combinations where AGRAMIX
PRO was applied, it was shown that the addition of the biostimulant to the solution signifi-
cantly positively increased its effect. The maiden apple trees treated with the biostimulant
preparation formed significantly fewer lateral shoots than the control (tab. 2).

Analyzing the average length of one shoot showed that this trait depended significantly on
the number of applications and branching and biostimulation treatments (tab. 2). Regardless of
the combination, trees treated twice with growth regulators and biostimulant had significantly
longer shoots than those treated once. AGRIMIX PRO had a significantly beneficial effect on
lateral shoot length compared to trees treated with biostimulants and controls. Within the com-
binations where chemical branching treatment with AGRAMIX PRO was applied, a signifi-
cantly unfavorable effect of biostimulation on the tested parameter was shown. Control trees
formed significantly shorter shoots than after application of Maxifruit (tab. 2).



Table 2. Influence of the number of applications on the growth and quality of maiden apple trees Gloster

Number of

AGRIMIX PRO +

Parameter Lo Control Maxifruit AGRIMIX PRO e p-value
applications Maxifruit
. . 1 165.18 +15.02 B2 | 153.92 +14.00A¢ | 161.12 +14.65 A 0.0001
Height of maiden 156.36 +14.22 Ac
apple trees in autumn 2 166.07 £15.10 A2 | 156.00 £14.18 A° 162.66 +14.79 AP 0.0001
(cm) p-value 0.9874 0.0001 0.1045 0.6252 -
1 R 1.04 +0.09 Ad 2.88 +0.26 B° 37240348 0.0001
1.28 £0.12 A°
a‘)‘gber of lateral shoots 2 0.84 +0.08 & 3.06 +0.36 A0 4.36 +0.40 A 0.0001
p-value 0.9621 0.0001 0.0001 0.0027 -
1 N 15.62 +1.42 B¢ 25.10 +2.28 Ba 22.07 +2.018° 0.0001
256 +0.23
Average length of one 2 17.24 +1.57 A 28.49 +2.59 Aa 27.24 +2.48 Ab 0.0001
shoot (cm)
p-value 0.9854 0.0001 0.0473 0.0001 -
1 16.24 +1.48 A 72.62 +6.60 B° 82.30 +7.48 Ba 0.0001
Total length of 3.28 +0.30 Ad
lateral shoots 2 1448 #1328 | 112.28+1021 4> | 11850 +10.77 A2 0.0001
(cm) p-value 0.9631 0.0001 0.0001 0.0001 _

Different letters A, B, C in the same column and a, b, ¢ in the same line indicate statistically significant differences (p < 0.05)
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The sum of lateral shoot lengths ranged from 3.28 to 118.50 cm and significantly
depended on the number of applications and branching and biostimulation treatments
(tab. 2). Trees treated twice with AGRAMIX PRO were characterized by a significantly
higher sum of lateral shoot lengths than after a single application. The opposite relation-
ship was found for trees treated with Maxifruit. Trees treated with branching had a signif-
icantly higher sum of lateral shoots than the others. Within the maiden apple trees treated
with growth regulators, it was found that the addition of the biostimulant treatment signif-
icantly positively affected the level of the evaluated parameter. Maxifruit-treated maiden
apple trees had significantly higher sum of lateral shoot lengths than controls (tab. 2).

Table 3 shows the effect of the concentration of growth regulators in the form of the
AGRAMIX PRO preparation and a mixture of AGRAMIX PRO and Maxifruit preparations
on the height and quality parameters of maiden apple trees of the ‘Gloster’, regardless of the
examined year and the number of applications. The height of apple tree maiden in autumn
in combinations with AGRAMIX PRO preparations treated with a lower concentration, i.e.
25 ml, was significantly lower than the others. In the case of a mixture of AGRAMIX PRO
and Maxifruit preparations, it was shown that the maiden apple trees treated with a higher
concentration of growth regulators, i.e. 35 ml, were significantly the highest. Analyzing the
structure of the crown, which consists of such parameters as the number and average length
of lateral shoots and the sum of the length of syleptic shoots, showed an unambiguous sig-
nificantly beneficial effect of growth regulators. There was no significant effect of the dose
of AGRAMIX PRO preparation on the evaluated quality parameters of apple trees, this ten-
dency persisted in the case of the combination with AGRAMIX PRO preparation and the
mixture of AGRAMIX PRO and Maxifruit preparations (tab. 3).

Table 3. Effect of the concentration of AGRIMIX PRO preparation on the growth and quality
of maiden apple trees of the Gloster

Height of maiden|Number of lateral| Average length | Total length of
Preparation Dose apple trees shoots of one shoot lateral shoots

(cm) (pcs) (cm) (cm)
control | 156.36 +14.22A | 1.28+0.12°% | 256+023° | 3.28:0.30°
25ml | 1537442658 | 3.60+0.61~ | 26.490.724 | 94.98 +13.654

AGRIMIX PRO
35ml | 156.18+0.37A | 32430572 | 27.11+4.43A | 89.92 +29.80 A
p-value 0.0173 0.0001 0.0001 0.0001
control | 156.36 £14.228 | 1.28+0.128 | 25640238 | 3.280.30°

AGRIMIX 25ml | 1581644218 | 3.84+053A | 24.71+3.49A | 96.16 +26.12 A

PRO + Maxifruit | 35ml | 165624252~ | 4244018~ | 24.61+2.17* | 104.64 +13.54 A
p-value 0.0001 0.0001 0.0001 0.0001

* Different letters A, B, C in the same column and a, b, ¢ in the same line indicate statistically significant dif-
ferences (p < 0.05)

Table 4 shows the impact of biostimulation in the form of Maxifruit on the effective-
ness of AGRIMIX PRO regardless of the number of applications and year of study. In the
case of a lower dose of AGRIMIX PRO, no significant effect of biostimulation on the
growth and quality of apple tree maiden was shown. A similar tendency occurred in the
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combination where a higher dose of AGRIMIX PRO was applied, when the average length
of one shoot and the sum of the length of lateral shoots were evaluated. A significantly
beneficial effect of the higher dose of AGRIMIX PRO + Maxifruit was found for the
height of maiden apple trees in autumn and the number of lateral shoots (tab. 4).

Table 4. Effect of biostimulation on the effectiveness of growth regulators regardless of

the number of applications and year of study

Height of maiden

Number of lat-

Average length

Total length of

Dose Preparation apple trees eral shoots of one shoot lateral shoots
(cm) (pcs) (cm) (cm)

AGRIMIXPRO | 153.74+2.65A | 3.60+0.61 A | 26.49+0.72 A | 94.98 +13.65 A

o5 mi [ACRIMIXPRO | 458 164401 A | 3.842053A | 24.71+349A | 96.16 +26.12 A
+ Maxifruit
p-value 0.0545 0.4835 0.2509 0.9238
AGRIMIX PRO | 156.18 £+0.37 B 3.24+057B | 27.11 +443 A | 89.92 £29.80 A
AGRIMIX

35ml PRO + Maxifruit 165.62 +2.52 A | 4.24+0.18 A | 24.61 +2.17 A |104.64 £13.54 A
p-value 0.0001 0.0021 0.2431 0.2964

* Different letters A, B, C in the same column and a, b, ¢ in the same line indicate statistically significant
differences (p < 0.05)

AGRIMEXPRO 35 ml + Maxifruit

AGRIMX PRO 25 ml + Maxifruit

AGRIMIX PRO 35 ml

AGRIME PRO 25 mi

Maxifruit

Control
0.00

0.25

0.50

0.75

1.00

1.25

Fig. 1. Cluster analysis of parameters determining the branching quality of maiden apple trees
of the Gloster
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Figure 1 shows a cluster analysis of the crown structure of the Gloster of apple trees
regardless of the year of study and number of applications. The dendogram below shows
two distinct clusters. The first cluster refers to combinations in which growth regulators
and mixtures of growth regulators and biostimulation were applied. Within the large clus-
ter, we can distinguish a subgroup that includes combinations showing very high similar-
ity, i.e. AGROMIX PRO 25 ml + Maxifruit and AGROMIX PRO 35 ml. The next simi-
larity was observed with AGRO-MIX PRO 25 ml and AGROMIX PRO 35 ml + Maxifruit.
Controla and the Maxifruit combination formed a separate cluster.

It was observed that the number and total length of lateral shoots correlated with av-
erage air temperature, while the height of maiden apple trees and average length of one
shoot did not show this relationship. The analyzed traits showed no correlation with the
sum of precipitation and the year of the study (tab. 5).

Table 5. Correlation of growth and quality of maiden apple trees with weather conditions during
the plant growth period (April-October) and the year of study

R Average air tem- | Rainfall totals
Specification perature (°C) (mm) Year of study
I(-(l;;g))ht of maiden apple trees in autumn 01248 03551 02987
Number of lateral shoots (pcs) 0.5189* 0.1157 0.2684
Average length of one shoot (cm) 0.3703 0.1381 0.3111
Total length of lateral shoots (cm) 0.4875* 0.1447 0.2631
DISCUSSION

Biostimulants contain biologically active substances that positively affect plant
growth and development. They improve the tolerance of plants to unfavorable environ-
mental conditions, and some can affect the development of the root system [Hetman i Ada-
miak 2002, Jankowski and Dubis 2008, Kaptan et al. 2021, Kaptan et al. 2023]. Extracts
from marine algae are used in horticultural practice as agents that increase the size and
quality of crops [Matysiak and Adamczewski 2009, Pacholczak et al. 2012]. In the work
of Klimek et al. [2018] demonstrated the is-total effect of a growth regulator and its dosage
as well as biostimulation on the height of Szampion Reno maiden apple trees. These stud-
ies demonstrated that the use of AGRIMIX PRO at the highest dose, 35 ml, resulted in
a significant reduction in the height of the trees under evaluation. This could be attributed
to the extensive branching of the plants and their well-developed side shoots. Biostimulant
applications in the form of Asahi SL in the study by Klimek et al. [2018] had a signifi-
cantly beneficial effect on the evaluated parameter, which was also confirmed in the pre-
sent study. Kaplan and Baryta [2006] showed no significant effect of the preparation dose
on the height of the maiden apple trees of two-year-old apple trees. The growth of maiden
apple trees was significantly independent of average air temperature and precipitation
sum, these relationships did not confirm the previous results of Klimek et al. 2018 and
Kaplan and Baryta [2006]. Gastot et al. [1999, 2012] using preparations based on
bezyladein (BA) and gibberellins (GAz and GA4+7) showed no significant effect on the
height of maiden apple trees of Boskoop and Mutsu cultivars. In a study by Hetman and
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Adamiak [2003], the application of Asahi SL in the form of plant sprays produced bene-
ficial effects in the cultivation of multiflora rose rootstock. The application of Asahi SL
concentrations from 0.1% to 0.6% had a stymulative effect on the diameter and length of
the root neck, as well as the weight of the aboveground part and the root system. The result
was a good quality of multifloral rose rootstocks, which grew to periculations already in
the first half of August despite the not favorable weather conditions immediately after the
establishment of the experiment. Similar observations were demonstrated in a newly es-
tablished apple orchard, where the application of biostimulants had a beneficial effect on
the growth and development of apple trees of the Gala Must cultivar [Kaptan et al. 2021].
This study demonstrated that the number of lateral shoots is influenced by the dose and
number of AGRIMIX PRO applications and the biostimulation treatment. Maiden apple
trees treated with growth regulators and biostimulation produced significantly more lateral
shoots than control trees. These relationships have been confirmed in numerous papers
[Gastot et al. 1999, Klimek et al. 2018, Kaptan 2006]. An inconclusive effect on the degree
of branching of two-year-old apple trees was shown by Kaplan and Baryta [2006]. In the
above study, more lateral shoots were obtained in combinations treated with growth reg-
ulators than in the control, but the effect was not always significant. The number of lateral
shoots was observed to significantly increase after the application of the Maxifruit bi-
ostimulant. This phenomenon likely stems from the fact that the effectiveness of exoge-
nous growth regulators depends on numerous environmental factors, and the use of the
biostimulant supported and enhanced the branching effect. Hetman and Adamiak [2003],
evaluating the effect of Asahi SL on the quality of large-flowered roses, showed that the
least effective effect of the biostimulant was observed at the number of first-order shoots
compared to plants growing in control plots. The average length per shoot depended sig-
nificantly on the number of applications and branching and biostimulation treatments.
Klimek et al. [2018] showed that the maiden apple trees of the cultivar Szampion Reno
treated with the lowest dose of AGRIMIX PRO produced istotally longer shoots than after
application at a dose of 35 ml and in the control trial. The aforementioned study showed
a significantly beneficial effect of the Asahi SL preparation on the studied parameter. The
sum of lateral shoot lengths significantly depended on the number of applications and
branching and biostimulation treatments.

Klimek et al. [2018] showed that maiden apple trees treated with growth regulators
formed a higher sum of all shoot lengths compared to the control. They found that as the
concentration of AGRIMIX PRO increased, the sum of syleptic shoot lengths increased sig-
nificantly.Similar results were obtained by Gastot et al. [1999]. In the study of Poniedziatek
and Porebski [1992], a significant effect on the sum of lateral shoot lengths was exerted by
spraying with a mixture of BA + GAs (Arbolin 036 SL), while the preparation Paturyl 100
SL (BA) had only a slight effect on increasing the sum of increments, since the resulting
shoots are too short. In an earlier study by these authors Poniedzialek and Porgbski [1992],
the formulations Promalin 3.6 SL and Arbolin 036 SL affected the average sum of shoot
length, but no significant differences were found between the formulations used.
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CONCLUSIONS

1. The height of maiden apple trees of the Gloster significantly depended on the con-
centration of applied growth regulators. Trees treated with a higher concentration (35 ml)
were significantly higher than those treated with a lower dose (25 ml). A significantly
beneficial effect of the Maxifruit biostimulator on the height of the examined maiden apple
trees was demonstrated with the use of a higher dose of AGRIMIX PRO.

2. The number of side shoots, average length of a single shoot, and the sum of side
shoot lengths were significantly dependent on the number of growth regulator applica-
tions. A double application of AGRIMIX PRO had a beneficial effect on crown structure
parameters of maiden trees of the Gloster cultivar compared to a single application.

3. The crown structure of maiden apple trees of the Gloster cultivar, determined by
the number and length of lateral shoots and their sum, is significantly correlated with the
average air temperature during the growing season, which indicates a significant influence
of thermal conditions on the effectiveness of tree branching and should be taken into ac-
count when planning treatments stimulating the development of trees in the nursery.

4. Using the Maxifruit biostimulator alone does not significantly improve the growth
or quality of young apple trees of the Gloster. However, its use in combination with growth
regulators such as AGRIMIX PRO significantly increases the number of lateral shoots,
promotes branching development, and improves crown structure parameters, indicating
the significant value of this combination in nursery practice.
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