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1. STRESZCZENIE  

Niniejsza rozprawa doktorska stanowi zbiór wyników badań poświęconych roli poliamin 

w odpowiedzi lnu (Linum usitatissimum L.) na infekcję patogenicznym grzybem Fusarium 

oxysporum f. sp. lini. Prace składające się na rozprawę obejmują zarówno publikację 

przeglądową, syntetyzującą aktualny stan wiedzy na temat biosyntezy, katabolizmu i funkcji 

poliamin w roślinach i grzybach, jak i cykl artykułów eksperymentalnych, w których oceniano 

wpływ egzogennej aplikacji wybranych poliamin – spermidyny i kadaweryny – na przebieg 

fuzariozy oraz towarzyszące jej zmiany metaboliczne i sygnalizacyjne. 

W ramach badań wykazano, że spermidyna w stężeniu 10 mM działa jako czynnik 

przygotowujący (ang. priming agent), indukując szybką, ale kontrolowaną odpowiedź obronną 

charakteryzującą się przejściowym wzrostem stężenia H₂O₂ i efektywną aktywacją szlaków 

hormonalnych, zwłaszcza tych zależnych od kwasu salicylowego i jasmonowego. Kadaweryna 

wykazywała z kolei odmienny mechanizm działania – ograniczała rozwój grzyba głównie 

w strefie korzeniowej, hamując jego penetrację i kolonizację tkanek. Szczegółowe analizy 

hormonalne ujawniły dynamiczne, tkankowo-specyficzne zmiany w szlakach sygnalizacyjnych 

indukowanych przez infekcję oraz modulowanych przez spermidynę. 

Prezentowany cykl badań dostarcza nowych informacji na temat mechanizmów 

molekularnych i fizjologicznych zaangażowanych w odporność lnu na F. oxysporum oraz 

wskazuje, że odpowiednio dobrane poliaminy mogą być wykorzystane jako naturalne 

biostymulatory zwiększające odporność roślin. Wyniki te stanowią podstawę do dalszych prac 

nad opracowaniem strategii ochrony lnu opartej na indukcji mechanizmów obronnych. 
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2. ABSTRACT  

This doctoral dissertation presents a series of studies investigating the role of polyamines 

in the defence response of flax (Linum usitatissimum L.) against infection by the pathogenic 

fungus Fusarium oxysporum f. sp. lini. The work comprises a review article summarizing 

current knowledge on polyamine biosynthesis, catabolism, and their functions in plants and 

fungi, as well as a set of experimental studies evaluating the effects of exogenous application 

of selected polyamines – spermidine and cadaverine – on the course of fusariosis and the 

associated metabolic and signalling changes. 

The studies demonstrated that spermidine at a concentration of 10 mM acts as a priming 

agent, inducing a rapid but controlled defence response characterized by a transient increase in 

hydrogen peroxide levels and efficient activation of hormonal signalling pathways, particularly 

those mediated by salicylic and jasmonic acids. Cadaverine exhibited a distinct mode of action, 

primarily limiting fungal development in the root zone and reducing its penetration and 

colonization of plant tissues. Comprehensive hormonal analyses revealed dynamic, tissue-

specific changes in signalling pathways triggered by infection and modulated by spermidine. 

The presented body of work provides novel insights into the molecular and physiological 

mechanisms underlying flax resistance to F. oxysporum and suggests that appropriately applied 

polyamines may serve as natural biostimulants to enhance plant immunity. These findings lay 

the groundwork for future development of sustainable flax protection strategies based on 

induced resistance. 
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3. WPROWADZENIE 

Len zwyczajny (Linum usitatissimum L.) należy do najważniejszych roślin przemysłowych 

uprawianych w strefie klimatu umiarkowanego. Jego znaczenie gospodarcze wynika z dwóch 

głównych surowców: nasion oraz wysokiej jakości włókien [1]. Olej lniany, bogaty w kwas α-

linolenowy, znajduje szerokie zastosowanie w przemyśle spożywczym, kosmetycznym 

i chemicznym. Włókna lnu są cenionym materiałem w przemyśle tekstylnym, a dzięki 

właściwościom antyoksydacyjnym znajdują również zastosowanie w biomedycynie, m.in. przy 

produkcji opatrunków i implantów. Dodatkowo produkty uboczne przetwórstwa, takie jak 

makuchy i paździerze, są w pełni wykorzystywane, co czyni len rośliną wpisującą się w ideę 

gospodarki bezodpadowej [2], [3]. 

Mimo szerokiego potencjału gospodarczego uprawa lnu jest poważnie ograniczana przez 

choroby grzybowe. W Polsce powodującym największe straty patogenem jest Fusarium 

oxysporum f. sp. lini (Foln), grzyb glebowy wywołujący więdnięcie fuzaryjne. Wnika on do 

rośliny przez system korzeniowy, a następnie kolonizuje tkanki naczyniowe, głównie ksylem. 

Rozwój grzybni w naczyniach blokuje transport wody i składników odżywczych, powodując 

charakterystyczne objawy: chlorozę liści, więdnięcie, zahamowanie wzrostu, a w skrajnych 

przypadkach zamieranie całych roślin [4]. Fuzarioza nie tylko zmniejsza plon, lecz także 

istotnie pogarsza jakość włókna i nasion. Długotrwała zdolność patogenu do przetrwania 

w glebie w formie zarodników przetrwalnikowych sprawia, że jego zwalczanie 

konwencjonalnymi metodami agrotechnicznymi jest wyjątkowo trudne. Dlatego konieczne jest 

opracowywanie nowych, zrównoważonych strategii ochrony roślin, ukierunkowanych na 

wzmacnianie ich naturalnych mechanizmów odporności [5]. 

Poliaminy (PA) to małocząsteczkowe, alifatyczne polikationy obecne we wszystkich 

organizmach żywych, gdzie pełnią kluczowe funkcje regulacyjne. Do najważniejszych należą: 

putrescyna (Put), spermidyna (Spd), spermina (Spm), oraz kadaweryna (Cad) [6]. 

W komórkach roślinnych występują zarówno w formie wolnej, jak i związanej 

z makrocząsteczkami, takimi jak kwasy nukleinowe, białka, fosfolipidy czy składniki ściany 

komórkowej. Dzięki zdolności do tworzenia wiązań jonowych i kowalencyjnych poliaminy 

stabilizują błony, wpływają na strukturę chromatyny i aktywność enzymów, a tym samym 

uczestniczą w kluczowych procesach rozwojowych – podziale i różnicowaniu komórek, 

organogenezie, kiełkowaniu nasion oraz starzeniu się tkanek – a także w odpowiedzi na stresy 

biotyczne i abiotyczne [7], [8]. 

9:34795
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Centralnym etapem metabolizmu poliamin jest synteza putrescyny, która powstaje dwiema 

głównymi drogami: (1) z ornityny pod wpływem dekarboksylazy ornityny (ODC) oraz (2) 

z argininy w szlaku zależnym od dekarboksylazy argininy (ADC). W drugim przypadku 

arginina ulega dekarboksylacji do agmatyny, która jest następnie przekształcana do N-

karbamoiloputrescyny, a dalej do putrescyny. Putrescyna stanowi prekursor wyższych 

poliamin: spermidyny i sperminy, syntetyzowanych odpowiednio przez syntazę spermidyny 

(SPDS) i syntazę sperminy (SPMS) [9]. Kadaweryna powstaje w wyniku dekarboksylacji 

lizyny przez dekarboksylazę lizyny (LDC) [10]. 

Katabolizm poliamin zachodzi głównie poprzez oksydacyjny rozkład katalizowany przez 

oksydazę diaminową (DAO) – w przypadku putrescyny i kadaweryny – oraz oksydazę 

poliaminową (PAO), dla spermidyny i sperminy. Produktem tych reakcji jest m.in. nadtlenek 

wodoru (H₂O₂), pełniący istotną funkcję sygnałową w odpowiedziach obronnych [9]. 

U grzybów metabolizm poliamin przebiega podobnie, jednak obejmuje dodatkowy etap 

acetylacji przed ich degradacją [11]. 

Poliaminy pełnią wielopoziomową rolę w odporności roślin. Mogą działać jako cząsteczki 

sygnałowe, inicjujące kaskady sygnałowe, m.in. poprzez aktywację kinaz MAP, co może 

prowadzić do reakcji nadwrażliwości (HR) – kontrolowanej, lokalnej śmierci komórek 

w miejscu infekcji [12]. Ich katabolizm dostarcza H₂O₂, który działa bezpośrednio 

przeciwdrobnoustrojowo i pośrednio poprzez wzmacnianie barier fizycznych, takich jak 

lignifikacja i uszczelnianie ściany komórkowej. W ten sposób poliaminy uczestniczą 

w szybkiej odpowiedzi obronnej roślin [13], [14]. 

Dotychczasowe badania wskazują, że egzogenna aplikacja poliamin może modulować 

odporność, jednak efekt ten jest wysoce kontekstowy – zależy od gatunku, tkanki, stężenia 

i etapu infekcji. Przykładowo, traktowanie sperminą zwiększało odporność pomidora (Solanum 

lycopersicum) i rzodkiewnika (Arabidopsis thaliana) na szarą pleśń (Botrytis cinerea) [15], 

natomiast genetycznie zmodyfikowane pomidory o podwyższonym poziomie spermidyny 

wykazywały większą podatność na tę chorobę [16]. Ta dwoistość działania podkreśla 

konieczność ścisłej regulacji syntezy, transportu i degradacji poliamin w komórce, aby 

zapewnić skuteczną obronę. 

Spośród poliamin obecnych w roślinach w niniejszej pracy szczególną uwagę poświęcono 

spermidynie, która miała największy potencjał by wspomagać odpowiedź obronną rośliny. 

10:96973
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Dodatkowo do badań włączono kadawerynę – poliaminę syntetyzowaną w odrębnym szlaku 

metabolicznym – co umożliwiło porównanie mechanizmów działania związków należących do 

tej samej grupy, lecz różniących się pochodzeniem i potencjalnym sposobem oddziaływania na 

zarówno na roślinę, jak i na patogenu. 

Szczegółowe omówienie metabolizmu poliamin w komórkach roślinnych i grzybowych, 

ich udziału w procesach infekcyjnych oraz potencjalnych mechanizmów regulacyjnych zostało 

przedstawione w opublikowanym przeglądzie literatury (Publikacja 1). Publikacja ta stanowi 

istotne zaplecze merytoryczne niniejszej rozprawy, dostarczając aktualnego kontekstu 

teoretycznego i wskazując kluczowe obszary wymagające dalszych badań eksperymentalnych.  

Choć coraz więcej badań wskazuje na istotny udział poliamin w odporności roślin, ich 

konkretna rola w interakcji lnu z Foln pozostawała dotąd słabo scharakteryzowana. Brakowało 

szczegółowych badań oceniających wpływ egzogennej aplikacji wybranych poliamin – w tym 

spermidyny i kadaweryny – na przebieg fuzariozy oraz na towarzyszące jej procesy 

molekularne. Niewystarczająco poznane były również powiązania metabolizmu poliamin 

z siecią sygnalizacji hormonalnej odpowiedzialną za regulację odporności i równowagi redoks. 

Wypełnienie tych luk jest istotne z perspektywy poszukiwania nowych, biologicznych metod 

ochrony roślin. Niniejsza rozprawa odpowiada na te pytania, pokazując, że poliaminy nie są 

jedynie biernymi uczestnikami metabolizmu, lecz aktywnie modulują reakcję lnu na infekcję 

poprzez wpływ na gospodarkę redoks, szlaki obronne i dynamikę interakcji z patogenem. 
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4. CEL PRACY  

Celem niniejszej rozprawy doktorskiej było określenie roli poliamin w odpowiedzi lnu 

(Linum usitatissimum L.) na infekcję wywoływaną przez Fusarium oxysporum f. sp. lini, 

ze szczególnym uwzględnieniem wpływu egzogennej spermidyny i kadaweryny. 

Dotychczasowe dane literaturowe wskazywały, że infekcja roślin przez patogeny grzybowe 

często prowadzi do wzrostu zawartości poliamin, jednak ich rola w tym procesie pozostawała 

niejednoznaczna. Z jednej strony związki te mogą wspierać aktywację mechanizmów 

obronnych rośliny, z drugiej – mogą być wykorzystywane przez patogenu jako źródło azotu lub 

czynniki sprzyjające jego rozwojowi. Brakowało zatem badań pozwalających jednoznacznie 

określić, czy modulacja poziomu poliamin jest dla roślin lnu strategią korzystną oraz jakie 

mechanizmy regulacyjne decydują o efekcie końcowym tej interakcji. 

Zakres pracy obejmował analizę zmian metabolizmu poliamin w roślinach poddanych 

infekcji, ocenę efektów aplikacji wybranych poliamin na rozwój patogenu i reakcje obronne 

lnu oraz zbadanie powiązań metabolizmu poliamin z sygnalizacją hormonalną i równowagą 

redoks w trakcie infekcji. 
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5. PUBLIKACJA 1 

 

Augustyniak, B., Kochneva, Y., Widuła, J., Kulma, A,. Polyamines: defeat or survival of the 

fungus. Phytochem Rev 23, 1761–1774 (2024). https://doi.org/10.1007/s11101-024-09937-9 

 

5.1. KRÓTKI OPIS PUBLIKACJI 1 

Publikacja przeglądowa pt. „Polyamines: defeat or survival of the fungus”, której jestem 

pierwszą, równorzędną autorką (wraz z Y.K.), została opublikowana w 2024 roku 

w czasopiśmie Phytochemical Reviews (IF2024 = 7,6). 

Mój wkład w powstanie tej pracy polegał na opracowaniu koncepcji manuskryptu, 

przeprowadzeniu badań literaturowych (razem z Y.K.), napisaniu pierwszej wersji 

rozdziałów: Introduction; Biosynthesis and catabolism of polyamines in plant and fungal cells; 

The role of polyamines in the mycorrhiza, wstępu do rozdziału The role of polyamines in the 

interaction of plants with pathogenic fungi. Samodzielnie opracowałam abstrakt, 

współtworzyłam rozdział Conclusions i uczestniczyłam w edycji manuskryptu do wersji 

ostatecznej wraz ze współautorami.  

Praca przedstawia aktualny stan wiedzy na temat metabolizmu poliamin w komórkach 

roślinnych i grzybowych oraz ich udziału w interakcjach między tymi organizmami, 

obejmujących zarówno procesy patogeniczne, jak i symbiotyczne. W publikacji szczegółowo 

scharakteryzowano szlaki biosyntezy i katabolizmu poliamin, wskazując na kluczowe różnice 

i podobieństwa między komórkami roślinnymi i grzybowymi. Omówiono również 

wieloaspektową rolę tych związków w procesie infekcji, produkcji mykotoksyn oraz 

w odpowiedziach obronnych roślin.  

Publikacja ta jest ściśle powiązana z tematyką prowadzonych przeze mnie badań i stanowi 

merytoryczny fundament niniejszej rozprawy doktorskiej, dostarczając usystematyzowanego 

przeglądu wiedzy. 
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5.2. MANUSKRYPT PUBLIKACJI 1 

 
  

Polyamines: defeat or survival of the fungus

Beata Augustyniak . Yelyzaveta Kochneva . Jan Widuła .

Anna Kulma

Received: 26 January 2023 / Accepted: 23 February 2024
! The Author(s), under exclusive licence to Springer Nature B.V. 2024

Abstract Polyamines are low molecular weight

amines that serve numerous pivotal functions in

eukaryotic cells, such as contributing to processes
like embryogenesis, organogenesis in plants, and host

interactions in fungi. Over the years, there has been

significant interest in these compounds concerning the
enhancement of plant resistance to pathogenic infec-

tions. As polyamines play indispensable roles in both

plant and fungal functionalities, elucidating their
precise significance in the interplay between these

two organisms remains intricate. Furthermore, it is

becoming evident that polyamines can yield disparate
effects contingent upon factors such as prevailing

conditions, concentrations, and the specific species of

both plants and fungi.

This paper provides an analysis of recent research

conducted mostly within the last five years, concen-
trating on the multifaceted role of polyamines in the

dynamic between plants and two types of fungi:

phytopathogenic and mycorrhizal. The investigation
places particular emphasis on two principal aspects.

Firstly, it delves into the influence of polyamines on
fungal pathogens, encompassing aspects such as

mycotoxin production and the infection process.

Secondly, it explores the intricate interplay of the
plant’s immune response to fungal pathogens.

Keywords Polyamines ! Plant-fungus interactions !
Infection ! Mycotoxins ! Mycorrhiza ! Biocontrol

Introduction

Polyamines (PAs) are low molecular weight aliphatic

polycations. They are commonly found in all living

organisms (Mustafavi et al. 44). In plants, putrescine
(Put), spermidine (Spd), and spermine (Spm) are the

most prevalent, alongside thermospermine (Tspm)

and cadaverine (Cad) (Kim et al. 35; Rajpal and Tomar
60). The structural and molecular formulas of these

PAs are provided in Table 1. PAs found in fungi

include Put and Spd. Some species also possess Spm
(Michael 43). PAs in cells can exist in both free and

conjugated forms. They are capable of binding to

macromolecules, such as proteins and cell wall

Beata Augustyniak and Yelyzaveta Kochneva have contributed
equally to this work.
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components, as well as to smaller compounds like

phenolic acids (Pál et al. 49). The interaction of PAs
with other molecules is influenced by the presence of

one or more amino groups (-NH2) in the molecule. At

physiological pH levels, PAs carry 2 to 4 positive
charges, which enables them to stabilize biological

membranes and nucleic acids by forming bonds with

negatively charged surfaces (Zeiss, Piater, and Dubery
82). This capability allows PAs to influence crucial

physiological processes associated with development,

growth (such as embryogenesis, organogenesis, and
flower development in plants, and host interactions in

fungi), as well as responses to various types of stress,

within both plant and fungal cells. Of utmost impor-
tance for all eukaryotes is that PAs are necessary for

the modification of hypusine, an amino acid that

constitutes a part of the eukaryotic translation initia-
tion factor 5A. This renders PAs particularly vital for

the growth of both plants and fungi. Despite the

numerous shared functions of PAs in eukaryotic cells,
it is essential to note the differences in PA content,

metabolism, and regulation between plants and fungi

(Chen et al. 6; Rocha and Wilson 62). Given the

prevalence and multifunctionality of PAs in both fungi

and plants, determining the extent and significance of
these compounds in the interaction between these two

groups of organisms is challenging. This study focuses

on the role of PAs in the relationship between plants
and phytopathogenic and mycorrhizal fungi, drawing

on studies conducted over the past five years.

Biosynthesis and catabolism of polyamines in plant
and fungal cells

The metabolism of PAs in plant cells is comprehen-

sively outlined in Gonzalez et al. 21, while in fungi, it
is elaborated in Rocha and Wilson 62. Our focus here

primarily revolves around contrasting the key com-

ponents of this pathway between these two organismal
groups.

The biosynthesis of PAs commences with Put,

which can be synthesized in plants through three
distinct pathways. Two of these pathways take place in

the cytoplasm.Ornithine undergoes decarboxylation to

produce Put, catalyzed by ornithine decarboxylase

Table 1 Structural and molecular formulas of common polyamines. The structural formulas were derived from the PubChem
database

Name Structural formula Molecular Formula

Putrescine (Put) C4H12N2

Cadaverine (Cad) C5H14N2

Spermidine (Spd) C7H19N3

Spermine (Spm) C10H26N4

Thermospermine (Tspm) C10H26N4

123
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(ODC, EC 4.1.1.17) (Docimo et al. 11). The second
cytoplasmic pathway involves the decarboxylation of

arginine by arginine decarboxylase (ADC, EC

4.1.1.19) to agmatine, which is then converted to Put
in two subsequent reactions by agmatine iminohydro-

lase (AIH, EC 3.5.3.12) and N-carbamoylputrescine

amidohydrolase (NCPAH, EC 3.5.1.53) (Piotrowski,
Janowitz, and Kneifel 56). Both Put synthesis path-

ways are widespread in plants; however, exceptions do

exist. For instance, the ODC-associated pathway has
been found to be absent in Arabidopsis thaliana (as

well as other members of the Brassicaceae family)

(Hanfrey et al. 23), and in the case of the moss
Physcomitrella patens (Fuell et al. 17). Furthermore, in

most microalgae, the pathway associated with ADC is

either absent or incomplete (Lin and Lin 36). Within
this group of organisms, only inChlorella vulgaris has
the presence of a complete ADC pathway been

demonstrated (Cohen et al. 7). A curious case is
Chlamydomonas reinhardtii, where ADC activity has

been detected despite the absence of the ADC gene in

its genome (Tassoni, Awad, and Griffiths 73). This
phenomenon is likely associated with the fact that

ODC, as a substrate, can also utilize arginine besides

ornithine (Lin and Lin 36). The third recently discov-
ered pathway for Put biosynthesis occurs within

chloroplasts. It was so far described in Arabidopsis
thaliana and Glycine max. Arginine is decarboxylated
in the chloroplasts by ADC and the resulting agmatine

is converted into Put by arginase (ARGAH, E.C.

3.5.3.1) (Patel et al. 51).
In the majority of fungi, the initiation of PAs

synthesis is primarily confined to the ODC pathway.

Exceptions exist among certain species of mycorrhizal
fungi (such as Paxillus involutus and Gigaspora
rosea) as well as plant pathogens (including Cerato-
cystis minor and Verticillium dahliae), which exhibit
ADC activity (Khan andMinocha 34; Fornalé, Sarjala,

and Bagni 15; Sannazzaro et al. 67). Recent studies on

Candida albicans indicate additional PA synthesis
pathways: arginase-dependent, in which arginase

converts arginine into ornithine, and arginase-inde-
pendent, in which agmatine is converted into Put by

agmatinase (Schaefer et al. 69). However, previous

studies on the model fungus Neurospora crassa
indicate that an arginase independent pathway may

be more significant for cytoskeleton development than

for PAs synthesis (Pérez-Mozqueda, Vazquez-Duhalt,
and Castro-Longoria 53).

Put serves as a precursor to the higher PAs, namely,
Spd and Spm. These compounds are formed succes-

sively through the addition of aminopropyl groups using

spermidine synthase (SPDS, EC 2.5.1.16) and spermine
synthase (SPMS, EC 2.5.1.22). The necessary groups

for these reactions are sourced from the decarboxylation

of S-adenosylmethionine (SAM) by S-adenosylme-
thionine decarboxylase (SAMDC, EC 4.1.1.50). Addi-

tionally, certain plant species possess Tspm, a structural

isomer of Spm, produced by thermospermine synthase
(TSPMS, EC2.5.1.79) fromSpd (Michael 43). All these

reactions occur in the cytoplasm. Furthermore, SPDS

and SPMS have the capacity to form a complex within
the nucleus, where the synthesis of Spd and Spm also

takes place (Belda-Palazón et al. 2012).

The synthesis of higher PAs is similar in fungi.
However, it should be noted that not all fungi contain

SPMS.Until recently, its genewas thought to occur only

inSaccharomycotina, but recently it has also been found
in Magnaporthe oryzae of the Sordariomycetes class

(Rocha et al. 63).Ustilagomaydis lacks the capability to
produce Spm, and interfering with SPMS did not result
in the creation of spermine-dependent strains (Valdés-

Santiago, Cervantes-Chávez, and Ruiz-Herrera 74). It is

also assumed that filamentous fungi do not contain Spm
(Nickerson, Dunkle, and Van Etten 46; Pegg and

Michael 52; Michael 43). However, it is worth men-

tioning that there are examples of fungi in this class that
contain this PA: Aspergillus nidulans (Franco-Cano

et al. 16),Aspergillus fumigatus (D.R.Walters, Cowley,

and McPherson 78),Magnaporthe oryzae (Rocha et al.
63),Pisolithus tinctorius andPaxillus involutus (Niemi,

Haggman, and Sarjala 47).

Cad is one of the lesser-known PAs. It occurs in
some types of fungi and plants. In these two groups of

organisms, Cad synthesis is separate from the other

PAs. It is produced by the decarboxylation of lysine
via lysine decarboxylase (LDC) (D. Walters and

Cowley 77; Zhang et al. 83; Michael 43).

Catabolism of PAs in plants occurs due to the
terminal catabolism activity and back-conversion. In

the case of fungi, there is no information on terminal
catabolism. In plants, oxidation occurs via the actions

of copper-containing amine oxidases (DAOs, E.C.

1.4.3.22) and flavin-containing polyamine oxidases
(PAOs, E.C. 1.5.3.14). DAOs, found in peroxisomes

and apoplasts, are primarily responsible for oxidizing

diamines, giving rise to hydrogen peroxide, ammonia,
and 4-aminobutanal. Meanwhile, PAOs engage in the
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oxidative deamination of ’higher PAs’ like Spd, Spm,
and Tspm, performing both terminal catabolism and

back-conversion reactions. These enzymes are dis-

persed throughout extracellular, cytosolic, and perox-
isomal compartments (Gonzalez et al. 21). However,

in A. thaliana PAOs are only found in the cysosol and
peroxisomes (Fincato et al. 14). The key difference
between plants and fungi is that in fungi PAs are

acetylated by spermine/ spermidine N-acetyltrans-

ferase (SSAT, E.C. 2.3.1.57) producing N1-acetylsper-
mine or N1-acetylspermidine and then back-converted

by PAO. Direct back-conversion via enzyme PAO,

observed in plants, has not been demonstrated in fungi.
The back-conversion continue by acetylation of Put by

diamine N-acetyltransferase (DAT, E.C. 2.3.1.57)

(Valdés-Santiago et al. 75; Rocha and Wilson 62). In
both plant and fungi, PA catabolism intertwines with

other metabolic pathways like synthesis of c-aminobu-

tyric acid (GABA) (Gerlin, Baroukh, and Genin 20).
Acetylated forms of PAs have also been detected in

plants. There is little information on the functions of

these compounds in plants. It is suggested that theymay
be related to the stress response (Y. Lou et al. 38). A.
thaliana N-acetyltransferase activity1 (NATA1) is

responsible for acetylating Put to N-acetylputrescine,
competing with SPDS for a shared substrate. The

expression of NATA1 is upregulated by jasmonic acid.

After infecting the plant, Pseudomonas syringae pro-
duces coronatine, a toxin that activates the same

pathways as jasmonic acid. Therefore, during infection,

there is an increase in the expression of NATA1. This
subsequently leads to an elevated level of N-acetylpu-

trescine and a reduction in the level of H2O2 derived

from PAs oxidation. A.thaliana nata1mutant exhibited
an elevated level of H2O2 during Pseudomonas infec-
tion, originating from PAs oxidation. This led to the

activation of plant defense systems, thereby inhibiting
bacterial growth. These observations indicate the

involvement of Put acetylation by NATA1 in suppress-

ing antimicrobial defense (Y.-R. Lou et al. 39). In the
case of fungi, there is no information on the function of

acetylated PAs, it appears that they are an intermediate
step in PAs catabolism (Rocha andWilson 62) (Fig. 1).

Regulation of metabolism in fungi and plants

PAs serve various functions in both fungi and plants,

and their metabolism is tightly regulated to maintain
PAs homeostasis within the cell. However, there is a

lack of research in fungi concerning this regulation.
The best-characterized mechanism to date involves

the regulation of ODC activity by an inhibitory protein

called antizyme (OAZ). In response to elevated
polyamine levels, OAZ binds to ODC, exposing a

degradation signal located at the N-terminus. Subse-

quently, this signal is recognized by the proteasome.
This type of regulation has only been described in

yeast so far (Hoyt, Zhang, and Coffino 25; Chattopad-

hyay, Murakami, and Matsufuji 5). In filamentous
fungi, a homolog of this protein has been identified in

N. crassa (Hoyt, Broun, and Davis 24).

Additionally, a PEST region has been confirmed in
ODC in N. crassa (Williams et al. 79; Juan Francisco

Jiménez-Bremont et al. 30),U. maydis (Guevara-Olvera,
Xoconostle-Cázares, and Ruiz-Herrera 22), Fusarium
graminearum (Juan Francisco Jiménez-Bremont et al.

30), andMetharhizium anisopliae (Madrigal Pulido et al.

59; Juan Francisco Jiménez-Bremont et al. 30). The
PEST sequence is a degradation signal rich in proline (P),

glutamic acid (E), serine (S), and threonine (T). It was

first identified in mammalian proteins characterized by a
short half-life (Rechsteiner and Rogers 61).

In contrast, the regulation of PAs metabolism in

plants is relatively well-described. For instance,
translational and post-translational regulation of PAs

metabolism enzymes is thoroughly documented by

J.F. Jiménez-Bremont et al. 31. In brief transcriptional
repression is often associated with the presence of

upstream open reading frames (uORFs) in the untrans-

lated regions (UTRs) and the formation of secondary
mRNA structures. Post-translational regulation in

plants includes the presence of PEST sequences in

proteins. This PEST region has been identified in
AtSAMDC1 and AtPAO5 in A. thaliana. However, the
mechanism of OAZ-dependent regulation has not been

confirmed in plants (J.F. Jiménez-Bremont et al. 31).

The role of polyamines in the interaction of plants
with pathogenic fungi

Current evidence points to several possible mecha-

nisms of action of PAs in plant biotic stresses. PAs can

act as elicitors, therefore activating the MAPK serine-
threonine kinases increasing the expression of genes

involved in the hypersensitivity reaction, which in turn

leads to local cell death (Hussain et al. 27). The second
mechanism is associated with the role of PAs in
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maintaining redox homeostasis. On the one hand, PAs

catabolism produce H2O2; on the other hand, higher
PAs can act as reactive oxygen species (ROS)

scavengers (Bors et al. 4; Pottosin et al. 58). During

immune responses to the pathogen, H2O2 acts indi-
rectly through cell wall lignification, as the signal to

programmed cell death, and is also associated with the

production of other important signaling molecules

such as NO, abscisic acid or salicylic acid. In addition,

H2O2 can directly affect the growth of the pathogen
(D. Walters 76; Liu and Alcázar 37).

Effect of the polyamines on the fungal pathogens

The effect of PAs on fungal pathogens varies

depending on the concentration, conditions of

Fig. 1 Polyamine biosynthesis and catabolism in plant and
fungal cells. Reactions shared between plants and fungi are
marked by white ovals around corresponding enzymes
(Arginase, ARGAH, ODC). ADC pathway indicated by dotted

lines is present in plants but still elusive in fungi. Plants specific
reactions are marked by green ovals (AIH, NCPAH, DAO,
PAO, TSPMS). Fungi specific reactions and enzymes marked in
beige (PAO, DAO,SSAT,DAT)
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treatment, species of the pathogens and hosts, as well
as what kind of PA is involved and whether it occurs as

free amine or in conjugated form. The research of

Sánchez-Elordi et al. has shown the effect of the PA
treatment on the sugarcane pathogen Sporisorium
scitamineum. The exogenous treatment of the S.
scitamineum teliospores with Put causes nuclear
decondensation and rupture of the teliospore cell wall,

whereas treatment with Spd did not have this effect.

The number of polymerized microtubules increases in
the presence of 7.5 mM Spd, but with Put there is a

decrease in the amount. Also, the lower concentrations

of the Spd can activate teliospore germination, but Put
does not have such an effect. The authors of the above

paper proposed a theory about the relationship

between PAs and plant’s resistance. Treatment of
teliospores with high molecular mass glycoproteins

(HMMG) isolated from a resistant and pathogen

untreated variety of sugarcane, increased the amount
of the insoluble fraction of Put, Spm and both soluble

and insoluble fraction of Spd and soluble fraction of

Put. But no such changes were noted during treatment
with HMMG isolated from the non-resistant sugarcane

variety. This experiment shows, that the PAsmay have

a specific role in the plant-pathogen interactions
during the infection on both sides: the plants can use

glycoproteins to change the composition of fungal

PAs, thus influencing the infection process (Sánchez-
Elordi et al. 66).

The ODC orthologue SPE1 in Colletotrichum
higginsianum (ChODC), is important for the devel-
opment of hyphae and conidia. The production of

appressorium is a very important step in pathogenic

infection. Removal of ChODC has a significant effect
on host penetration via the appressorium in C.
higginsianum. Exogenous treatment of such mutants

with PAs restores appressorium function and fungal
virulence, indicating that the loss of ChODC resulted

in a significant reduction in virulence due to interac-

tions between PAs and other metabolic pathways (Yan
et al. 81).

Deletion of the Spd biosynthesis gene FgSPE3 in
Fusarium graminearum interrupts the growth and

development of the fungus, including inhibition of

reproductive capacity and mycotoxin production, and
increased sensitivity to stress. Exogenous Spd treat-

ment restores the above-mentioned functions. These

results indicate that Spd is essential for the pathogenic-
ity of F. graminearum (Tang et al. 72). Similar results

were reported in the study by Majumdar et al.:
inactivation of the SPDS gene resulted in a complete

loss of Aspergillus flavus growth and sporulation

in vitro, which could be partially restored by the
addition of exogenous Spd. Infection of maize with the

1spds mutant causes a significant reduction in fungal

growth, sporulation and aflatoxin production (Majum-
dar et al. 40).

Botrytis cinerea is a phytopathogen responsible for

gray mold disease. Genome sequencing of this fungus
showed gene clusters containing, among others, non-

ribosomal peptides which are biologically active

compounds synthesized by non-ribosomal peptide
synthetase (NRPS). The function of five of them was

unknown. As a result of the research, the role of some

of them has been clarified. For example, overexpres-
sion of BcNRPS1 gene is caused by the presence of PA
in Botrytis cinerea culture which results in the

reduction of the B. cinerea strain aggressiveness. On
the other hand, the deletion in the BcNRPS1 gene

caused overexpression of the BcNRPS6 gene, which is
responsible for the production of siderophores that
have a protective effect against oxidative stress. This

overexpression decreased the tolerance of B. cinerea
strain to Spd and increased its aggressiveness in the
experiment (Fernández-Morales et al. 13).

The huge work of Pérez-Rodrı́guez et al. showed

the results of analysis of gene expression related to
polyamine concentration in Ustilago maydis, a well-

known corn pathogen which is widely used for

dimorphism investigations in fungi. They showed that
the U. maydis needs Put and Spd to complete its

dimorphic transition from yeasts to filamentous

growth at pH 3. Also, they proved the correlation
between Put and Spd effect and overexpression of U.
maydis genes, which are related to basal transcription

factors, glucose reduction, ribosomal subunits, mito-
chondrial function, and cell wall modifications. That

study confirms that PAs play an important role in the

fungi development (Pérez-Rodrı́guez et al. 54). Pre-
vious research on U. maydis also showed that

ZmPAO1 can be responsible for H2O2 accumulation
in maize tumors (Jasso-Robles et al. 29).

Numerous publications have explored the impact of

phenolamides, such as polyamine and phenol conju-
gates, on fungal plant pathogens. This aspect has been

thoroughly elucidated in the review by Roumani et al.

The review delves into the accumulation of pheno-
lamides in plant leaves as a response to microbial
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infections, including fungal infections. Phenolamides
play a crucial role in plant defense by exhibiting direct

antimicrobial activity and reinforcing the secondary

cell wall. They not only inhibit the growth of bacteria
and fungi but also diminish the digestibility of the cell

wall by pathogenic enzymes, effectively impeding

pathogen proliferation (Roumani et al. 64).

Relation between polyamines and mycotoxins

Effect of polyamines on the mycotoxins production

One of the important factors of fungal virulence is
production of mycotoxins, secondary metabolites of

various chemical structures (as shown in Fig. 2). As

those components not only influence plant pathogen-
esis but are also toxic to humans any changes to their

synthesis by fungi have to be monitored (Štern et al.

71). Literature review shows, in various cases PAs can
both activate and inhibit mycotoxin production. For

example, Put induces the production of mycotoxins in

Fusarium graminearum at the transcriptional level,
via increase of the expression of the TRI5 and TRI6
genes. PAs biosynthesis inhibitors can reduce the

growth of fungus and production of deoxynivalenol
(DON), but exogenous Put overcomes these effects.

Moreover, the expression level of the Saccharomyces
cerevisiae TPO4 homolog involved in the excretion of
Put increases with increasing Put concentration, while

the expression of the DUR3 and SAM3 homologues

involved in Put uptake decreases (Gardiner, Kazan,
and Manners 18; Crespo-Sempere et al. 8). Spd can

inhibit the growth of Fusarium proliferatum and the

biosynthesis of fumonisin B1 and beauvericin (Per-
incherry et al. 55). An ODC inhibition with D, L-a-
difluoromethylornithine (DFMO) leads to the inhibi-

tion of the Alternaria alternata growth and the
production of mycotoxins. The addition of exogenous

Put is not sufficient to renew these processes, more-

over, increasing concentrations of Put reduce the
expression level of genes related to the production of

mycotoxins (pksJ and altR), and a negative effect on
the production of mycotoxins is observed (Estiarte

et al. 12).

On the other hand agmatine induces the production
of type B trichothecene mycotoxins (3-acetyl- DON,

15-acetyl-DON, fusarenon-X, nivalenol) and zear-

alenone production in several different strains of F.
graminearum, F. culmorum and F. poae (Gardiner,

Kazan, andManners 18; Pasquali et al. 50). Activation
of the PAs biosynthetic pathway, including Put and

Cad, in wheat after F. graminearum infection occurs

before detectable accumulation of DON by in this case
the induction of mycotoxin synthesis is planta by Put is

only implied (Gardiner et al. 19).

Some polyamine derivatives also influence myco-
toxine production. Earlier studies by Mellon and

Moreau showed that the diferuloylputrescine/p-

coumaroylferuloylputrescine mixture can inhibit afla-
toxin B1 biosynthesis by A. flavus. Depending on the

concentration of this conjugate used, almost complete

inhibition of biosynthesis can be achieved (Mellon and
Moreau 42).

Effect of mycotoxins on the polyamines pool

There are some reports suggesting that mycotoxins can

influence PAs synthesis in plants. During the aflatoxin
B1 (AFB1) treatment of maize kernels, accumulation

of polyamine conjugates (Spd and Put) is induced.

High concentrations of AFB1 lead to an increase in the
amount of Put conjugates and a decrease in the amount

of Spd conjugates, while low concentrations increase

the amount of Spd conjugates. It is not clear yet if this is
an attempt by fungus to hijack the plant metabolic

pathway and subsequently use produced polyamines or

defense mechanisms activated in planta to protect
plants from damage (Bartolić et al. 2).

Effect of the polyamines on the infection process
in plants

Increased levels of Put, Spd and the ornithine are
observed in infected wheat leaves during Pyricularia
oryzae infection. Rapid accumulation of PAs during

infection may indicate the influence of PAs on wheat’s
susceptibility to infection (Aucique-Pérez et al. 1).

Studies on the participation of polyamine oxidases in

the oxidative explosion in wheat after Puccinia
triticina infection show that the more resistant the

wheat variety, the greater the role of DAO and PAO in
the production of hydrogen peroxide (Dmochowska-

Boguta, Kloc, and Orczyk 10).

Exogenous Spm treatment increases the resistance
of Solanum lycopersicum, Phaseolus vulgaris and

Arabidopsis thaliana to Botrytis cinerea. Spm induces

overexpression of genes associated with systemic
acquired resistance (SAR). Along with this, the
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generation of reactive oxygen species increases.

Simultaneous treatment with Spm and salicylic acid
has a synergistic effect (Seifi et al. 70). Similar results

are also reported for Spd by Rensburg et al. In addition

to the increased production of ROS, catalase, ascorbic
and guaiacol peroxidase activity is induced after

exogenous treatment with these two PAs, and after

infection with B. cinerea. Soluble sugars accumulate
after treatment with Spd and Spm. This accumulation

probably happens through PAs and sugar signaling

pathways communication. Only Spm-pretreated
plants can accumulate higher sugar levels after

infection. Those sugars can serve as substrates for

the synthesis of defense compounds, but one could
argue that they may be used also directly by fungus.

But treatment with high concentrations of Spm also
leads to accumulation of GABA, phenylalanine and

asparagine after infection (Rensburg, Limami, and

Van den Ende 28).
Tomato plants genetically modified to have higher

levels of Spd were observed to be more susceptible to

B. cinerea. They exhibited larger lesions and a greater
fungal biomass compared to the wild-type plants. This

increased vulnerability was associated with the down-

regulation of genes linked to ethylene biosynthesis and
signaling, indicating a potential interference with

ethylene-mediated plant defense mechanisms (Nam-

beesan et al. 45).
During A. flavus infection of maize, significant

induction of both PAs biosynthesis and catabolism

genes is observed. Compared to the susceptible line, the
resistant maize lines show a higher basal expression of

the PAs metabolic genes in the controls, which

increased after infection, and have a lower rate of
infection and aflatoxin accumulation. Increase in both

synthesis and catabolism can probably be a good source

of ROS (Majumdar et al. 41). Arachis hypogaea
resistant to Sclerotium rolfsii infection genotypes show
higher expression of PAs biosynthesis genes (ODC,
SPMS and lipoxygenase1 (LOX1)) and containmorePut
compared to susceptible genotypes (Nogiya et al. 48).

Those studies indicate the participation of PAs in

the defense of plants against various types of infec-
tions, such as necrotrophic as well as bio- and

hemibiotrophic ones.

The role of polyamines in the mycorrhiza

A mycorrhiza is a mutual symbiotic association
between a fungus and a plant. In a mycorrhizal

association, the fungus colonizes the host plant’s root

tissues, either intracellularly as in arbuscular mycor-
rhizal fungi, or extracellularly as in ectomycorrhizal

fungi (Johnson, Graham, and Smith 32).

Treatment of the improved (Glycine max, domes-
ticated soybean) and unimproved (Glycine soja, wild
soybean) soybean roots with the fungi of the phylum

Glomeromycota that form arbuscular mycorrhiza
shows that the domesticated genotypes contain less

PAs and flavonoids compared to wild soybean, and the

mycorrhization process is also better in wild soybean
genotypes. The concentration of Put increases when

both genotypes are colonized, but the highest concen-

trations are, however, observed in the wild soybean
genotypes. The study of the level of transcripts

involved in the production of Put shows that the down

regulation of the GmADC transcript has a negative
effect on the mycorrhiza formation (Salloum et al. 65).

The soil fungi Funneliformis mosseae participating in

the formation of arbuscular mycorrhiza use the
synthesis of PAs in the roots of the trifoliate orange

(Poncirus trifoliata) to survive the soilmoisture deficit.

After fungal treatment,mycorrhizal plants had a higher
concentration of PAs synthesis precursors (L-or-

nithine, agmatine, S-adenosylmethionine), PAs syn-

thases (ADC, ODC, SPDS and SPMS), PA degrading
enzymes (DAO and PAO) and a higher concentration

of Put andCad. In contrast, during soil moisture deficit,

the concentration of Spd decreases (Zou et al. 84).
Pisolithus albus, an ectomycorrhizal fungus, uses

the PaMiSSP10b effector protein for better coloniza-

tion of the host Eucalyptus grandis. As a result of the
interaction of a protein with the plant SAMDC, its

activity increases, thereby increasing the synthesis of

PAs, which promotes the colonization of the host’s
roots (Plett et al. 57).

What is more, by influencing PAs synthesis,

mycorrhiza can improve plant response to abiotic
and biotic stresses. The research by Hu and Chen

showed that arbuscular mycorrhiza stimulates the

accumulation of Put in the roots of maize, and during
water stress the enzymes involved in its degradation

are activated. Themost important downstream product

of this process is GABA, known for taking part in plant
stress response (Hu and Chen 26). Kebert et al.

bFig. 2 Structural formulas of mentioned mycotoxins. The
structural formulas are from the PubChem database
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observed a similar increase in Put and GABA levels in
ectomycorrhizal oak model infected with pathogen

Erysiphe alphitoides (Kebert et al. 33).

Biocontrol

The effect of PAs as an inducer of plant resistance

during pathogenic infection can be used as a biological

control of plant diseases. This fact is confirmed by
several recent studies.

The extremophilic organisms such as Stenotropho-
monas spp. and Exiguobacterium spp. can produce
PAs, including Put, which together with lytic compo-

nents reduce the growth of two strains ofMacrophom-
ina phaseolina (Santos et al. 68).

Piriformospora indica is an endophyte in the root of
wheat. This fungus increases the basal resistance of

wheat against the pathogen Fusarium pseudogramin-
earum, but in vitro, no antagonistic relationships were
observed between these fungi. The use of Spd and

sodium nitroprusside has shown that they have a
significant synergistic effect on basal resistance and P.
indica-induced resistance by increasing levels of

H2O2, guaiacol peroxidase and catalase activity,
callose deposition, relative water content and mem-

brane stability index compared to plants inoculated

with F. pseudograminearum only and uninoculated
controls. Such research indicates a significant influ-

ence of polyamines on plant resistance (Dehghanpour-

Farashah, Taheri, and Falahati-Rastegar 9).
It also may be possible to use a non-pathogenic

strain Fusarium oxysporum Fo47 for biocontrol of

Fusarium spp. infections in flax. Wojtasik et al.
showed an increase in total polyamines level in flax

seedlings after incubation with a non-pathogenic

strain. However, the interaction with the pathogenic
strain is still being investigated (Wojtasik et al. 80).

Conclusions

This comprehensive review delves into the intricate

relationship between PAs and their roles in the

interactions between plants, phytopathogens, and
mycorrhizal fungi over the past five years. The

exploration of polyamine effects on fungal pathogens

encompasses aspects such as mycotoxin production
and the infection process. PAs, notably Put, exhibit

dual roles by both inducing mycotoxin production and
potentially suppressing it at higher concentrations.

Spd demonstrates inhibitory effects on fungal growth

and mycotoxin biosynthesis, while agmatine induces
various mycotoxins in different Fusarium strains.

Furthermore, derivatives like diferuloylputrescine/p-

coumaroylferuloylputrescine show promise in inhibit-
ing aflatoxin B1 biosynthesis. The regulation of

polyamine metabolism extends beyond fungi, as

evidenced by altered polyamine levels in maize
kernels treated with aflatoxin B1. The nuanced

regulatory mechanisms highlight the potential

involvement of polyamines in planta mycotoxin
synthesis regulation in wheat. This complexity under-

scores the challenges and opportunities in developing

strategies to address mycotoxin contamination in
crops and sugges that it may not be impossible to

devise general strategy but rather mitigation strategies

need to be developed on case by case basis. The
findings suggest a potential role for polyamines as

signaling molecules, opening new avenues for con-

trolling plant-pathogen relationships. However, cau-
tion is warranted in applying these insights, as research

on one model cannot be directly transferred to other

systems, and unintended consequences, such as
reduced growth leading to higher mycotoxin produc-

tion, should be considered in biocontrol strategies. In

essence, this review provides valuable insights for
future interventions in crop protection and food safety.
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rhizal fungi modulate biochemical response against pow-
dery mildew disease in quercus robur L. Forests
13(9):1491. https://doi.org/10.3390/f13091491

Khan AJ, Minocha SC (1989) Biosynthetic arginine decarboxy-
lase in phytopathogenic fungi. Life Sci 44(17):1215–1222.
https://doi.org/10.1016/0024-3205(89)90317-2

Kim DW, Watanabe K, Murayama C, Izawa S, Niitsu M,
Michael AJ, Berberich T, Kusano T (2014) Polyamine
oxidase5 Regulates Arabidopsis Growth through thermo-
spermine oxidase activity. Plant Physiol
165(4):1575–1590. https://doi.org/10.1104/pp.114.242610

Lin H-Y, Lin H-J (2018) Polyamines in microalgae: something
borrowed, something new. Mar Drugs 17(1):1. https://doi.
org/10.3390/md17010001
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Albertó EO, Ruiz OA (2004) Ornithine and arginine
decarboxylase activities and effect of some polyamine
biosynthesis inhibitors on Gigaspora Rosea germinating
spores. FEMS Microbiol Lett 230(1):115–121. https://doi.
org/10.1016/S0378-1097(03)00880-2
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(2021) Arbuscular mycorrhizal fungi regulate polyamine
homeostasis in roots of trifoliate orange for improved
adaptation to soil moisture deficit stress. Front Plant Sci
11(January):600792. https://doi.org/10.3389/fpls.2020.
600792

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner)
holds exclusive rights to this article under a publishing
agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article
is solely governed by the terms of such publishing agreement
and applicable law.

123

Phytochem Rev

27:41113



 28 

6. PUBLIKACJA 2 

 

Augustyniak, B., Wojtasik, W., Sawuła, A., Burgberger, M., Kulma, A., The effect of 

spermidine supplementation on polyamine metabolism and Fusarium infection in Linum 

usitatissimum. Physiological and Molecular Plant Pathology 134(2):102453. 

https://doi.org/10.1016/j.pmpp.2024.102453 

 

6.1. KRÓTKI OPIS PUBLIKACJI 2 

Publikacja pt. „The effect of spermidine supplementation on polyamine metabolism and 

Fusarium infection in Linum usitatissimum”, której jestem pierwszą autorką, została 

opublikowana w 2024 roku w czasopiśmie Physiological and Molecular Plant 

Pathology (IF2024 = 3,3). 

Mój wkład w powstanie tej pracy był kluczowy i obejmował opracowanie koncepcji oraz 

szczegółowego planu eksperymentu (we współpracy z W.W. i A.K.), samodzielne 

przeprowadzenie wszystkich badań, w tym: obserwacji fenotypowych, analizy ekspresji genów 

metodą qPCR oraz analizy zawartości poliamin metodą HPLC. Opracowałam 

i zinterpretowałam wyniki (wraz z W.W. i A.K.). Przygotowałam grafiki od 3 do 9 i wszystkie 

grafiki zamieszczone w materiałach dodatkowych. Sporządziłam pierwszą wersję manuskryptu 

(rozdział Introduction wspólnie z M.B). Wspólnie z pozostałymi współautorami redagowałam 

manuskrypt do wersji końcowej.  

Celem pracy było zbadanie wpływu egzogennej aplikacji spermidyny na przebieg infekcji 

lnu (Linum usitatissimum L., odmiana 'Jan') wywoływanej przez Fusarium oxysporum. 

Badania wykazały, że rośliny efektywnie pobierały spermidynę z podłoża, co prowadziło do 

istotnych zmian w poziomach endogennych poliamin (putrescyny i sperminy) oraz w ekspresji 

genów związanych z ich biosyntezą zarówno w korzeniach, jak i w pędach. Traktowanie 

spermidyną skutkowało złagodzeniem objawów chorobowych i ograniczeniem rozwoju 

patogenu, wskazując na potencjał tego związku jako biostymulatora indukującego odporność 

lnu.  

Publikacja ta stanowiła pierwszy etap badań eksperymentalnych w ramach niniejszej 

rozprawy, wprowadzając model infekcji z wykorzystaniem spermidyny, optymalizując 
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warunki eksperymentu i stanowiąc punkt wyjścia do dalszych analiz dotyczących mechanizmu 

działania poliamin, w tym wpływu na hormony roślinne i gospodarkę redoks. 
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A B S T R A C T

Flax (Linum usitatissimum) is a valuable industrial crop in temperate climate zones. However, the prevalence of 
fungal diseases, particularly those caused by Fusarium oxysporum sp. linii, poses a substantial threat, leading to 
significant crop losses and diminished interest in flax cultivation. In this study, flax plants were treated with 
spermidine and subsequently infected with Fusarium oxysporum to investigate multiple aspects: (1) the uptake of 
exogenous spermidine by the plants, (2) the impact of this uptake on the levels of other polyamines and the 
expression of polyamine biosynthesis genes, and (3) the effects of fungal infection on these parameters. The 
results demonstrated that flax plants effectively absorb spermidine, leading to substantial changes in the levels of 
polyamines and the expression of related genes in both roots and shoots. Notably, spermidine treatment resulted 
in significant alterations in the levels of putrescine and spermine, as well as in the transcript levels of key genes 
involved in polyamine biosynthesis. Moreover, Fusarium oxysporum infection itself induced changes in polyamine 
content and gene expression, which varied between root and shoot tissues. When spermidine-treated plants were 
infected with Fusarium oxysporum, a more complex response was observed, characterized by modifications in 
polyamine levels and gene expression that suggest an enhanced defense mechanism against the pathogen. These 
findings indicate that polyamine treatment not only affects the infection process but also modulates the plant’s 
internal polyamine metabolism and gene expression, contributing to an improved resistance to fungal attack. 
This study highlights the potential of spermidine as a protective agent in flax and provides a foundation for 
further exploration of polyamine-related defense mechanisms.

1. Introduction

Flax (Linum usitatissimum) is a highly valued industrial crop culti-
vated within temperate climate zone, yielding two primary raw mate-
rials: fiber and oil. Notably, flax fiber exhibits superior quality, finding 
extensive use in the textile industry [1]. Moreover, due to the fact that 
flax fiber contains antioxidant compounds, it serves as a crucial ingre-
dient in the manufacture of dressings for difficult-to-heal wounds, 
biodegradable packaging materials, composites for scaffold production 
in tissue engineering, and in the fabrication of implants, surgical 
threads, among other applications [2]. Flax seed oil, renowned for its 
richness in unsaturated fatty acids, offers significant health benefits and 
is extensively utilized in the chemical industry for the production of 
paints and varnishes [3]. Remarkably, what is often considered as waste 
from flax processing, including shives and seedcake, contains valuable 
compounds such as phenols. These characteristic positions flax as a 

leading example of waste-free crop utilization, as all its components can 
be repurposed across various industries [4].

Fungal diseases of flax result in significant crop losses, contributing 
to a decline in interest of cultivating of this valuable plant. It is estimated 
that 20 % of these losses are attributable to fusariosis, a disease caused 
by Fusarium fungi [5]. Fusariosis leads to reduced crop yield, as well as 
diminished seed and fiber quality, thereby affecting the overall quality 
of derived products such as food, textiles, and animal feed. Among the 
most detrimental pathogens affecting flax is Fusarium oxysporum sp. linii 
(Foln), which causes fusarium wilt in flax plants [6]. Continuous efforts 
are underway to devise novel strategies aimed at enhancing flax resis-
tance to pathogenic infections. The identification of new approaches to 
bolster flax resistance is of paramount importance. Polyamines (PAs) are 
a group of compounds that are important in plant-pathogen interactions.

Polyamines are low molecular weight aliphatic polycations widely 
distributed across all living organisms. In plants, the most prevalent 
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polyamines include putrescine (Put), spermidine (Spd), and spermine 
(Spm), along with thermospermine (Tspm) and cadaverine (Cad) [7]. 
These compounds can exist in both free and conjugated forms within 
cellular environments. Polyamines exhibit the ability to bind to mac-
romolecules such as proteins and cell wall components, as well as 
smaller compounds like phenolic acids [8]. Their interaction with other 
molecules is largely influenced by the presence of one or more amino 
groups (-NH2) in the molecule. At physiological pH levels, PAs carry 2 to 
4 positive charges, allowing them to stabilize biological membranes and 
nucleic acids by forming bonds with negatively charged surfaces [9]. 
This property enables PAs to play crucial roles in various physiological 
processes, including development, growth (such as embryogenesis, 
organogenesis, and flower development), and responses to diverse 
stressors [10]. Of paramount importance for all eukaryotes is the role of 
PAs in the modification of hypusine, an amino acid integral to the 
eukaryotic translation initiation factor 5A. This process underscores the 
essential involvement of polyamines in fundamental cellular functions 
across eukaryotic organisms [11].

The biosynthesis of PAs starts with the production of Put (Fig. 1). 
Arginine is either converted to ornithine by arginase (ARGAH, E.C. 
3.5.3.1), which then undergoes decarboxylation by ornithine decar-
boxylase (ODC, EC 4.1.1.17) to form Put, or decarboxylated directly by 
arginine decarboxylase (ADC, EC 4.1.1.19) to agmatine, which is sub-
sequently converted to Put by agmatine iminohydrolase (AIH, EC 
3.5.3.12) and N-carbamoylputrescine amidohydrolase (NCPAH, EC 
3.5.1.53) [12]. Putrescine serves as a precursor for higher polyamines 
like Spd and Spm, synthesized through the action of spermidine synthase 
(SPDS, EC 2.5.1.16) and spermine synthases (SPMS, EC 2.5.1.22), with 
aminopropyl groups derived from the decarboxylation of S-adeno-
sylmethionine (SAM) by S-adenosylmethionine decarboxylase (SAMDC, 
EC 4.1.1.50). Some plants also produce Tspm, an isomer of Spm. The 
catabolism of PAs involves oxidation by copper-containing amine oxi-
dases (DAOs, E.C. 1.4.3.22) and flavin-containing polyamine oxidases 
(PAOs, E.C. 1.5.3.14), which degrade PAs and facilitate their 
back-conversion, producing compounds like hydrogen peroxide, 
ammonia, and 4-aminobutanal [13].

Current evidence suggests several potential mechanisms by which 
PAs function in plant biotic stresses. Polyamines may serve as elicitors, 
activating MAPK serine-threonine kinases and subsequently increasing 
the expression of genes involved in the hypersensitivity reaction, ulti-
mately leading to localized cell death [14]. Another mechanism involves 
the role of PAs in maintaining redox homeostasis. On one hand, PAs 
catabolism produces H2O2; on the other hand, higher PAs can act as 
scavengers of reactive oxygen species (ROS) [15,16]. During immune 
responses to pathogens, H2O2 has direct antimicrobial effect and acts 
indirectly by promoting cell wall lignification, serving as a signal for 
programmed cell death, and contributing to the production of other 
important signaling molecules such as nitric oxide (NO), abscisic acid, or 
salicylic acid [17,18].

In the context of plant-fungal interactions, PAs are pivotal in 

modulating the response to fungal pathogens. For instance, increased 
levels of Put and Spd have been observed in wheat leaves infected by 
Pyricularia oryzae, suggesting that the rapid accumulation of PAs may 
influence the plant’s susceptibility to infection [19]. Furthermore, 
research has shown that exogenous treatment with specific PAs can 
either enhance or suppress plant resistance to fungal pathogens, 
depending on the concentration, type of PA, and plant species involved. 
For example, the exogenous application of Spm has been demonstrated 
to increase resistance in Solanum lycopersicum and Arabidopsis thaliana to 
Botrytis cinerea by inducing the overexpression of genes associated with 
systemic acquired resistance (SAR), along with the generation of ROS 
[20]. Moreover, PAs are also implicated in the regulation of gene 
expression during plant-fungal interactions. Studies on maize infected 
by Aspergillus flavus have revealed significant induction of PA biosyn-
thesis and catabolism genes, with resistant maize lines showing higher 
basal expression levels of these genes compared to susceptible lines [21].

The objective of this research was to examine the impact of Spd on 
flax plants infected by the pathogenic fungus Fusarium oxysporum. This 
study aimed to explore three key aspects: (1) the ability of flax plants to 
absorb exogenous spermidine, (2) the subsequent changes in the levels 
of various PAs and the expression of polyamine biosynthesis genes in 
both roots and shoots, and (3) the effects of Fusarium oxysporum infec-
tion on these parameters. Additionally, the study sought to understand 
how the combination of spermidine treatment and fungal infection in-
fluences polyamine metabolism and gene expression, contributing to the 
plant’s defense mechanisms. By addressing these points, the research 
aimed to elucidate the role of polyamines in enhancing flax resistance to 
fusarium wilt and to assess the potential of spermidine as a protective 
treatment.

2. Materials and methods

2.1. Plant material and growth conditions

Flax seeds (Linum usitatissimum L., cv. Jan) were obtained from the 
Flax and Hemp Collection of the Institute of Natural Fibers and Medic-
inal Plants-National Research Centre (INF&MP-NRC) in Poland. The 
pathogenic strain Fusarium oxysporum f. sp. linii (Bolley) Snyder et 
Hansen (ATCC MYA-1201) was purchased from the ATCC Company 
(USA).

Flax seeds were sterilized in 50 % PPM (Plant Cell Technology, UK) 
for 10 min and placed into sterile jars containing 45 ml of Murashige and 
Skoog medium (MS medium; Sigma-Aldrich), pH 5.8, and 10g of 
vermiculite. Flax plants were grown under a controlled environment in a 
plant growth chamber, in a 16 h light (21 →C), 8 h darkness (16 →C) 
regime.

A 1 M stock solution of spermidine (Spermidine Trihydrochloride; 
Sigma-Aldrich) was prepared by weighing the appropriate amount of 
spermidine and dissolving it in distilled water. This stock solution was 
filtered under a laminar flow hood using a syringe filter (0,22 μm) to 

Fig. 1. Polyamine biosynthesis and catabolism in plant cells. (ADC arginine decarboxylase; ARGAH arginase; AIH agmatine iminohydrolase; ODC ornithine 
decarboxylase; NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS spermine synthase; DAO diamine oxidase; PAO polyamine oxidase; 
TSPMS thermospermine synthase; SAMDC S-adenosylmethionine decarboxylase).
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ensure sterility. Final concentrations of 10 mM and 100 mM spermidine 
were obtained by diluting the stock solution with sterile water. 5 ml of 
spermidine solution was added to each jar with 12-day old flax plants 
grown of vermiculite wetted with MS medium effectively diluting 
spermidine by factor of 10. The concentrations above were chosen to 
align with planned treatment method and the plant growth conditions. 
Additionally previous studies from our department, showed that 10 mM 
spermidine negatively affects fungal growth on plates [22].

After 24h plants were exposed to the pathogenic fungi, F. oxysporum. 
Fusarium fungi were cultured on Petri dishes with potato dextrose agar 
(PDA, IBI Scientific) medium at 28 →C and viability was assessed by 
counting the percentage of germinated spores. Spores (a mix of macro- 
and microconidia) were harvested after flooding the plate with 15 ml of 
sterile water. Spore count was performed using a hemocytometer. Spore 
suspensions were diluted to 106 spores ml-1 to perform the inoculations. 
0,5 ml of a 106 spores ml-1 or 0,5 ml of sterile water (control) were 
added to the culture medium of flax plants untreated and treated with 
spermidine (Fig. 2).

Flax treated with spermidine and non-treated (control), flax infected 
with F. oxysporum and non-infected (control) and flax treated with 
spermidine and infected with the pathogenic fungi, F. oxysporum, were 
harvested (separating roots and shoots) at 1d, 2d, and 3d post-infection. 
Each experimental group at a given time point consisted of three jars, 
with each jar containing 16 plants. The plants from each jar were pooled 
together as one sample, and the tissue was ground in liquid nitrogen. 
Samples from these pooled groups were then weighed and used for 
subsequent analyses.

2.2. Gene expression analysis

The mRNA level for the investigated genes was determined using 
real-time PCR. The total RNA from roots was isolated using a Spec-
trum™ Plant Total RNA Kit (Sigma-Aldrich) following the manufac-
turer’s protocol, and the total RNA from shoots was isolated using RNA 
Extracol (EURx) following the manufacturer’s protocol. The RNA 
integrity was examined by gel electrophoresis on 1 % (w/v). The 
remaining DNA was removed via DNase I (Invitrogen) treatment. Then, 
RNA was used as a template for cDNA synthesis using a High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems).

Real-time PCR reactions were carried out using a SG/ROX qPCR 
Master Mix (EURx) on an Applied Biosystems StepOnePlus Real-Time 
PCR System. The reaction conditions were applied according to the kit 
manufacturer’s instructions, with an annealing temperature fixed at 
58 →C. The specificity of the primers at this temperature was confirmed 
by analysing the products using the melting curve method. The primer 
sequences used for the real-time PCR reactions are presented in Table 1. 
The reactions were carried out in three replicates. To normalize the data, 
the actin gene was used as a reference gene. Changes in mRNA levels 
were standardized for actin and presented as x-fold of the control 
(nontreated and noninfected plants or nontreated infected plants).

2.3. Polyamine extraction and analysis by UPLC

The isolation and fractionation of polyamines was performed using a 
modified version of the method described by Wojtasik et al. [22]. 
Briefly, 100 mg of ground flax roots or shoots were extracted with 1 ml 
of 4 % (w/v) perchloric acid (PCA; VWR Chemicals) for 1h at 4 →C with 
shaking. After centrifugation (14,000 rpm, 20 min, 4 →C), the superna-
tant was preserved, and the pellet was resuspended in 0.5 ml of 4 % PCA. 
The supernatant contains free polyamines and polyamines conjugated to 
phenolic acids, and the pellet contains insoluble polyamines bound to 
cell wall components.

In order to convert the conjugated and bound forms into a free form, 
0.5 ml of 6 N HCl (Chempur) were added to 0.5 ml of the supernatant 
and suspended pellet and hydrolyzed at 110 →C for 20h. After drying in a 
block heater at 100 →C, the residues were re-dissolved in 0.5 ml of 4 % 
PCA.

Subsequently, polyamine dansylation was performed to facilitate 
identification: 0.2 ml aliquots were added to 0.2 ml of saturated sodium 
carbonate (Merck, Supelco) and 0.4 ml of dansyl chloride (5 mg/ml in 
acetone). After brief vortexing, the mixture was incubated in darkness at 
60 →C for 1h. Excess dansyl reagent was removed by adding 0.2 ml of 
150 mg/ml proline. Dansylated polyamines were extracted by 0.5 ml of 
toluene (VWR Chemicals), dried under nitrogen flow and re-suspended 
in 0.2 ml of acetonitrile (VWR Chemicals), and finally 4 μl were injec-
ted on the column.

The samples were analyzed using a Waters Acquity UPLC system 
with a 2996 PDA detector on an Acquity UPLC HSS T3 2,1 ↑ 150 mm 
1.8 μm column. The mobile phase was A ↓ water and B ↓ acetonitrile, in 
a gradient flow: 1 min at 60 % A/40 % B; to 1.75 min, a gradient to 40 % 
A/60 % B; to 2.5 min, a gradient to 30 % A/70 % B; to 3.3 min, a 
gradient to 37.5 % A/62.5 % B; to 5.35 min a gradient to 25 % A/75 % B; 
to 11.35 min a gradient to 0 % A/100 % B; and to 13.5 min a gradient to 
60 % A/40 % B with a 0.4 ml/min flow rate. The peak integration was 
done at 366 nm.

The results were standardized with mixtures of dansylated poly-
amine standards (putrescine, spermidine, spermine). Conjugated poly-
amine content was calculated by subtracting free polyamine content 
from the total acid-soluble polyamine content. For most of the analyzed 
samples, the amount of soluble conjugates was below the detection 
limit. Therefore, the data were ultimately not included in further 
analysis.

2.4. Monitoring the progress of the infection

Phenotypic changes illustrating the symptoms of the disease (yel-
lowing of leaves, brown spots on the leaves, wilting) were assessed 
visually using a scale presented in Table 2 [23] and photographed. 
Phenotypic changes in the studied plants, 3 jars (10 plants in each jar) 
from each experimental group were left for regular monitoring.

Fig. 2. Simplified scheme of the experiment scheme (SPD -spermidine).

Table 1 
Primer sequences used for the real-time PCR reactions. (ACT actin; CHIT chiti-
nase; ADC arginine decarboxylase; ODC ornithine decarboxylase; SPDS spermidine 
synthase; SPMS spermine synthase).

Gene Forward Primer Reverse primer

ACT 5′ CCGGTGTTATGGTTGGAAT 3′ 5′ TGTAGAAAGTGTGATGC CAAA 3′
CHIT 5′ CATCCAATGAATGGCCTT 3, 5′ GGCTGTTCGGAATGATATCTC 3′
ADC 5′ GAGGAGCTTGATTTGGTGA 3′ 5′ CACGCTGAGAATCTGAGTT 3′
ODC 5′ CTGGATGAGTGTTTCTCAGG 

3′
5′ GCAATTCATCGACCCGTA 3′

SPDS 5′ AAAGCAGTCCTGGTAGTTG 3′ 5′ CGTGGATCTTCGAATCCG 3′
SPMS 5′ GGCTATTCCTTCCTGTTGTC 3′ 5′ GGCCACATAGGATTGTTAA AGTA 

3′
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2.5. Statistical analysis

Each experimental group comprised three jars, with each jar con-
taining 16 plants. The plants were collected and treated as a single pool. 
The results of the experiments were presented as the mean of the three 
repetitions, accompanied by the corresponding standard deviation. 
Statistical analyses were performed using Prism Graphpad 9 software. 
The significance of the differences was determined using two-way 
ANOVA with Tukey post hoc test.

3. Results

3.1. Phenotypical changes

Observations of the phenotype (Fig. 3) of plants treated with sper-
midine indicated that treatment with 10 mM and 100 mM Spd did not 
significantly alter the appearance of the plants. At early time-points of 
infection there changes were not phenotypically evident in flax plants. 
At 21 days post pathogen application, infected control exhibited signs of 
progressing infection, manifested as leaf yellowing and wilting (disease 
index S1). By 28 days post pathogen application, the infection had 

further advanced in the infected control group (disease index S2).
However, plants treated with spermidine and infected with the 

pathogen were in better condition compared to the infected control 
group. These plants exhibited fewer yellowing leaves and less prevalent 
wilting (disease index S1 for both concentrations in both examined 
times).

3.2. Spermidine uptake by treated plants

3.2.1. Content of polyamines in flax tissue after spermidine treatment
First, it was important to determine if plants take-up Spd added to 

the medium. It was also important to optimize concentration used for 
the subsequent experiments as the experimental system used with 
growth on vermiculite was not tested previously in regards to possible 
polyamine binding thus influencing availability to plant. After con-
firming an increase in Spd levels in treated plants, the impact on the 
levels of other PAs was analyzed. The following data (Fig. 4) are pre-
sented as the fold change in Spd-treated plants compared to untreated 
control plants.

The absolute levels are presented in supplementary files 
(Supplementary Fig. 1).

In the roots of flax treated with Spd, there was a substantial increase 
in free Spd content, particularly notable at higher concentrations (on 
2nd day 20-fold for 10 mM and over 30-fold for 100 mM, 3rd day no 
significant changes for 10 mM and 8.6-fold for 100 mM, 4th day 2.6-fold 
for 10 mM and 11.5-fold for 100 mM). Insoluble Spd conjugates also 
showed an increase, primarily with the higher treatment concentration 
(2d 8.1-fold, 3d 6.1-fold, 4d 3.4-fold for 100 mM). In the shoots of flax 
treated with Spd, the first significant changes occurred three days after 
PAs treatment. The level of free Spd increased 2-fold for a concentration 
of 10 mM and 2.5-fold for a concentration of 100 mM. Four days after 

Table 2 
Prepared disease index scale for Fusarium oxysporum 
infection in flax plants.

Scale Infection progress

0 No infected leaf
1 1–33 % infected leaf
2 34–66 % infected leaf
3 67–100 % infected leaf
4 Dead plant

Fig. 3. Phenotypic changes in flax treated with spermidine (10 mM and 100 mM) and infected with Fusarium oxysporum. (Foln Fusarium oxysporum; Spd spermidine; 
DPA days post application).
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treatment, a further increase (4-fold) was observed for the higher con-
centration compared to the untreated control. However, insoluble 
spermidine conjugates remained unchanged.

Upon Spd treatment, roots exhibited an immediate increase in free 
Put levels, evident two days post-treatment, with a 4-fold increase for 
10 mM and a 2-fold increase for 100 mM. However, this increase was not 
sustained over time, as by day 4, a 47 % decrease in free Put was 
observed in roots treated with 10 mM. Additionally, the presence of 
insoluble Put conjugates increased 4.9-fold two days after treatment 
with 100 mM. However, over time, their levels significantly decreased 
compared to the untreated control, with a notable decrease of 68 % after 
3 days and 44 % after 4 days for 100 mM. In roots treated with 10 mM, 
the amount of insoluble Put conjugates decreased by 44 % three days 
after treatment compared to untreated control. Conversely, in shoots, a 
significant increase in free putrescine levels was observed post- 
treatment with Spd (3d 1.7-fold for 100 mM, 4d 9-fold for 100 mM 
and 2-fold for 10 mM), with notable increases in insoluble putrescine 
conjugates (4d 13-fold for 10 mM and 4.5-fold for 100 mM).

In roots, free Spm was below the detection limit, but treatment with 
100 mM Spd led to a notable 1.7-fold increase in the levels of insoluble 
Spm conjugates, remaining constant over time. Similarly, treatment 
with 10 mM Spd resulted in a similar change, albeit observed only 2 days 
post-treatment. Three days after Spd treatment significant increases in 
free Spm levels were noted in treated shoot tissues (7.6-fold for 10 mM 
and 6.2-fold for 100 mM), along with a decrease in insoluble Spm con-
jugates (60 % for 10 mM and 66 % for 100 mM). Four days after Spd 
treatment, the level of free Spm was higher (2.4-fold) only after treat-
ment with 100 mM Spd. The level of insoluble Spm conjugates was 
elevated (2.4-fold) four days after polyamine treatment with 10 mM 
compared to untreated control.

The experiment shown that the spermidine is effectively taken by the 
plant and then metabolized further into other polyamine components 
and the final results are time, and concentration dependent.

3.2.2. The effect of spermidine treatment on mRNA level of main polyamine 
synthesis genes

The changes and distribution of polyamines between fractions sug-
gested possible influence on polyamine biosynthesis genes. Indeed, 
treatment with Spd induced significant alterations in the mRNA levels of 
key polyamine biosynthesis genes in both roots and shoots of flax plants 
(Fig. 5).

In the roots, Spd treatment led to a notable decrease in the mRNA 
level of the ADC gene at later stages with slight not statistically signif-
icant increase at early times. Four days post-treatment, there was a 34 % 
decrease for 10 mM and a 27 % decrease for 100 mM Spd compared to 
untreated controls. Similarly, in the shoots, treatment with 10 mM Spd 
resulted in a significant reduction in ADC gene transcript levels. Two 
days after treatment, there was an 83 % decrease, and by day three, a 58 
% decrease was observed. Treatment with 100 mM Spd induced a 66 % 
decrease three days post-treatment.

Regarding the ODC gene, treatment with 10 mM led to similar effects 
in roots and shoots. In both tissues, 10 mM treatment resulted in more 
than a 20 % decrease in ODC gene transcript levels, sustained over time. 
Two days after treatment with 100 mM, a 48 % decrease in the transcript 
level of the ODC gene was observed in the roots of treated plants. 
However, on the third day post-treatment, there was a 2.1-fold increase 
in the transcript level of the ODC gene. In the shoots, three days after 
treatment with 100 mM, a 23 % decrease in the transcript level of the 
ODC gene was observed.

Treatment with Spd also affected the SPDS gene expression. In the 
roots, a slight decrease in SPDS gene mRNA levels was observed two 
days post-treatment with 10 mM Spd (25 % decrease) and four days 
post-treatment with 100 mM Spd (22 % decrease). In shoots, treatment 
with 10 mM Spd caused a 74 % decrease two days post-treatment and a 
49 % decrease three days post-treatment. Treatment with 100 mM Spd 
induced a 48 % decrease in SPDS gene transcript levels three days post- 
treatment.

No significant changes in the mRNA level of the SPMS gene were 

Fig. 4. Fold change in polyamine (free and insoluble conjugates: Spd spermidine; Put putrescine; Spm spermine) content in flax roots and shoots after spermidine 
treatment (10 mM and 100 mM). The data were obtained from UPLC analysis and presented as the fold change in Spd-treated plants compared to untreated control 
plants (marked as black dot line). Bars represent the mean with SD from three measurements. The significance of the differences was determined using two-way 
ANOVA with Tukey post hoc test (*P ω 0,05).
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observed in the roots post-Spd treatment. However, in shoots, treatment 
with 10 mM Spd led to an increase in SPMS gene transcript levels, 
showing a 1.93-fold increase two days post-treatment and a 2.11-fold 
increase three days post-treatment.

3.3. The response of plants to Fusarium oxysporum infection

3.3.1. Chitinase gene transcript level
To assess the progression of plant response to the infection, the 

Fig. 5. Fold change in transcript level of arginine decarboxylase (ADC), ornithine decarboxylase (ODC), spermidine synthase (SPDS) and spermine synthase (SPMS) genes 
in flax roots and shoots after spermidine (Spd) treatment (10 mM and 100 mM). The data were obtained from real-time RT-PCR analysis. Actin was used as a 
reference gene and the transcript levels were normalized to the untreated control plant (marked as red dot line). Bars represent the mean with SD from three 
measurements. The significance of the differences was determined using two-way ANOVA with Tukey post hoc test (*P ω 0,05).

Fig. 6. Fold change in polyamine (free and insoluble conjugates: Spd spermidine; Put putrescine; Spm spermine) content in flax roots and shoots after F. oxysporum 
application. The data were obtained from UPLC analysis and presented as the fold change in infected plants compared to uninfected control plants (marked as black 
dot line). Bars represent the mean with SD from three measurements. The significance of the differences was determined using two-way ANOVA with Tukey post hoc 
test (*P ω 0,05).
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transcript level of the chitinase gene (a pathogenesis-related gene) was 
examined in the roots and shoots of flax (Fig. 7A). In the roots of plants 
infected with F. oxysporum, a significant increase in the mRNA level of 
the chitinase gene was observed compared to uninfected control plants. 
Two days after Foln application, there was a remarkable 16.3-fold in-
crease, followed by a 13.6-fold increase three days after Foln application. 
Conversely, in the shoots, two days after Foln application, there was a 48 
% decrease in the mRNA level of the chitinase gene. However, three days 
after Foln application, a substantial 3.89-fold increase in the mRNA level 
of this gene was observed in the shoots of infected plants.

3.3.2. The effect of infection on the content of polyamines
To assess the impact of infection on the levels of PAs in the roots and 

shoots of flax, the following data were presented as the fold change in 
plants infected with F. oxysporum compared to uninfected controls 
(Fig. 6).

In infected roots, a consistent elevation in free Put levels was 
observed throughout the infection period, with increases of 1.5-fold, 
2.2-fold, and 1.8-fold respectively one, two, and three days after infec-
tion. Additionally, a significant increase in insoluble Put conjugates by 
2.37-fold was noted one day post Foln application. Conversely, in 
infected shoots, free Put levels remained stable, while a notable reduc-
tion in insoluble Put conjugates was observed over the course of infec-
tion, with decreases of 6 %, 76 %, and 43 % respectively one, two, and 
three days after Foln application.

In infected roots, an initial increase (1.86-fold) in free Spd levels was 
followed by a decrease (68 %) two days post Foln application, alongside 
an increase (1.47-fold) in insoluble Spd conjugates after three days. In 
infected shoots, a significant rise (2.82-fold) in free Spd levels occurred 
two days after Foln application, while a decrease (70 %) in insoluble Spd 
conjugates was noted after three days.

Detection of free Spm was not possible in the examined roots. 
However, there was a consistent increase in insoluble Spm conjugates 
during the infection period, with respective increases of 1.5-fold, 1.7- 
fold, and 3.2-fold observed one, two, and three days after Foln 

application. In infected shoots, two days after Foln application, there 
was a 4.49-fold increase in the level of free Spm compared to uninfected 
control. Simultaneously, there was a notable 90 % decrease in the 
amount of insoluble Spm conjugates. Three days after Foln application, 
the level of insoluble Spm conjugates increased by 1.81-fold.

3.3.3. The effect of infection on transcript levels of main polyamine 
synthesis genes

Significant increases occurred in the transcript levels of key poly-
amine biosynthesis genes in both roots and shoots of plants infected with 
F. oxysporum (Fig. 7B). The ADC gene exhibited elevated transcript 
levels in both tissues, with the roots showing a 2.1-fold and 2.61-fold 
increase on the second and third day after Foln application, respec-
tively. In infected shoots, there was a more than 3-fold increase in ADC 
mRNA transcript level one day after Foln application, followed by a 4.5- 
fold increase on the second day, and a 2-fold increase on the third day. 
Moreover, infection increase transcript level of the ODC gene in both 
roots and shoots. Within the first day post Foln application, more than a 
2-fold increase was observed in both tissues. Subsequently, infected 
roots displayed a 15-fold and 28-fold increase in ODC gene mRNA levels, 
while shoots showed a 3-fold increase at these time points. Interestingly 
roots and shoot display different pattern regarding ODC and ADC 
expression suggesting activation of different branches of polyamine 
synthesis in those tissues in response to the pathogen.

In infected roots, a 2-fold increase in SPDS gene transcript levels was 
observed three days post Foln application. Conversely, in infected 
shoots, there was a 75 % decrease in SPDS gene mRNA levels one day 
after Foln application, followed by a subsequent more than 4-fold in-
crease compared to the uninfected control.

Additionally, infected roots exhibited a 3.37-fold increase in SPMS 
gene transcript levels on the third day post Foln application. In shoots, 
there was a modest rise in SPMS gene mRNA levels, with a 2-fold in-
crease observed on the second day and a 1.83-fold increase on the third 
day.

Fig. 7. Fold change in transcript level of A: chitinase (CHIT), B: arginine decarboxylase (ADC), ornithine decarboxylase (ODC), spermidine synthase (SPDS) and spermine 
synthase (SPMS) genes in flax roots and shoots after Foln application. The data were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and 
the transcript levels were normalized to the untreated control plant (marked as red dot line). Bars represent the mean with SD from three measurements. The 
significance of the differences was determined using two-way ANOVA with Tukey post hoc test (*P ω 0,05).
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3.4. The effect of spermidine treatment on the infection with F. oxysporum

To explain the impact of Spd treatment on the F. oxysporum infection 
of flax, the following data were presented as the fold change in Spd- 
treated and infected plants compared infected plants not treated with 
spermidine.

3.4.1. Chitinase gene transcript level
In roots pre-treated with 10 mM Spd before F. oxysporum application, 

a slight decrease of less than 20 % in the mRNA level of the chitinase gene 
was observed on the first and second days post Foln treatment compared 
to untreated infected controls. However, on the third day after treatment 
with Foln, treatment with 10 mM Spd induced a notable 2.94-fold in-
crease in the mRNA level of the chitinase gene. Conversely, when roots 
were treated with 100 mM Spd before infection, there was a slight (1.82- 
fold) increase in chitinase mRNA levels observed on the first day post 
Foln treatment. Remarkably, by the third day after, roots treated with 
100 mM Spd exhibited a substantial more than 5-fold increase in chiti-
nase gene transcript levels compared to untreated infected controls 
(Fig. 9A). At the end chitinase expression is higher in plants pre-treated 
with spermidine before the infection however expression is not constant 
but fluctuates as the infection progresses.

No significant alterations in the mRNA level of the chitinase gene 
were observed in the shoots of plants pre-treated with Spd and subse-
quently infected with F. oxysporum (Fig. 9A) at least in the observed 
time-points.

3.4.2. The effect of spermidine treatment and infection on polyamines level
Treatment with Spd influenced polyamine levels in both roots and 

shoots of infected plants (Fig. 8 and Supplementary Fig. 3). In roots 
treated with 100 mM Spd, there was a significant increase (2.4-fold) in 
free Put levels on the third day post Foln application, accompanied by 
notable increases in insoluble Put conjugates on the first and second 
days (4.67-fold and 2.33-fold) compared to infected plants not pre- 

treated with spermidine. Conversely, 10 mM Spd treatment resulted in 
a decrease (68 %) in insoluble Put conjugates on the first day post Foln 
application. In infected shoots treatment with 100 mM Spd resulted in 
increased levels of free Put compared to untreated infected control. This 
change was more than 2-fold in the first two days after Foln treatment 
and reached a 12.8-fold increase on the third day. Additionally, treat-
ment with a higher concentration of Spd led to a 35-fold increase in the 
level of insoluble Put conjugates on the first day after Foln application. 
Treatment with 10 mM Spd also increased the amount of insoluble 
conjugates in infected shoots, showing a 15-fold increase on the first day 
and a 4.4-fold increase on the second day after infection. On the third 
day after Foln treatment, treatment with 10 mM Spd increased the level 
of free Put by 1.83-fold compared to the untreated infected control.

Treatment with 100 mM Spd in roots resulted in elevated levels of 
free Spd and insoluble Spd conjugates, with significant increases 
observed throughout the infection period. In all examined time points, 
insoluble Spd conjugates increase by at least 4-fold after treatment. The 
level of free Spd after treatment with 100 mM Spd increases by more 
than 2-fold in the first two days after infection, and on the third day, a 
27-fold increase is observed. A similar trend was observed in infected 
shoots, with notable increases in both free Spd levels (a 2-fold, 1.5-fold, 
and 9.2-fold observed on the first, second, and third day after Foln 
application, respectively) and insoluble Spd conjugates (3.12-fold, third 
day of infection) after treatment with 100 mM Spd. Interestingly, 
treatment with 10 mM Spd in both roots and shoots led to a decrease (39 
% in roots and 52 % in shoots) in the amount of insoluble Spd conjugates 
on the first day after Foln treatment.

In the roots of infected plants, treatment with 10 mM Spd resulted in 
more than 20 % decrease in the amount of insoluble Spm conjugates. 
Free spermine was undetectable in the examined roots. In infected 
shoots, both concentrations of Spd led to a more than 2-fold increase in 
the level of free Spm on the second day after Foln application. Addi-
tionally, on the third day after Foln application, treatment with 100 mM 
Spd resulted in a 9.5-fold increase in the level of free Spm. Moreover, 

Fig. 8. Fold change in polyamine (free and insoluble conjugates: Spd spermidine; Put putrescine; Spm spermine) content in flax roots and shoots treated with 
spermidine (10 mM and 100 mM) and then infected with F. oxysporum. The data were obtained from UPLC analysis and presented as the fold change in Spd-treated 
and infected plants compared to untreated and infected control plants (marked as black dot line). Bars represent the mean with SD from three measurements. The 
significance of the differences was determined using two-way ANOVA with Tukey post hoc test (*P ω 0,05).
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both concentrations of Spd led to substantial increases in insoluble Spm 
conjugates in infected shoots two days after Foln application, with a 
greater increase observed with 100 mM Spd (5.4-fold more for 10 mM, 
8-fold more for 100 mM).

3.4.3. The effect combination of spermidine treatment and infection on the 
transcript level of main polyamine synthesis genes

Treatment with Spd induced significant alterations in the mRNA 
levels of key polyamine biosynthesis genes in both roots and shoots of 
infected flax plants (Fig. 9B).

No statistically significant changes were observed in the mRNA level 
of the ADC gene in the roots of Spd-treated and infected plants compared 
to the untreated infected control. In infected shoots, Spd treatment 
resulted in a reduction in the transcript level of the ADC gene. Both 
concentrations of Spd led to a significant decrease in mRNA levels, with 
10 mM Spd resulting in a 40 % decrease one day post Foln treatment and 
both concentrations showing at least an 80 % decrease two days post 
Foln treatment. By the third day post Foln application, there was still a 
substantial decrease (30 %) in mRNA levels.

In infected roots, treatment with 10 mM Spd led to a 50 % decrease in 
ODC gene transcript levels one day after Foln treatment, while 100 mM 
Spd resulted in a notable 2.4-fold increase by the third day after Foln 
application. In infected shoots, treatment with 10 mM Spd led to a 20 % 
decrease in ODC gene mRNA level on days one and two post Foln 
application, while treatment with 100 mM Spd resulted in 50 % decrease 
two days after Foln application.

Both concentrations of Spd led to over 30 % decrease in SPDS gene 
transcript level in infected roots three days after Foln application. In 
infected shoots, both 10 mM and 100 mM Spd treatments resulted in 
over a 20 % decrease in SPDS gene mRNA level at all time points. 
Notably, two days after Foln treatment, there was an 80 % decrease for 
both concentrations.

In infected roots, both concentrations of Spd led to a 70 % decrease in 
SPMS gene transcript level three days after Foln application, while no 
significant changes were observed in SPMS mRNA level in infected 
shoots.

4. Discussion

Currently, ecological methods of plant protection are being sought as 
an alternative to traditional plant protection products, driven by 
increasing public demand to reduce pesticide use in food production. 
Treating plants with compounds considered safe and even beneficial to 
humans and the environment seems to be a good alternative [24]. 
Spraying of plant with natural components is viable alternative to 
endogenously increased content in plants, especially in parts of the 
world where cultivation of genetically modified crops is mostly pro-
hibited. In cases of plant treatment, it is important to establish if the 
component is taken up by the plant and what effect it may have on plant 
growth and development and at what concentrations it will be benefi-
cial. It needs to be noted that many components may have opposite ef-
fect at different concentration for example phenolic components may act 

Fig. 9. Fold change in transcript level of A: chitinase (CHIT), B: arginine decarboxylase (ADC), ornithine decarboxylase (ODC), spermidine synthase (SPDS) and spermine 
synthase (SPMS) genes in flax roots and shoots treated with spermidine (10 mM and 100 mM) and then infected with F. oxysporum. The data were obtained from real- 
time RT-PCR analysis. Actin was used as a reference gene and the transcript levels were normalized to the untreated infected control plant (marked as red dot line). 
Bars represent the mean with SD from three measurements. The significance of the differences was determined using two way-ANOVA with Tukey post hoc test (*P 
ω 0,05).
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both as antioxidants and have pro-oxidative effect. This is particularly 
important if plants are grown for human consumption as even beneficial 
chemicals may be harmful above certain levels. Polyamines are among 
such compounds, as they are essential to human health, with oral intake 
being one of the primary sources for humans [25].

A review of the literature suggests that polyamines may have varying 
effects on disease progression across different pathosystems, ranging 
from protective to promoting disease progression. Also, in case of the 
exogenous treatment both the uptake and effect on the overall poly-
amine levels and their metabolism is heavily dependent on the plant 
studied and can’t be extrapolated from one plant to another [26].

First, we confirmed that flax absorbs exogenous spermidine and 
demonstrated its impact on the levels of other polyamines and the 
transcript levels of key genes involved in their biosynthesis. In the roots 
of spermidine-treated flax, a rapid increase in the level of free spermi-
dine was observed two days after treatment, indicating the ability of flax 
to uptake spermidine from the medium. This is in agreement with other 
published data. For example, hydroponic cultivation of maize and wheat 
with the addition of Put, Spd, or Spm also led to an increase in the 
respective polyamine levels in the roots of the studied plants [27]. 
Studies on Arabidopsis suggest the possibility of polyamine uptake by 
leaves. Spraying Arabidopsis leaves with 500 μM Spd or Spm resulted in 
an increase in the endogenous level of the respective polyamine within 
3 h of treatment [28].

At third and fourth day following spermidine treatment, the level of 
free spermidine remains elevated in the roots compared to untreated 
plants, albeit not as significantly as observed two days post-treatment. 
This decline in spermidine levels over time in treated roots suggests a 
possible transport of spermidine from the roots to the green tissue, as 
evidenced by the concurrent increase in free spermidine levels in the 
green tissue at the 3rd and 4th days post-treatment. Previous studies 
using radioactively labeled polyamines indicate both uptake of poly-
amines by various plant species and their transport to different organs 
after uptake. Incubating soybean seeds with 15N-putrescine revealed its 
presence in cotyledons. During development, the content of this poly-
amine decreased in cotyledons but increased in roots and shoots, sug-
gesting transport to other organs [29]. Studies on tomato and maize 
seedlings showed that labeled putrescine is present in the upper parts of 
seedlings 30 min after incubating plant roots in medium containing 
3H-putrescine [30].

Furthermore, the transcript level of the SPDS gene provides addi-
tional insight, indicating that the changes in endogenous spermidine 
levels are indeed treatment related. The mRNA level of the SPDS gene 
either remains stable or decreases, which is particularly notable in the 
green tissue, where three days after treatment, the transcript level of 
SPDS is halved. This suggests that the observed alteration in spermidine 
levels is likely not due to de novo synthesis but rather associated with 
other processes, such as translocation from the roots to the green tissue.

Spermidine treatment also led to changes in the level of insoluble 
spermidine conjugates. However, these changes were only observed in 
the roots after treatment with 100 mM Spd and were much smaller 
compared to the increases in free spermidine.

Spermidine treatment also affected the endogenous level of other 
polyamines. Two days after treatment, an increase in the level of free 
putrescine and insoluble putrescine conjugates in the roots was 
observed. However, this change was not sustained over time. Free pu-
trescine returned to its initial level, and the amount of insoluble con-
jugates decreased. The transcript levels of the ADC and ODC genes did 
not increase, suggesting a different source of the increase in endogenous 
putrescine levels, potentially linked to the back-conversion process of 
Spd to Put.

Free spermidine levels in roots were below detection limits, but 
treatment with Spd led to notable increases in insoluble Spm conjugates. 
In shoots, significant increases in free Spm levels were observed after 
Spd treatment, accompanied by decreases in insoluble Spm. mRNA level 
of the SPMS gene remained largely unaffected in roots but showed a 

slight increase in shoots following treatment with 10 mM Spd, sug-
gesting tissue-specific responses to Spd treatment.

An increase in endogenous Spm levels was also observed in Agrostis 
stolonifera after spraying with Spd [31]. Different results were obtained 
however in a study where rice panicles were treated with 1 mM Spd for 5 
days. Five days after the treatment cessation, a decrease in free Put and 
Spd levels was observed, accompanied by an increase in free Spm levels. 
This was accompanied by an increase in the transcript levels of genes 
OsODC1 and OsSPDS3. No changes were observed for the genes OsADC1 
and OsSPDS1[32].

The treatment of flax with polyamines influenced also the timeline of 
PR gene activation during F. oxysporum infection. The mRNA levels of 
the chitinase gene, are significantly elevated in the roots of infected 
plants compared to uninfected controls. This suggests a robust activation 
of defense mechanisms in the roots in response to F. oxysporum infection. 
Conversely, in the shoots, there was a decrease in chitinase mRNA levels 
two days after infection, followed by an increase on the third day. This 
initial suppression followed by activation in shoots indicates a delayed 
but significant defensive response in the aerial parts of the plant.

Treatment with 100 mM Spd resulted in a faster and higher response 
of the plant to infection in the roots as an increase in the mRNA level of 
the chitinase gene are observed just 1 day after Foln application. A lower 
concentration gave a different result, initially reducing the level of the 
chitinase gene transcript, but 3 days after Foln application it also 
significantly increased its level compared to untreated infected plants. In 
infected shoots, the level of the chitinase gene transcript increased 3 
days after Foln application. However, spermidine treatment did not 
affect the mRNA level of this gene in infected shoots. Similar results 
were obtained when examining Botrytis cinerea infection in Arabidopsis 
thaliana. It was shown that treatment with 10 mM Spm induced 
systemic-acquired resistance genes response including chitinase [20]. It 
is worth to note that those two types of fungi have different modes of 
infection. Fusarium is infecting flax plants mainly through the root 
system, while Botrytis was shown to enter plants also via stomata and by 
penetrating leaf surfaces.

Our data indicates a differential response in PAs metabolism between 
roots and shoots of flax infected with Foln. Infected roots show consis-
tent increases in free Put and insoluble conjugates, suggesting possible 
connection to defense mechanism. Infected shoots, however, demon-
strate stable free Put levels but significant decreases in insoluble con-
jugates, indicating a possible shift in PA metabolism. Similar trends are 
observed with Spd and Spm levels in roots. In contrast to the level of free 
Put in the shoots of infected plants, an increase in the levels of free Spd 
and Spm was observed. Similarly, there was an increase in level of free 
Spd and Spm in potato leaves 2 days after inoculation with Phytophthora 
infestans [33].

The infection by F. oxysporum induces significant upregulation of 
polyamine biosynthesis genes in both roots and shoots of flax, indicating 
activation of polyamine metabolic pathways as part of the plant’s de-
fense mechanism. Notably the ADC and ODC genes exhibited elevated 
transcript levels in both roots and shoots during whole tested infection 
period but the pattern was different for both tissues suggesting different 
preferences for biosynthetic routes in those two tissues. Whereas no 
significant changes in mRNA levels of main biosynthetic genes were 
observed in potato leaves infected with Phytophthora infestans [33]. 
During A. flavus infection of maize, significant induction of PAs 
biosynthesis genes is observed. Compared to the susceptible line, the 
resistant maize lines show a higher basal expression of the PAs metabolic 
genes, which increased after infection [21].

Spermidine treatment not only alters polyamine levels and gene 
expression in healthy plants but also significantly modulates these pa-
rameters in the context of fungal infection. 100 mM Spd concentration 
generally enhanced ODC gene expression in infected roots, while 
reducing mRNA levels of ADC, ODC and SPDS genes in infected shoots. 
Treatment with 100 mM Spd not only increased Put levels in infected 
roots but also led to an increase in both Put fractions in shoots. Spd 
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treatment elevated levels of free and insoluble Spd and Spm, particularly 
with the 100 mM treatment in both tissues. Interestingly, no changes 
were observed in the level of free polyamines in Arabidopsis leaves 
infected with Botrytis cinerea or leaves treated with μM concentration 
Spd and Spm before pathogen application [28]. The observed increases 
in polyamine content in these plants suggest that spermidine treatment 
leads to a more robust and sustained defense response. This enhanced 
response likely contributes to the slower progression of infection and the 
overall better condition of the treated plants. Indeed, the flax plants 
pre-treated with spermidine showed less visible symptoms of infection 
as shown in Fig. 3 and Table 2. As mentioned earlier this is not always 
the case as for example tomato plants genetically modified to have 
higher levels of Spd were observed to be more susceptible to B. cinerea. 
They exhibited larger lesions and a greater fungal biomass compared to 
the wild-type plants. This increased vulnerability was associated with 
the down-regulation of genes linked to ethylene biosynthesis and 
signaling, indicating a potential interference with ethylene-mediated 
plant defense mechanisms [34].

In future it would be beneficial firstly to monitor the progression of 
fungal infection in plants in more detail and to perform the study on field 
cultivated plants, continuing monitoring to harvest to observe if the 
protective effect is observed through the whole growth period and what 
effect it may have on seeds in particular. It was reported previously that 
polyamines can influence not only productivity and stress tolerance but 
also have effect on other secondary metabolites however the effect 
depend on type of polyamine, dose and plant species [7].

At the moment, it is not known whether this mechanism is a more 
direct effect of polyamine levels or if it involves the induction of other 
metabolic pathways. To conclude, our data indicate that polyamine 
treatment is a viable option for protecting flax from fusariosis and is 
worthy of further study.
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6.3. SUPLEMENT DO PUBLIKACJI 2  

 
  

Supplementary materials:  
 

 
Supplementary Figure 1 Polyamine (free and insoluble conjugates: Spd spermidine;Put putrescine; Spm spermine) 
content in flax roots and shoots after spermidine treatment (10 mM and 100 mM). The data were obtained from 
UPLC analysis. Bars represent the mean with SD from three measurements. The significance of the differences 
was determined using two-way ANOVA with Tukey post hoc test (*P<0,05). 
 

 
Supplementary Figure 2 Polyamine (free and insoluble conjugates: Spd spermidine; Put putrescine; Spm spermine) 
content in flax roots and shoots after F. oxysporum application. The data were obtained from UPLC analysis. Bars 
represent the mean with SD from three measurements. The significance of the differences was determined using 
two-way ANOVA with Tukey post hoc test (*P<0,05). 
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Supplementary Figure 3 Polyamine (free and insoluble conjugates: Spd spermidine; Put putrescine; Spm spermine) 
content in flax roots and shoots treated with spermidine (10 mM and 100 mM) and then infected with F. oxysporum. 
The data were obtained from UPLC analysis. Bars represent the mean with SD from three measurements. The 
significance of the differences was determined using two-way ANOVA with Tukey post hoc test (*P<0,05). 
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Augustyniak, B., Wojtasik, W., Sawuła, A., Burgberger, M., Kulma, A., Spermidine treatment 

limits the development of the fungus in flax shoots by suppressing polyamine metabolism and 

balanced defence reactions, thus increasing flax resistance to fusariosis. Front. Plant Sci., 25 

March 2025 Sec. Plant Pathogen Interactions Volume 16 – 2025. 

https://doi.org/10.3389/fpls.2025.1561203 

 

7.1. KRÓTKI OPIS PUBLIKACJI 3 

Publikacja pt. „Spermidine treatment limits the development of the fungus in flax shoots by 

suppressing polyamine metabolism and balanced defence reactions, thus increasing flax 

resistance to fusariosis”, której jestem pierwszą autorką, została opublikowana w 2025 roku 

w czasopiśmie Frontiers in Plant Science (IF2024 = 4,8). 

Mój wkład w tę pracę obejmował pełną koncepcję i zaplanowanie eksperymentu (we 

współpracy z W.W. i A.K.), samodzielne wykonanie wszystkich analiz, w tym: obserwacji 

fenotypowych, analizy ilościowej DNA grzyba, analizy ekspresji genów metodą qPCR, analizy 

zawartości poliamin metodą HPLC oraz pomiaru stężenia nadtlenku wodoru. Samodzielnie 

przygotowałam grafiki od 3 do 5 oraz wszystkie grafiki zamieszczone w materiałach 

suplementarnych. Odpowiadałam za analizę i interpretację danych (wraz z W.W. i A.K.) oraz 

przygotowałam pierwszą wersję manuskryptu (rozdział Introduction wspólnie z M.B). 

Wspólnie z pozostałymi współautorami redagowałam manuskrypt do wersji końcowej.  

Praca stanowiła rozwinięcie badań nad wpływem spermidyny na odporność lnu, tym razem 

prowadzonych na odmianie 'Nike'. Jej celem było potwierdzenie ochronnego działania 

spermidyny oraz pogłębienie analizy mechanizmów leżących u podstaw indukowanej 

odporności. Dzięki zastosowaniu drugiej odmiany lnu zweryfikowano, czy obserwowany 

wcześniej efekt ochronny spermidyny stanowi powtarzalny element odpowiedzi lnu na infekcję 

Foln, a nie jest cechą specyficzną dla jednej odmianyWykazano, że optymalne stężenie 10 mM 

spermidyny wywołuje zrównoważoną odpowiedź obronną, charakteryzującą się szybkim, lecz 

kontrolowanym wzrostem produkcji H₂O₂ w początkowej fazie infekcji. Taki przebieg reakcji 

ograniczał rozwój patogenu w pędach i umożliwiał uniknięcie uruchamiania długotrwałych, 

energetycznie kosztownych mechanizmów obronnych. Wyniki te pozwoliły sformułować 
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model, w którym spermidyna pełni rolę czynnika przygotowującego (ang. priming agent) 

system odpornościowy rośliny do skuteczniejszej odpowiedzi na stres biotyczny. 
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7.2. MANUSKRYPT PUBLIKACJI 3 

 
  

Spermidine treatment limits the
development of the fungus in
flax shoots by suppressing
polyamine metabolism and
balanced defence reactions,
thus increasing flax resistance
to fusariosis
Beata Augustyniak, Wioleta Wojtasik*, Agnieszka Sawuła,
Marta Burgberger and Anna Kulma

Faculty of Biotechnology, University of Wrocław, Wroclaw, Poland

Introduction: Flax (Linum usitatissimum) is an important industrial crop in
temperate regions, but fungal diseases, especially those caused by Fusarium
oxysporum sp. lini, pose a serious risk. These infections can lead to major crop
losses, reducing interest in flax cultivation.

Methods: This study investigated the effects of exogenous spermidine (Spd) on the
interactions between flax and Fusarium oxysporum sp. lini. Flax plants treated with
either 10 mM or 100 mM Spd were monitored for changes in polyamine levels,
gene expression, and hydrogen peroxide (H2O2) content following infection.

Results and discussion: Notably, plants treated with 10 mM Spd showed
enhanced resistance, exhibiting better phenotypic health and lower fungal
murein levels, especially in shoots. Chitinase expression in these plants
remained similar to or lower than control levels, suggesting minimal additional
defence activation was required. Additionally, a marked ROS burst occurred two
days post-infection, followed by redox balance restoration, indicating a
controlled defence response. These results suggest that moderate Spd
treatment improves flax resilience against fusarium wilt while avoiding
excessive defence activation, highlighting Spd’s potential for sustainable crop
protection strategies.
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1 Introduction

Flax (Linum usitatissimum) is a widely cultivated crop in
temperate regions, valued for its two primary products: fiber and
oil (Kiryluk and Kostecka, 2020). Flax fibers are utilized in textiles
and selected biomedical applications, while flaxseed oil, rich in
unsaturated fatty acids, is important in the food and chemical
industries (Czemplik et al., 2011). By-products such as shives and
seedcake enhance its potential for zero-waste utilization (Zuk et al.,
2015). Despite its economic importance, flax cultivation faces
challenges from diseases like fusarium wilt caused by Fusarium
oxysporum sp. lini (Foln). This pathogen infects plants through the
root system, subsequently colonizing the vascular tissues, which
disrupts water and nutrient transport. As a result, affected plants
exhibit symptoms such as wilting, stunted growth, and eventual
death (Pietro et al., 2003). Foln not only reduces crop yields but also
compromises fiber and seed quality, amplifying economic losses for
flax producers (Olivain et al., 2003). The high adaptability and
persistence of Foln in soil make it particularly challenging to control
using conventional agricultural practices. Consequently, there is an
increasing emphasis on exploring innovative strategies to enhance
plant resilience and develop sustainable methods for disease
management (Usman et al., 2023).

Polyamines (PAs) have garnered significant attention as
potential agents in enhancing plant resistance to pathogens. PAs,
such as putrescine (Put), spermidine (Spd), spermine (Spm),
thermospermine (Tspm), and cadaverine (Cad), are low-molecular-
weight polycations present in all living organisms (Mustafavi et al.,
2018). These compounds exist in both free and conjugated forms and
interact with macromolecules like proteins, nucleic acids, and cell
wall components (Chen et al., 2019; Pal et al., 2021). The biosynthesis
of PAs in plants begins with the production of putrescine (Figure 1).
This can occur via two main pathways: [1] arginine is decarboxylated
by arginine decarboxylase (ADC, EC 4.1.1.19) to produce agmatine,
which is then converted into putrescine through the actions of
a gma t i n e im inohydro l a s e (A IH , EC 3 . 5 . 3 . 1 2 ) and
N-carbamoylputrescine amidohydrolase (NCPAH, EC 3.5.1.53), or

[2] arginine is converted to ornithine by arginase (ARG, E.C. 3.5.3.1),
ornithine then is converted into putrescine by ornithine
decarboxylase (ODC, EC 4.1.1.17) (Docimo et al., 2012). Putrescine
serves as the precursor for higher polyamines, including spermidine
and spermine, which are synthesized through successive reactions
catalysed by spermidine synthase (SPDS, EC 2.5.1.16) and spermine
synthase (SPMS, EC 2.5.1.22), using aminopropyl groups derived
from the decarboxylation of S-adenosylmethionine (SAM) by
S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50). The
catabolism of PAs occurs through oxidation by copper-containing
amine oxidases (DAOs, E.C. 1.4.3.22) and flavin-containing
polyamine oxidases (PAOs, E.C. 1.5.3.14), leading to the
production of hydrogen peroxide, ammonia, and 4-aminobutanal.
These metabolic processes are tightly regulated, ensuring that PAs
levels are maintained at an optimal range for cellular function
(Gonzalez et al., 2021).

Polyamines play a complex role in plant-pathogen interactions,
influencing immune responses through both direct and indirect
mechanisms. One such mechanism involves PAs acting as elicitors
of plant defence, where they activate MAPK pathways, leading to the
upregulation of defence-related genes and the initiation of
hypersensitive responses, which localize and limit pathogen spread
by inducing cell death (Hussain et al., 2011). Additionally, PAs are
involved in maintaining redox homeostasis. During PA catabolism,
reactive oxygen species (ROS) like hydrogen peroxide are produced,
which can directly inhibit pathogen growth and trigger further
defence signalling, including cell wall reinforcement through
lignification. PAs also interact with other key signalling molecules,
such as nitric oxide (NO), salicylic acid, and abscisic acid, enhancing
the plant’s ability to withstand pathogen attack. In response to fungal
infections, elevated levels of PAs, particularly putrescine and
spermidine, have been observed in infected plant tissues, suggesting
that PAs play a crucial role in modulating plant susceptibility or
resistance to pathogens (Walters, 2003; Liu and Alcazar, 2021).

The influence of PAs in plant-fungal interactions varies
depending on factors such as polyamine type, concentration, and
host species. For instance, elevated levels of putrescine and

FIGURE 1

Polyamine biosynthesis and catabolism in plant cells. ADC, arginine decarboxylase; ARG, arginase; AIH, agmatine iminohydrolase; ODC, ornithine
decarboxylase; NCPAH, N-carbamoylputrescine amidohydrolase; SPDS, spermidine synthase; SPMS, spermine synthase; DAO, diamine oxidase; PAO,
polyamine oxidase; TSPMS, thermospermine synthase; SAMDC, S-adenosylmethionine decarboxylase.
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spermidine have been reported in wheat leaves infected by
Pyricularia oryzae, suggesting that their accumulation may impact
plant vulnerability to the pathogen (Aucique-Pérez et al., 2020).
Exogenous application of specific PAs can either bolster or impair
plant resistance, depending on the context. Spermine treatment in
Solanum lycopersicum and Arabidopsis thaliana has been shown to
enhance resistance to Botrytis cinerea by inducing systemic
acquired resistance (SAR) and increasing ROS production (Seifi
et al., 2019). Furthermore, research on maize infected by Aspergillus
flavus has revealed that resistant varieties exhibit higher basal
expression of genes involved in PA metabolism, which likely
contributes to their enhanced defence capabilities (Majumdar
et al., 2019). These findings highlight the multifaceted role of PAs
in shaping the outcomes of plant-pathogen interactions.

The objective of this study was to investigate how spermidine
influences the interaction between flax and Fusarium oxysporum.
To address this, we decided to elevate the spermidine content in flax
by adding it to the medium, testing whether this exogenous
polyamine could be absorbed by the plant roots and subsequently
transported to the shoots. Next, we would investigate how Fusarium
oxysporum infection alters polyamine metabolism in flax. This
approach would ultimately allow us to explain the effect of
increased spermidine levels on flax infection caused by Foln. In
these plants, we would analyse the content of other polyamines, the
transcript levels of polyamine metabolism genes, and the content of
H2O2. This study aims to deepen our understanding of how
polyamine metabolism contributes to the plant’s defence
mechanisms. Understanding these interactions may help develop
strategies to enhance flax resistance to fusarium wilt and improve
sustainable flax cultivation practices.

2 Materials and methods

2.1 Plant material and growing conditions

Flax seeds (Linum usitatissimum L., cv. Nike) were sourced
from the Flax and Hemp Collection of the Institute of Natural

Fibers and Medicinal Plants - National Research Centre (INF&MP-
NRC) in Poland. The pathogenic strain Fusarium oxysporum f. sp.
lini (Bolley) Snyder et Hansen (ATCC MYA-1201) was obtained
from the American Type Culture Collection (ATCC) in the USA.

The flax seeds were sterilized by immersing them in 50% PPM
(Plant Cell Technology, UK) for 10 minutes and then transferred to
sterile jars containing 45 ml of Murashige and Skoog medium (MS
medium; Sigma-Aldrich), adjusted to pH 5.8, with 10 g of vermiculite.
The flax plants were grown in a controlled environment chamber
under a 16-hour light (21°C) and 8-hour dark (16°C) photoperiod.

A 1 M spermidine stock solution (Spermidine trihydrochloride;
Sigma-Aldrich) was prepared by dissolving the appropriate amount
of spermidine in distilled water. The solution was sterilized using a
0.22 µm syringe filter in a laminar flow hood. The final
concentrations of 10 mM and 100 mM spermidine were achieved
by diluting the stock solution with sterile water. These
concentrations were chosen based on the treatment plan and
plant growth conditions. Since the spermidine was applied to the
solid substrate once, the actual concentration available to the
plants would be lower, in line with values reported in the
literature (Szalai et al., 2017; van Rensburg et al., 2021).

Twelve-day-old in vitro-grown flax plants were treated with 5 ml
of either 10 mM or 100 mM spermidine solution by watering the
substrate. After 24 hours, the plants were exposed to the pathogenic
fungus F. oxysporum. The fungus was cultured on potato dextrose
agar (PDA, IBI Scientific) at 28°C, and spore viability was assessed by
determining the percentage of germinated spores. Spores, including
both macro- and microconidia, were harvested by flooding the
culture plate with 15 ml of sterile water. The spore concentration
was adjusted to 106 spores/ml using a hemocytometer. For
inoculation, 0.5 ml of the spore suspension (106 spores/ml) or 0.5
ml of sterile water (control) was added to the culture medium of both
untreated and spermidine-treated flax plants (Figure 2).

Flax plants treated with spermidine, untreated controls, flax
infected with F. oxysporum, and flax treated with spermidine and
infected with F. oxysporum were harvested at 2, 3, 7, and 14 days
post-infection. Roots and shoots were collected separately. Each
experimental group at each time point consisted of three jars, each

FIGURE 2

Experimental scheme of spermidine (Spd) treatment and F.oxysporum (pathogen) application with 5x105 spores amount (106 spores/ml).
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containing 16 plants. The plants from each jar were pooled as a
single sample, ground in liquid nitrogen, and weighed for
subsequent analyses.

2.2 Gene expression analysis

The mRNA levels of the analysed genes were measured using
real-time PCR. Total RNA from the roots was extracted using the
Spectrum™ Plant Total RNA Kit (Sigma-Aldrich) according to the
manufacturer’s instructions, while RNA from the shoots was
isolated with RNA Extracol (EURx), following the provided
protocol. RNA integrity was verified through 1% (w/v) gel
electrophoresis, and the RNA concentration was quantified
spectrophotometrically. Any remaining DNA was removed with
DNase I (Invitrogen) treatment. The purified RNA was then used as
a template for cDNA synthesis, utilizing the High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems).

Real-time PCR was conducted using SG/ROX qPCR Master
Mix (EURx) on an Applied Biosystems StepOnePlus Real-Time
PCR System. The reactions followed the kit manufacturer’s
instructions, with an annealing temperature of 57°C. The
specificity of the primers at this temperature was confirmed by
analysing the melting curves of the products. Primer sequences used
for the reactions are shown in Table 1. Each reaction was performed
in triplicate. The actin gene was used as a reference for
normalization. Transcript level changes were calculated relative to
the reference gene.

2.3 Polyamine extraction and analysis
by UPLC

The isolation and fractionation of polyamines was
performed using a modified version of the method described by

Wojtasik et al (2015). Briefly, 100 mg of ground flax roots or shoots
were extracted with 1ml of 4% (w/v) perchloric acid (PCA; VWR
Chemicals) for 1h at 4°C with shaking. After centrifugation (14,000
rpm, 20 min, 4°C), the supernatant was preserved, and the pellet
was resuspended in 0.5 ml of 4% PCA. The supernatant contains
free polyamines and polyamines conjugated to phenolic acids, and
the pellet contains insoluble polyamines bound to cell
wall components.

In order to convert the conjugated and bound forms into a free
form, 0.5 ml of 6 N HCl (Chempur) were added to 0.5 ml of the
supernatant and suspended pellet and hydrolyzed at 110°C for 20h.
After drying in a block heater at 100°C, the residues were re-
dissolved in 0.5 ml of 4% PCA.

Subsequently, polyamine dansylation was performed to
facilitate identification: 0.2 ml aliquots were added to 0.2 ml of
saturated sodium carbonate (Merck, Supelco) and 0.4 ml of dansyl
chloride (5 mg/ml in acetone). After brief vortexing, the mixture
was incubated in darkness at 60°C for 1h. Excess dansyl reagent was
removed by adding 0.2 ml of 150 mg/ml proline. Dansylated
polyamines were extracted by 0.5 ml of toluene (VWR
Chemicals), dried under nitrogen flow and re-suspended in 0.2
ml of acetonitrile (VWR Chemicals), and finally 4 ml were injected
on the column.

The samples were analysed using a Waters Acquity UPLC
system with a 2996 PDA detector on an Acquity UPLC HSS T3
2,1 x 100 mm 1.8 mm column. The mobile phase was A = water and
B = acetonitrile, in a gradient flow: initial: 40% A/60% B; 1.17 min:
40% A/60% B; 1.65 min: 30% A/70% B; 4.0 min: 25% A/75% B; 7.57
min: 0% A/100% B; 8.00 min: 0% A/100% B; 8.5: 40% A/60% B; 11.5
min: 40% A/60% B with a 0.4 ml/min flow rate. The peak
integration was done at 366 nm.

The results were standardized with mixtures of dansylated
polyamine standards (putrescine, spermidine, spermine).
Conjugated polyamine content was calculated by subtracting free
polyamine content from the total acid-soluble polyamine content.

TABLE 1 Primer sequences used for the real-time PCR reactions.

Gene Forward Primer Reverse primer

ACT 5′ CCGGTGTTATGGTTGGAAT 3′ 5′ TGTAGAAAGTGTGATGC CAAA 3′

CHIT 5’ CATCCAATGAATGGCCTT 3, 5’ GGCTGTTCGGAATGATATCTC 3’

ADC 5′ GAGGAGCTTGATTTGGTGA 3′ 5′ CACGCTGAGAATCTGAGTT 3′

AIH 5′ GTCTACTGCAACTGATGCTAA 3′ 5′ AGAAGCAGCAAGTCTTGT 3′

NCPAH 5′ AAGCACAAAGGGAGGAC 3′ 5′ CTATGGAATTGTAATGAGCAT TGTT 3′

ARG 5′ CTGATGTTGGTGATGTCCC 3′ 5′ CCTCCAAGTTTCTCAGATAC AG 3′

ODC 5′ CTGGATGAGTGTTTCTCAGG 3′ 5′ GCAATTCATCGACCCGTA 3′

SPDS 5′ AAAGCAGTCCTGGTAGTTG 3′ 5′ CGTGGATCTTCGAATCCG 3′

SPMS 5′ GGCTATTCCTTCCTGTTGTC 3′ 5′ GGCCACATAGGATTGTTAA AGTA 3′

DAO 5′ CAAAGTCGGCATGATCG 3′ 5′ GGGTTTACGTTGACCAGAG 3′

PAO 5′ ATGGGAGGACGTTTGTAG 3′ 5′ GCCAGAACACATTGTCGAA 3′

ACT, actin; CHIT, chitinase; ADC, arginine decarboxylase; AIH, agmatine iminohydrolase; NCPAH, N-carbamoylputrescine amidohydrolase; ARG, arginase; ODC, ornithine decarboxylase;
SPDS, spermidine synthase; SPMS, spermine synthase; DAO, diamine oxidase; PAO, polyamine oxidaseõ.
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For most of the analysed samples, the amount of soluble conjugates
was below the detection limit. Therefore, the data were ultimately
not included in further analysis.

2.4 Monitoring the progress of
the infection

Phenotypic changes illustrating the symptoms of the disease
(yellowing of leaves, brown spots on the leaves, wilting) were
assessed visually and photographed. Phenotypic changes in the
studied plants, 3 jars from each experimental group were left for
regular monitoring.

Genomic fungal DNA was isolated from the roots and shoots of
infected plants using the CTABmethod. In brief, approximately 100
mg of ground plant tissue was lysed in 700 µl of CTAB buffer (2%
CTAB, 100 mMTris-HCl pH 8.0, 20 mM EDTA, 1.4 MNaCl, 1% b-
mercaptoethanol), with polyvinylpolypyrrolidone (PVPP) added to
remove polyphenols. The mixture was incubated at 65°C for 30
minutes with occasional inversion. After lysis, the mixture was
centrifuged at 14,000 rpm for 10 minutes at room temperature. The
supernatant was transferred to a new tube, while the pellet was
discarded. To eliminate proteins and polysaccharides, 450 µl of a
chloroform:isoamyl alcohol (24:1) mixture was added to the
supernatant, gently mixed, and centrifuged again at 14,000 rpm
for 8 minutes. The upper aqueous phase was carefully removed,
avoiding the interphase. This extraction step was repeated to ensure
the purity of the DNA. DNA was precipitated by adding an equal
volume of isopropanol and 30 µl of 3M sodium acetate (pH 5.2),
followed by incubation at -20°C for 15 minutes and centrifugation
at maximum speed for 10 minutes. The DNA pellet was washed
with 500 µl of 70% ethanol, gently vortexed, and centrifuged at
7,500 rpm for 5 minutes. After discarding the supernatant, the pellet
was dried at 56°C for 5 minutes. The DNA was then resuspended in
40 µl of RNase-treated water (0.5 µg/µl) and incubated at 65°C for
10 minutes to remove residual RNA. DNA integrity was assessed by
1.0% (w/v) agarose gel electrophoresis, and DNA concentration was
measured spectrophotometrically.

The extracted DNA (100 ng/µl) was used as a template for real-time
PCR targeting a 150 bp fragment of the fungal murein transglycosylase
gene (primers: Fwd: TCTCAACGGTGTCGAGTCTAA, Rev:
CACCCTGGTTGCAGATAAT), with the actin gene serving as a
reference. Real-time PCR reactions were conducted using SG/ROX
qPCR Master Mix (EURx) on an Applied Biosystems StepOnePlus
Real-Time PCR System. The reaction conditions followed the
manufacturer’s protocol, with the annealing temperature set at 57°C.

2.5 H2O2 content determination

Plant material was ground in liquid nitrogen using a mortar and
pestle and 50 mg of the obtained powder was used for processing.
The ground tissue was suspended in 200 µL of 20 mM phosphate
buffer pH 6.5 and centrifuged (10 min, 4°C, 10,000× g). The
supernatant was transferred to a new Eppendorf tube and 50 µL
was used for H2O2 content determination. The assay was performed

using Amplex™ Red Hydrogen Peroxide/Peroxidase Assay Kit (Life
Technologies) according to the producer’s instructions. Varioskan
Flash (Thermo Scientific) was used for samples measurement.

2.6 Statistical analysis

Each experimental group comprised three jars, with each jar
containing 16 plants. The plants were collected and treated as a
single pool. The results of the experiments were presented as the
mean of the three repetitions, accompanied by the corresponding
standard deviation. Statistical analyses were performed using Prism
Graphpad 10 software. The significance of the differences between
studied groups was determined using two-way ANOVA with
Tuckey post hoc test.

3 Results

3.1 The impact of Fusarium oxysporum
infection on flax

3.1.1 Progression of the infection with Fusarium
oxysporum in flax

Phenotypic observations showed that starting from the fourth week
after pathogen application, plants displayed signs of infection, such as
leaf yellowing and wilting, which were not observed in the non-infected
control plants (Figure 3A). To describe the infection progression, the
increase in fungal DNA levels in the plants was tracked through
analysis of the fungal murein transglycosylase gene (Figure 3B). Plant
responses to the infection were represented by changes in the transcript
levels of the chitinase gene, a marker of pathogenesis-related (PR)
responses. (Figure 3C). In infected plants, an increase in the relative
amount of themurein transglycosylase gene was observed. In the roots,
there was a 4,5-fold increase in themurein transglycosylase gene level by
day 3 after Foln application, a 38-fold increase by day 7 and a 184-fold
increase by day 14 compared to day 2. In shoots, the murein
transglycosylase gene level increased from 0,02 on day 2 to 0,1 on
day 3, 0,4 on day 7,5 on day 14 compared to roots day 2. Notably, a
much lower level of fungal murein transglycosylase gene was observed
in the shoots compared to the roots.

In the roots of infected plants, an increase in CHIT transcript
levels was observed from day 2 post Foln application compared to
non-infected plants (1,5-fold increase on day 2, 2,8-fold increase on
day 3, 2-fold increase on day 7 and 12-fold increase on day 14). In
the shoots of infected plants, there was initially a decrease in CHIT
mRNA levels, with a 35% reduction on day 2. However, at
subsequent time points, a similar increase in CHIT transcript
levels was observed as in the roots, with an 1,8-fold increase on
day 2 and a 3,8-fold increase on day 14.

3.1.2 The effect of infection on
polyamine content

To assess the impact of infection on the levels of PAs in the
roots and shoots of flax, the following data were described as the
fold change in plants infected with F. oxysporum compared to
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FIGURE 3 (Continued)
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uninfected controls (Figure 3D). The absolute levels are presented
in supplementary files (Supplementary Figure S1).

In the roots of infected plants, the level of free spermidine
remained unchanged throughout the course of infection. A decrease
in the amount of insoluble conjugates was observed 2 days (35%)
and 7 days (25%) after Foln application. However, 14 days after
Foln application, there was a 4.6-fold increase in this spermidine
fraction in the roots of infected plants compared to the uninfected
control. In the shoots of infected plants, a reduction in free
spermidine levels was observed (33% at 3 days after Foln
application and 56% at 7 days after Foln application).
Additionally, in the shoots, a 40% decrease in the insoluble
spermidine conjugate fraction was observed 2 days after Foln
application. By day 3, the level of this fraction had increased 1.7-
fold in the infected shoots. However, by day 14, the level had
dropped again by 60%.

In the roots of infected plants, an increase in free putrescine
levels was observed 2 days (2.2-fold) and 7 days (1.6-fold) after Foln
application. However, 14 days after Foln application, there was a
74% decrease in this fraction of putrescine compared to the roots of
uninfected plants. For insoluble putrescine conjugates, a decrease
was observed at the first time point studied, with a 23% reduction 2
days after Foln application. 3 days after Foln application, the level of
insoluble putrescine conjugates increased 1.4-fold, and 14 days after
pathogen application, it increased 2.4-fold. In the shoots of infected
plants, free putrescine, like spermidine, initially showed no changes.
However, 3 days after Foln application, a 37% decrease in free
putrescine levels was observed in infected shoots. 7 days after Foln
application, the level of free putrescine increased 2-fold. The level of
insoluble putrescine conjugates did not show significant changes in
the early stages of infection in the shoots of infected plants.
However, by day 14 after Foln application, there was a 61%
decrease in insoluble putrescine conjugates.

In the roots of infected plants, a decrease in insoluble spermine
conjugates was observed on days 3 and 7 after Foln application (by
55% and 30%, respectively). However, 14 days after Foln
application, there was a 5.3-fold increase in this spermine fraction

in the examined roots. In the infected shoots, a 2-fold increase in
free spermine levels was observed on both days 3 and 7 after Foln
application. Insoluble spermine conjugates also exhibited an
upward trend, with a 2-fold increase 7 days after Foln application.

3.1.3 The effect of infection on transcript levels
of polyamine metabolism genes

To assess the impact of infection on the levels of polyamine
metabolism genes mRNA in the roots and shoots of flax, the
following data were described as the fold change in plants
infected with F. oxysporum compared to uninfected controls
(Figure 3E; Supplementary Figure S2).

In the roots of infected plants, the transcript level of the ARG
gene did not show significant changes. However, 2 days after Foln
application, a 20% decrease in AIH transcript levels was observed.
The mRNA levels of the ADC and NCPAH genes remained
relatively stable during the early stages of infection, but after 7
and 14 days of Foln application, the mRNA levels of both genes
increased 1.5-fold. In the roots of infected plants, a continuous
increase in the transcript level of the ODC gene was observed,
starting 2 days after Foln application with a 1.7-fold increase,
followed by a 2-fold increase at day 3, a 3.5-fold increase at day 7,
and reaching a 5.2-fold increase at day 14.

In the shoots of infected plants, a slight decrease in the
transcript levels of ARG, ADC, and AIH genes was observed
during the early stages of infection (15% decrease in ARG 2 days
after Foln application; 14% decrease in ADC 3 days after Foln
application; 22% decrease in AIH on day 2 after Foln application). 7
days after Foln application, the transcript levels of ARG (1.3-fold),
AIH (2.4-fold), and NCPAH (2.2-fold) increased, while the mRNA
level of the ADC gene decreased by 17%. 14 days after Foln
application, there was a 21% decrease in ARG mRNA levels and a
43% decrease in AIH mRNA levels.

In the shoots of infected plants, no changes in ODC mRNA
levels were observed at the early time points studied. However, by
day 14 after pathogen application, the transcript level of this gene
increased 2.8-fold in infected shoots.

FIGURE 3 (Continued)

The effect of F oxysporum infection on flax plants. (A) Phenotypic changes in plants infected with F oxysporum. (WAA, weeks after application; Ctr,
control). (B) Relative quantity of fungal murein transglycosylase gene in roots and shoots of plants after Foln application. The data presented were
obtained from real-time PCR analysis. Flax actin served as the reference gene, and the relative quantity of the murein transglycosylase gene was
normalized to infected roots 2 days after Foln application. Bars represent the mean ± SD from three replicates. The significance of differences
between groups was determined using two-way ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to 2-day control).
(C) Transcript level of chitinase gene in flax roots and shoots after Foln application. The data were obtained from real-time RT-PCR analysis. Actin
was used as a reference gene and the transcript levels were normalized to the control noninfected plants (marked as red dot line). Bars represent
the mean ± SD from three replicates. The significance of differences between groups was determined using two-way ANOVA followed by Tukey’s
post hoc test (*P < 0.05 for comparison to control from the same time point as the sample). (D) Polyamine (SPD, spermidine; PUT, putrescine; SPM,
spermine) content in flax roots and shoots after F oxysporum application. Heat map box represent the mean from three replicates. The significance
of differences between groups was determined using two-way ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to control from
the same time point as the sample). (E) Transcript level of polyamine metabolism genes in flax roots and shoots after Foln application. The data
were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and the transcript levels were normalized to the untreated
control plant. Heat map box represent the mean from three measurements. The significance of the differences was determined using two-way
ANOVA with Tuckey post hoc test (*P<0,05) (ARG, arginase; ADC, arginine decarboxylase; ODC, ornithine decarboxylase; AIH, agmatine
iminohydrolase; NCPAH, N-carbamoylputrescine amidohydrolase; SPDS, spermidine synthase; SPMS, spermine synthase; DAO, diamine oxidase;
PAO, polyamine oxidase). (F) H2O2 content in flax roots and shoots after Foln application. Bars represent the mean ± SD from three replicates. The
significance of differences between groups was determined using two-way ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to
control from the same time point as the sample).
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3 days after Foln application, the mRNA levels of the SPDS and
SPMS genes in the roots of infected plants decreased by 24% and
27%, respectively. By day 7 after Foln application, there was a 1.5-
fold increase in SPDS transcript levels. By day 14, the SPMS mRNA
levels also showed a 1.5-fold increase. In the shoots of infected
plants, 7 days after pathogen application, a 2.2-fold increase in
SPDS transcript levels and a 1.8-fold increase in SPMS transcript
levels were observed. No significant changes in shoots in the mRNA
levels of these genes were detected at other time points.

In both the roots and shoots of infected plants, no significant
changes were observed in the transcript levels of the DAO gene.
However, 2 days after pathogen application, the mRNA level of the
PAO gene in the roots of infected plants decreased by 36%, and by
day 3, it remained 20% lower. Similarly, in the shoots of infected
plants, the PAO mRNA level was reduced by 20% at day 2 after
pathogen application. By day 7 after Foln application, the PAO
transcript level increased 1.8-fold, but by day 14, it dropped by 37%.

3.1.4 The effect of infection on H2O2 level
The levels of hydrogen peroxide (H2O2) were also measured in

the studied plants. In the roots of infected plants, an initial
significant decrease in H2O2 levels was observed, with a 25%
reduction on the 2nd and 3rd days after Foln application.
However, 7 days after Foln application, the H2O2 level increased
1.65-fold. By day 14, the H2O2 level had risen by 1.9-fold. In the
shoots of infected plants, no significant changes were
observed. (Figure 3F).

3.2 The effect of spermidine treatment
on flax

The phenotypic observation of plants treated solely with
spermidine revealed that none of the tested concentrations had a
significant effect on the phenotype of plants compared to untreated
plants (Figure 4A).

3.2.1 The effect of spermidine treatment on
polyamine levels

It was important to determine if plants take up spermidine
added to the medium. After confirming an increase in spermidine
levels in treated plants, the impact on the levels of other PAs was
analyzed. The following data (Figure 4B) were described as the fold
change in Spd-treated plants compared to untreated control plants.
The absolute levels are presented in supplementary files
(Supplementary Figure S3).

In the roots of plants treated with Spd, a 2.2-fold increase in free
spermidine levels was observed 3 days after treatment with 10 mM
Spd, and a 1.7-fold increase after treatment with 100 mM Spd. Over
time, the free spermidine levels in plants treated with 10 mM Spd no
longer differed from the control. However, in plants treated with
100 mM Spd, elevated levels of free spermidine persisted: 1.9-fold
higher at day 4, 2.2-fold at day 8, and 2-fold at day 15 after
treatment. Additionally, 3 days after treatment with 100 mM Spd,
there was a 1.8-fold increase in the levels of insoluble spermidine

conjugates, while treatment with 10 mM Spd led to a 54% decrease
in this fraction. By day 8, a decrease in the levels of insoluble
spermidine conjugates was observed for both concentrations (21%
for 10 mM and 37% for 100 mM). However, 15 days after treatment
with 100 mM Spd, a 3.1-fold increase in insoluble spermidine
conjugates was detected in the treated roots.

In the shoots of plants treated with Spd, 3 days after treatment
with 10 mM Spd, a 4-fold increase in free spermidine levels was
observed, while treatment with 100 mM Spd resulted in a 2-fold
increase. However, by the following day, a 60% decrease in free Spd
levels was noted for both concentrations. This reduced level of free
Spd persisted 8 days after treatment, with a 66% decrease following
10 mM Spd treatment and a 37% decrease after 100 mM Spd
treatment. By day 15, the levels of free spermidine for both
concentrations were comparable to those in untreated shoots. In
the shoots of plants treated with 100 mM Spd, a 1.9-fold increase in
insoluble spermidine conjugates was observed 3 days after
treatment, which remained at the same level 4 days after
treatment. By day 15, a significant decrease in the levels of
insoluble spermidine conjugates was observed, with a 65%
reduction after 10 mM Spd treatment and a 56% reduction
following 100 mM Spd treatment.

In the roots treated with 10 mM Spd, a 43% decrease in free Put
levels was observed 3 days after treatment. The higher
concentration did not cause any significant changes compared to
the control in the early stages after treatment. By day 8, there was a
2.4-fold increase in free Put levels after treatment with 10 mM Spd
and a 2.5-fold increase following 100 mM Spd treatment. However,
by day 15, a 22% decrease in free Put levels was again observed in
the roots treated with 10 mM Spd. After Spd treatment, the levels of
insoluble Put conjugates in the roots initially dropped by 55%
following 10 mM Spd treatment and by 20% following 100 mM Spd
treatment. However, 4 days after treatment, there was a 2.4-fold
increase in insoluble Put conjugates after 10 mM Spd treatment and
a 1.5-fold increase after 100 mM Spd treatment. By day 15, a 1.9-
fold increase in insoluble Put conjugates was only observed after
treatment with 100 mM Spd.

In the shoots of plants treated with Spd, a 4-fold increase in free
Put levels was observed 3 days after treatment with 10 mM Spd, and
a 3.4-fold increase after treatment with 100 mM Spd. However, by
day 4, the levels of free Put decreased by 50% following treatment
with 10 mM Spd and by 55% following 100 mM Spd. By day 15, a
30% decrease in free Put levels was still observed in the shoots
treated with 10 mM Spd. Three days after treatment with 100 mM
Spd, there was a 1.7-fold increase in the levels of insoluble Put
conjugates. By day 15, both concentrations of Spd led to a 60%
decrease in the levels of insoluble Put conjugates in the
treated shoots.

3 days after Spd treatment, a 1.3-fold increase in the levels of
insoluble spermine conjugates was observed with both
concentrations of Spd. However, by day 4, the levels of insoluble
Spm conjugates decreased following treatment with both
concentrations (a 54% decrease after 10 mM Spd and a 22%
decrease after 100 mM Spd). By day 8, the decline in this fraction
of Spm continued in the treated roots (a 26% decrease after 10 mM
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FIGURE 4

The effect of spermidine treatment on flax plants. (A) Phenotypic changes in plants treated with spermidine [10 mM and 100 mM] (WAA, weeks after
application; Ctr, control). (B) Polyamine (SPD, spermidine; PUT, putrescine; SPM, spermine) content in flax roots and shoots after spermidine
treatment. Heat map box represent the mean from three replicates. The significance of differences between groups was determined using two-way
ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to control from the same time point as the sample). (C) Transcript level of
polyamine metabolism genes in flax roots and shoots after Spd treatment [mM]. The data were obtained from real-time RT-PCR analysis. Actin was
used as a reference gene and the transcript levels were normalized to the untreated control plant. Heat map box represent the mean from three
measurements. The significance of the differences was determined using two-way ANOVA with Tuckey post hoc test (*P<0,05) (ARG, arginase; ADC,
arginine decarboxylase; ODC, ornithine decarboxylase; AIH, agmatine iminohydrolase; NCPAH, N-carbamoylputrescine amidohydrolase; SPDS,
spermidine synthase; SPMS, spermine synthase; DAO, diamine oxidase; PAO, polyamine oxidase). (D) H2O2 content in flax roots and shoots after Spd
treatment [mM]. Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined using two-
way ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to control from the same time point as the sample).
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Spd and a 51% decrease after 100 mM Spd). 15 days after treatment
with 10 mM Spd, the levels of insoluble Spm conjugates still showed
an 18% decrease.

3 days after Spd treatment, an increase in free spermine was
observed in the treated shoots (3.4-fold after 10 mM Spd; 2.9-fold
after 100 mM Spd). By day 4, treatment with 10 mM Spd resulted in
a 56% decrease in free Spm levels. The decline continued by day 8,
with a similar 53% reduction. At this point, however, treatment with
100 mM Spd led to a 1.5-fold increase in free Spm levels in the
treated shoots. A decrease in the levels of insoluble Spm conjugates
was noted 3 and 4 days after treatment with 10 mM Spd, with
reductions of 28% and 40%, respectively. By day 8, there was a
significant increase in insoluble Spm conjugates – 4.5-fold after
treatment with 10 mM Spd and 3-fold after 100 mM Spd. 15 days
after Spd treatment, a sharp decrease in the levels of insoluble Spm
conjugates was observed – 79% after 10 mM Spd and 85% after
100 mM Spd.

3.2.2 The effect of spermidine treatment on
transcript levels of polyamine metabolism genes

To assess the impact of Spd treatment on the levels of
polyamine metabolism genes mRNA in the roots and shoots of
flax, the following data were described as the fold change in plants
treated with Spd compared to untreated controls (Figure 4C;
Supplementary Figures S4, S5).

Treatment with Spd appears to lower the transcript levels of
most genes related to polyamine metabolism. In the treated plant
roots, an increase in transcript levels was only observed for the ODC
gene following 10 mM Spd treatment, with a 1.7-fold increase 3
days after treatment and a 1.8-fold increase after 4 days. For 100
mM Spd, there was a 2-fold increase after 3 days, a 1.6-fold increase
after 4 days, and a 1.5-fold increase after 8 days. In the treated
shoots, a 1.4-fold increase in transcript level was observed only for
the PAO gene, 3 days after 10 mM Spd treatment.

In general, treatment with 10 mM Spd led to a reduction in the
transcript levels of most polyamine metabolism-related genes at 4,
8, and 15 days after treatment. 4 days after treatment with 10 mM
Spd, transcript levels in the roots decreased as follows: AIH by 26%,
NCPAH by 23%, SPDS by 16%, SPMS by 16%, and PAO by 28%. By
8 days after treatment, the transcript levels decreased for ARG by
34%, ODC by 17%, AIH by 29%, NCPAH by 38%, SPDS by 15%,
DAO by 37%, and PAO by 28%. After 15 days, a similar trend
continued, with reductions in ARG by 26%, ADC by 19%, AIH by
30%, NCPAH by 25%, DAO by 28%, and PAO by 19% in the
treated roots.

Interestingly, treatment with 100 mM Spd caused fewer
transcript changes, and only at 8 days post-treatment, with
decreases in NCPAH by 20%, DAO by 33%, and PAO by 24%.

In shoots of treated plants, the genes responded similarly. 4 days
after treatment with 10 mM Spd, the transcript levels decreased as
follows: ARG by 29%, ADC by 16%, ODC by 23%, AIH by 27%,
NCPAH by 19%, SPDS by 26%, SPMS by 25%, DAO by 28%, and
PAO by 31%. By 8 days post-treatment with 10 mM Spd, no
significant changes in transcript levels of the studied genes were
observed. However, at 15 days post-treatment, there were once

again reductions in transcript levels: ARG by 22%, ADC by 31%,
ODC by 34%, NCPAH by 27%, SPDS by 23%, SPMS by 35%, and
DAO by 38%.

In contrast to the roots, the shoots showed a greater response to
100 mM Spd treatment, affecting transcript levels of polyamine
metabolism-related genes more profoundly. 4 days after 100 mM
Spd treatment, there was a reduction in transcript levels of ARG by
33%, AIH by 40%, NCPAH by 33%, SPDS by 29%, SPMS by 20%,
DAO by 23%, and PAO by 46%.

The reduction in DAO transcript levels (by 26%) following 100
mM Spd treatment persisted for 8 days, and at this time point, a
27% decrease inODC transcript levels was also observed. By 15 days
post-treatment, the mRNA level of ODC remained down by 18%,
and the transcript level of ADC decreased by 26%.

3.2.3 The effect of spermidine treatment on
H2O2 level

In the roots of plants treated with Spd, a 1.6-fold increase in
H2O2 levels was observed 3 days after treatment with 100 mM Spd,
and a 1.7-fold increase was seen at day 4, compared to untreated
plants (Figure 4D). 8 days after Spd treatment, H2O2 levels rose 1.6-
fold following treatment with 10 mM Spd and 1.8-fold following
treatment with 100 mM Spd. Spd treatment did not induce
significant changes in H2O2 levels in the shoots of treated plants
compared to untreated plants.

3.3 The effect of spermidine treatment on
infection in flax

3.3.1 The effect of spermidine treatment on
infection progression in flax

Phenotypic observations showed that 4 weeks after the
application of Foln, plants treated with 10 mM spermidine
exhibited better health compared to the infected non-treated
plants. These plants showed no yellow leaves and had not yet
begun to wilt (Figure 5A). 5 weeks after pathogen application,
plants treated with 10 mM Spd were still in better visual condition
compared to untreated infected plants. When plants were treated
with 100 mM Spd the phenotypic changes were similar to those
observed for 10 mM at 4 weeks. At 5 weeks plants treated with 100
mM were in worse condition that those treated with lower
spermidine concentration but still in better health that infected
untreated plants.

In the roots of plants treated with Spd and subsequently
infected with Foln, 2 days after pathogen application, the level of
murine transglycosylase gene increased 2.6-fold following treatment
with 10 mM Spd and 1.9-fold after treatment with 100 mM Spd
compared to untreated infected control (Figure 5B). At subsequent
time points, the level of murine transglycosylase gene in the
examined tissue was similar to that of the untreated
infected control.

In the shoots of plants treated with 10 mM Spd and infected
with Foln, there was an increase in the level of murine
transglycosylase gene at 2, 3, and 7 days post-pathogen
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FIGURE 5 (Continued)
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application, with respective increases of 4.9-fold, 3.8-fold, and 5.3-
fold compared to untreated infected control plants. Similarly, in the
shoots of plants treated with 100 mM Spd and infected with Foln,
the murine transglycosylase gene level increased 4.8-fold 2 days
post-infection and 2.7-fold 7 days after pathogen application.

14 days post-infection, treatment with both concentrations led
to a reduction in fungal DNA levels in the infected shoots—by 70%
after 10 mM Spd treatment and by 67% after 100 mM
Spd treatment.

In the roots of plants treated with 10 mM Spd and infected with
the pathogen, 3 days after Foln application, there was a 63%
reduction in the transcript level of the CHIT gene compared to
the untreated infected control (Figure 5C). 14 days after pathogen
application, treatment with 100 mM Spd resulted in a 1.6-fold
increase in the CHIT gene transcript level in infected roots.

2 days post-infection, treatment with 10 mM Spd caused a
2.5-fold increase in CHITmRNA levels in infected shoots compared
to the untreated infected control. However, one day later, there was
a 49% decrease in the mRNA level of this gene. The same 49%
reduction occurred on day 3 after pathogen application following
treatment with 100 mM Spd, and a 50% decrease was also observed
14 days after pathogen application with 100 mM Spd treatment.

3.3.2 The effect of spermidine treatment and
infection on polyamines level

To explain the impact of spermidine treatment on the F.
oxysporum infection of flax, the following data were described as
the fold change in Spd-treated and infected plants compared to
untreated and infected plants (Figure 5D). The absolute levels are
presented in supplementary files (Supplementary Figure S6).

In the roots of plants treated with Spd and infected with Foln,
there was an increase in the level of free spermidine compared to the
untreated infected control. 3 days after Foln application, treatment
with 10 mM Spd caused a 1.5-fold increase, and treatment with 100
mM Spd resulted in a 2-fold increase in free Spd levels. 7 days after
Foln application, 10 mM Spd treatment led to a 1.6-fold increase,
while 100 mM Spd treatment caused a 3.4-fold increase in free Spd.

14 days after Foln application, treatment with 10 mM Spd resulted
in a 2.9-fold increase, and treatment with 100 mM Spd caused a 9.2-
fold increase in free Spd levels.

Treatment with 100 mM Spd also led to an increase in the level
of insoluble spermidine conjugates in infected roots at all examined
time points (a 1.3-fold increase 2 days after Foln application, a 4.7-
fold increase 3 days after Foln application, a 1.6-fold increase 7 days
after Foln application, and a 1.4-fold increase 14 days after Foln
application). Treatment with 10 mM Spd caused a 1.4-fold increase
in the level of insoluble conjugates in infected roots 2 days after Foln
application; however, 14 days after Foln application, there was an
80% decrease in this fraction of Spd compared to untreated
infected plants.

In the shoots of plants treated with 10 mM Spd and infected
with Foln, there was an initial 3-fold increase in the level of free
spermidine. However, as the infection progressed, treatment with
10 mM Spd caused a decrease in the level of this spermidine fraction
in the infected shoots (41% decrease 3 days after Foln application, a
46% decrease 7 days after Foln application, and a 30% decrease 14
days after Foln application). 7 days after Foln application, treatment
with 100 mM Spd resulted in a 1.8-fold increase in free spermidine
levels. However, 14 days after Foln application, this concentration
led to a 45% decrease in free spermidine levels in infected shoots
compared to the untreated infected control.

Treatment with Spd caused an increase in the level of insoluble
spermidine conjugates in the infected shoots. 2 days after Foln
application, treatment with 100 mM Spd caused a 3.6-fold increase
in the level of insoluble spermidine conjugates. 7 days after Foln
application, treatment with 10 mM Spd resulted in a 2.2-fold
increase, while treatment with 100 mM Spd caused a 4-fold
increase in the level of insoluble spermidine conjugates. 14 days
after Foln application, treatment with 10 mM Spd caused a 1.8-fold
increase, and treatment with 100 mM Spd resulted in a 3-fold
increase in the level of insoluble spermidine conjugates in
infected shoots.

Treatment with Spd initially significantly reduced the level of
free Put in infected roots. Treatment with 10 mM Spd resulted in a

FIGURE 5 (Continued)

The effect of Spd treatment and F oxysporum infection on flax plants. (A) Phenotypic changes in plants treated with spermidine [10 mM and 100
mM] and infected with F oxysporum (WAA, weeks after application). (B) Relative quantity of fungal murein transglycosylase gene in roots and shoots
of plants after Spd treatment [mM] and Foln application. The data presented were obtained from real-time PCR analysis. Flax actin served as the
reference gene, and the relative quantity of the murein transglycosylase gene was normalized to untreated infected roots 2 days after Foln
application. Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined using two-way
ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to control from the same time point as the sample). (C) Transcript level of
chitinase gene in flax roots and shoots after Spd treatment [mM] and Foln application. The data were obtained from real-time RT-PCR analysis.
Actin was used as a reference gene and the transcript levels were normalized to the untreated infected control plant (marked as red dot line). Bars
represent the mean ± SD from three replicates. The significance of differences between groups was determined using two-way ANOVA followed by
Tukey’s post hoc test (*P < 0.05 for comparison to control from the same time point as the sample). (D) Polyamine (SPD, spermidine; PUT,
putrescine; SPM, spermine) content in flax roots and shoots after Spd treatment and Foln application. Heat map box represent the mean from three
replicates. The significance of differences between groups was determined using two-way ANOVA followed by Tukey’s post hoc test (*P < 0.05 for
comparison to control from the same time point as the sample). (E) Transcript level of polyamine metabolism genes in flax roots and shoots after
Spd treatment and Foln application. The data were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and the transcript
levels were normalized to the untreated infected plant. Heat map box represent the mean from three measurements. The significance of the
differences was determined using two-way ANOVA with Tuckey post hoc test (*P<0,05) (ARG, arginase; ADC, arginine decarboxylase; ODC,
ornithine decarboxylase; AIH, agmatine iminohydrolase; NCPAH, N-carbamoylputrescine amidohydrolase; SPDS, spermidine synthase; SPMS,
spermine synthase; DAO, diamine oxidase; PAO, polyamine oxidase). (F) H2O2 content in flax roots and shoots after Spd treatment [mM] and Foln
application. Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined using two-way
ANOVA followed by Tukey’s post hoc test (*P < 0.05 for comparison to control from the same time point as the sample).
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78% decrease, and 100 mM Spd caused an 89% decrease in free Put
compared to untreated infected roots. However, 3 days after Foln
application, treatment with 10 mM Spd led to a 1.5-fold increase in
free Put levels, while treatment with 100 mM Spd resulted in a 1.6-
fold increase. 14 days after pathogen application, the level of free Put
was elevated, with a 3.4-fold increase following treatment with 10
mM Spd and a 2.6-fold increase with 100 mM Spd.

Treatment with 10 mM Spd caused a 1.5-fold increase in the
level of insoluble Put conjugates 2 days after pathogen application
in roots compared to untreated infected plants. However, 14 days
after pathogen application, there was a decrease in this fraction of
Put in infected roots, with a 37% decrease following 10 mM Spd
treatment and a 25% decrease after 100 mM Spd treatment.

7 days after Foln application, treatment with 10 mM Spd caused
a 61% decrease in the level of free Put in infected shoots compared
to untreated infected plants. Treatment with 100 mM Spd also
reduced the level of free Put by 62% 2 days after Foln application.
However, 7 and 14 days after Foln application, an increase in free
Put levels was observed after treatment with 100 mM Spd—1.5-fold
and 1.2-fold, respectively.

In infected shoots, the level of insoluble Put conjugates
decreased two days after Foln application by 77% following
treatment with 10 mM Spd and by 54% after treatment with 100
mM Spd.

Following Spd treatment, a sharp decrease in the level of
insoluble Spm conjugates was observed in infected roots 14 days
after Foln application compared to untreated infected plants.
Treatment with 10 mM Spd caused an 83% decrease, while 100
mM Spd caused a 56% decrease. In infected shoots, treatment led to
a reduction in free Spm levels. 3 days after Foln application,
treatment with 10 mM Spd caused an 82% reduction, and 100
mM Spd caused an 81% reduction in free Spm levels in infected
shoots compared to the untreated infected control. 7 days after Foln
application, a 74% reduction was caused by 10 mM Spd treatment,
while 100 mM Spd caused a 75% reduction in free Spm. Treatment
with 10 mM Spd resulted in a decrease in the level of insoluble Spm
conjugates 2 days (77% decrease), three days (71% decrease), and 14
days (82% decrease) after Foln application. Treatment with 100 mM
Spd led to a decrease in insoluble Spm conjugates 2 and 14 days
after Foln application (72% and 79% decreases, respectively).
However, 3 days after Foln application, treatment with 100 mM
Spd caused a 1.8-fold increase in this Spm fraction in
infected shoots.

3.3.3 The effect combination of spermidine
treatment and infection on the transcript level of
polyamine metabolism genes

To explain the impact of spermidine treatment on the F.
oxysporum infection of flax, the following data were described as the
fold change in Spd-treated and infected plants compared to untreated
and infected plants (Figure 5E; Supplementary Figures S7, S8).

Treatment with Spd did not induce many significant changes in
the roots of infected plants. The 100 mM Spd treatment increased
the transcript level of only the ODC gene in the roots at 2 days

(1.6-fold increase) and 14 days (1.5-fold increase) after Foln
application. However, 3 days post-Foln application, treatment
with 10 mM Spd reduced the ODC transcript level by 40%. 14
days after Foln application, treatment with 10 mM Spd in infected
roots led to a decrease in the mRNA levels of ADC (by 28%), SPDS
(by 24%), and DAO (by 23%). The 100 mM Spd treatment also
resulted in reduced transcript levels of certain genes in infected
roots at both 3 and 7 days post-Foln application. At 3 days after
Foln, the transcript levels of ARG, AIH, DAO, and PAO were
reduced by 31%, 25%, 25%, and 25%, respectively. By 7 days
post-Foln, there was a decrease in the levels of ARG (by 16%),
AIH (by 22%), SPDS (by 25%), and PAO (by 31%).

Treatment with 10 mM Spd led to a 1.5-fold increase in the
transcript level of the PAO gene in infected shoots 2 days after Foln
application. At the same time point, there was also a 24% reduction
in the transcript level of the DAO gene. Few changes were also
observed 3 days after pathogen application following treatment with
10 mM Spd, including a 28% decrease in the ODC gene transcript
and a 26% decrease in the DAO gene transcript.

In the infected shoots, 7 days after Foln application, treatment
with 10 mM Spd lowered the transcript levels of most genes
associated with polyamine metabolism: ARG by 23%, ODC by
18%, AIH by 50%, NCPAH by 42%, SPDS by 40%, SPMS by 43%,
DAO by 24%, and PAO by 39%. Even 14 days after pathogen
application, the transcript levels of ODC (reduction by 38%) and
SPDS (reduction by 15%) remained lowered following treatment
with 10 mM Spd.

2 days after Foln application, treatment with 100 mM Spd
resulted in decreased transcript levels of the ODC (25% reduction)
and DAO (35% reduction) genes in infected shoots. By the next
day, a reduction in the transcript levels of all studied genes was
observed: ARG by 41%, ADC by 17%, ODC by 38%, AIH by 47%,
NCPAH by 36%, SPDS by 35%, SPMS by 36%, DAO by 50%, and
PAO by 37%.

7 and 14 days after Foln application following treatment with
100 mM Spd, reduced transcript levels of several polyamine
metabolism-related genes were still observed in infected shoots. 7
days post-application, the transcript levels of ARG (28% reduction),
AIH (57% reduction), NCPAH (43% reduction), SPDS (44%
reduction), SPMS (41% reduction), and PAO (44% reduction)
were lowered. 14 days after pathogen application, the transcript
levels of ADC (22% reduction), ODC (59% reduction), SPDS (20%
reduction), SPMS (28% reduction), DAO (47% reduction), and PAO
(21% reduction) were still reduced in infected shoots.

3.3.4 The effect of spermidine treatment and
infection on H2O2 level

2 days after Foln application, treatment with 10 mM Spd led to a
2-fold increase in H2O2 levels in the roots compared to untreated,
infected roots. A 1.5-fold increase in H2O2 levels was also observed
7 days after Foln application as a result of treatment with 100 mM
Spd. In the shoots of treated and infected plants, no significant
differences were observed compared to the shoots of untreated
plants infected with Foln (Figure 5F).
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4 Discussion

Our study aimed to investigate the role of spermidine (Spd) in
modulating polyamine metabolism and stress response in flax
(Linum usitatissimum) under Fusarium oxysporum infection. Our
aim was to elucidate how exogenous spermidine may affect plant
immunity and contribute to developing sustainable, polyamine-
based strategies for protecting flax against fusarium wilt. Our key
findings indicate that Spd treatment significantly influenced the
polyamine profile in flax plants, but the levels varied depending on
the concentration used, the time of treatment, and the investigated
tissue, and this effect can be attributed to both the uptake of the
exogenous metabolite and endogenous metabolism. Spd application
changed the expression of genes related to polyamine metabolism,
which are crucial in maintaining polyamine homeostasis.
Concurrently, Spd treatment mitigated the progression of
Fusarium infection, an effect that may be attributed to free
polyamines in roots and cell wall bound polyamines in shoots.

Polyamines, as multifunctional compounds, have been
recognized for their potential in enhancing plant resilience against
pathogens. However, their effects vary across pathosystems, often
depending on the treatment concentration and plant species. They
interact with cellular components to stabilize structures under stress
and are implicated in defence signalling through their involvement
in oxidative stress regulation. Understanding these interactions is
crucial, as polyamines may both enhance and suppress
plant defences.

Our findings align with previous research demonstrating the
role of spermidine in enhancing stress tolerance in plants, including
wheat, maize, and Arabidopsis. Additionally, our previous research
conducted on another flax cultivar (Jan) indicated similar, but not
identical, changes (Augustyniak et al., 2024). The Jan cultivar
exhibited much more pronounced changes in free Spd levels in
the roots following treatment with both 10 mM and 100 mM Spd,
while in the Nike cultivar, only treatment with 100 mM Spd caused
sustained increases in free spermidine levels over a prolonged
period, while treatment with 10 mM Spd only led to a transient
rise. Our data not only demonstrate that flax absorbs spermidine
from the medium, but also reveal interesting differences among
various cultivars within the same species. The literature indicates
that other plant species also take up exogenous polyamines both via
roots (as seen in hydroponic cultivation of maize and wheat
supplemented with Put, Spd, or Spm (Szalai et al., 2017)) and via
leaves, as demonstrated in Arabidopsis, which was sprayed with 500
mM Spd or Spm (van Rensburg et al., 2021).

In our experiments, following the 100 mM Spd treatment, free
spermidine levels remained elevated over a prolonged period, while
transcript levels of many polyamine-related genes were
downregulated. UPLC data showed that free putrescine increased
on day 8, followed by a decrease, particularly in roots. Specifically,
putrescine synthesis via arginine was downregulated, while the
branch involving ornithine was strongly activated. However, no
changes were observed in the transcript levels of spermine and
spermidine synthesis genes, while the genes responsible for PA
degradation showed reduced expression. Hence, it can be

concluded that increased spermidine levels are mainly related to
its uptake from the medium and limited degradation.

In shoots, both concentrations induced a sharp initial increase,
followed by a rapid decrease in free spermidine, implying a different
regulatory mechanism compared to roots. The gene expression data
similarly showed an early decrease in the transcript levels of
biosynthetic genes such as SPDS and SPMS. This might indicate
that shoots, unlike roots, quickly downregulate endogenous
polyamine biosynthesis in response to excess spermidine.

Studies using radioactively labelled polyamines demonstrate the
diverse transport mechanisms of these compounds between plant
organs. For example, 15N-putrescine incubated with soybean seeds
was subsequently found in the soybean cotyledons. During
development, a decrease in the amount of 15N-putrescine in the
cotyledons was observed, alongside an increase in the roots and
shoots (Ohe et al., 2005). Similarly, in the Jan cultivar, it was
observed that 3–4 days after Spd treatment, the level of free
spermidine in the roots remained elevated, but not to the same
extent as observed 2 days after treatment, and a rise in free
spermidine levels was noted in the shoots on days 3–4 after
treatment (Augustyniak et al., 2024).

The levels of conjugated polyamines, particularly spermidine
and putrescine, fluctuated significantly after Spd treatment. The
accumulation of insoluble spermidine conjugates in roots treated
with 100 mM Spd indicates long-term conjugation processes,
particularly noticeable 15 days after treatment. The increase in
conjugated putrescine at later stages (day 15) suggests a similar
mechanism to spermidine conjugation. In previous studies on the
Jan cultivar, Spd treatment also led to a rapid increase (2 days post-
treatment) in both free and insoluble conjugates of putrescine.
However, no changes were observed in the transcript levels of genes
involved in the biosynthesis of this polyamine (Augustyniak et al.,
2024). Interestingly, in Nike flax shoots, conjugated spermidine
levels eventually declined at both Spd concentrations, highlighting
different tissue responses to spermidine over time.

This conjugation may serve as a regulatory mechanism to buffer
excess free polyamines, but further investigation is needed. The
sustained increase in conjugated spermidine aligns with decreased
mRNA levels of PAO and DAO, suggesting that conjugation
pathways rather than degradation are employed when the plant is
trying to manage excess polyamines. By downregulating these
genes, plants might be intentionally slowing the breakdown of
polyamines and its connected production of H2O2. The
downregulation of SPDS and SPMS genes also suggests that the
plant is curbing the biosynthesis of new polyamines, likely to
prevent further accumulation, while conjugation remains active.

Studies on maize have shown that excess putrescine triggers a
response similar to a wound response, associated with membrane
depolarization and resulting in membrane damage. This reaction
was linked to the activity of DAO, leading to the breakdown of
excess putrescine, which subsequently caused oxidative stress and
membrane damage (DiTomaso et al., 1989). The downregulation of
NCPAH, involved in putrescine metabolism, further supports the
idea of limiting active polyamine production and shifting the focus
towards conjugation.
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In Agrostis stolonifera, endogenous Spm levels increased
following treatment with Spd (Li et al., 2015). In rice panicles
treated with 1 mM Spd for 5 days, free Put and Spd levels decreased
5 days after the treatment ended, while free Spm levels increased.
This shift was accompanied by elevated transcript levels of the
OsODC1 and OsSPDS3 genes, while no changes were detected in the
expression of OsADC1 and OsSPDS1 (Zhou et al., 2020). This
highlights that while all plant species respond to treatments, the
end results can be vastly different.

Treatment with 100 mM Spd resulted in an increase in H2O2

levels in the roots at 3, 4, and 8 days post-treatment compared to
untreated control plants. No significant changes were observed in
the shoots. Although H2O2 is generated during polyamine
catabolism, as previously mentioned, the transcript levels of the
DAO and PAO genes were reduced in both examined tissues
following treatment. Clearly, 100 mM Spd treatment caused
oxidative stress, and 10 mM Spd did not. Lower concentrations of
Spd (100 and 500 µM) applied in studies on Arabidopsis did not
lead to changes in H2O2 levels (van Rensburg et al., 2021), similar to
the effects observed with 10 mM Spd in this study. Excess H2O2 can
be damaging for plants, but it also serves as a signalling molecule.
Both concentrations were used in our studies for comparison.

While changes in both polyamines and genes fluctuated in flax
plants, this treatment influenced not only the progression of
infection but also how the polyamine pathway responded to
Fusarium infection, as changes were more pronounced when
infected plants were treated with Spd.

The progression of infection was confirmed by phenotypic
observations, as several weeks post-application of F. oxysporum,
plants exhibited typical fusarium wilt symptoms, such as yellowing
and wilting of the leaves. The phenotypic changes were not visible at
earlier time points; however, they correlate well with the plant’s
response at the molecular level at earlier stages. At all times, fungal
presence was verified by measuring the level of fungal murein
transglycosylase gene, which showed a gradual increase in both
roots and shoots over time. The mRNA levels of the chitinase gene
were significantly higher in the roots of infected plants compared to
uninfected controls, indicating a strong activation of defence
mechanisms in response to F. oxysporum. In the shoots, chitinase
mRNA levels initially decreased, followed by an increase, reflecting a
delayed but notable defensive response in the aerial parts of the plant,
which corresponds to the later stage at which the fungus penetrates
this tissue. Previous studies on the Jan cultivar demonstrated a similar
pattern of chitinase gene behaviour in both the roots and shoots of
infected plants (Augustyniak et al., 2024).

After Spd treatment on day 14 post-infection, the fungal DNA
levels had dropped significantly (by 70% in shoots treated with 10
mM Spd and 67% with 100 mM Spd). This suggests that Spd
treatment helped suppress fungal growth, particularly at later
stages, by possibly enhancing the plant’s ability to resist infection.
This can be due to the direct effect of polyamines on the fungus, as
we demonstrated earlier that they can inhibit fungal growth in vitro
(Wojtasik et al., 2015), strengthening the plant cell wall by
accumulation of cell-bound polyamines and influencing the plant
defence response via expression of PR genes. A study on the Jan

cultivar showed that treatment with 100 mM Spd resulted in a quick
increase in the mRNA level of chitinase in infected roots
(Augustyniak et al., 2024). Similar results were obtained when
examining Botrytis cinerea infection in Arabidopsis thaliana. It
was shown that treatment with 10 mM Spm induced systemic-
acquired resistance gene responses, including chitinase (Seifi et al.,
2019). However, in this study, in Spd-treated plants, the response of
chitinase was more complex. In roots treated with 10 mM Spd,
chitinase transcript levels were initially suppressed (63% decrease by
day 3) but showed an increase with 100 mM Spd treatment by day
14 (1.6-fold). In shoots, chitinasemRNA initially increased (2.5-fold
by day 2) but was then sharply reduced by nearly 50% by day 3 and
day 14. Based on our previous and current studies, we can conclude
that the level of chitinase transcript depends on the amount of
fungus in the plant. However, in the roots of plants treated with 100
mM Spd and infected with Foln, there was a comparable amount of
fungus, and yet an increase in chitinase transcript was observed.
This is most likely the result of oxidative stress observed in these
plants at the earlier time points, as oxidative stress itself can increase
chitinase mRNA. Zheng et al (2004). demonstrated that PR protein
activity in Capsicum annuum roots was modulated by infection
with Phytophthora capsici and correlated with oxidative enzyme
activity and H2O2 levels. Similarly, Lin et al (2005). observed that
hydrogen peroxide acts as a signalling molecule mediating chitinase
gene expression in rice, highlighting its central role in plant defence
responses triggered by stress or elicitors (Zheng et al., 2004; Lin
et al., 2005).

When flax plants are infected with Fusarium, substantial
changes are observed, mainly in the conjugated forms of
polyamines, but also in free putrescine and free spermine in the
shoots at early time points. In plants treated with spermidine and
subsequently infected, there was an increase in the levels of both free
and insoluble conjugates of spermidine in the roots, as well as in
insoluble conjugates of spermidine in the shoots. In the case of the
roots, both concentrations appeared to yield similar effects;
however, for the shoots, the higher concentration resulted in a
more rapid increase in the levels of insoluble conjugates.

Following an initial decline, the level of free putrescine in the
roots also increased. 14 days post-application of Foln, treatment
with both concentrations resulted in a noticeable decrease in the
levels of insoluble conjugates of putrescine and spermine.
Significant reductions in both spermine fractions were also
observed in the shoots. This observation is particularly interesting
in light of the changes in the levels of this polyamine in untreated
plants infected with Foln, suggesting that spermidine may be more
effective in combating the infection than spermine. Consequently,
the increase in spermidine levels led to a reduction in spermine
levels. Moreover, the decrease in the expression of various
polyamine biosynthesis and catabolism genes following
spermidine treatment indicates that the exogenously supplied
spermidine is sufficient for effective defence against the pathogen,
and further synthesis is unnecessary. Without spermidine
treatment, the Foln infection led to an increase in mRNA levels
of several polyamine metabolism genes in flax, particularly in the
roots. The efficacy of this defence is further corroborated by the
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improved phenotypic condition of the plants and the observed
reduction in fungal DNA levels in treated plants compared to the
infected control.

Our findings indicate that treatment with 10 mM Spd
significantly improves plant phenotypic health compared to
treatment with 100 mM Spd. Plants treated with 10 mM Spd
exhibited reduced fungal murein levels, particularly in the shoots,
and maintained chitinase activity at levels similar to or lower than
control plants. This suggests that additional defence activation may
not be necessary, as the progression of the disease appears to be
halted. Notably, an oxidative burst occurred two days after pathogen
exposure, followed by a restoration of redox balance, pointing to a
well-regulated defence response in the treated plants. These results
suggest that moderate Spd treatment could offer a viable strategy for
enhancing flax resistance to fusarium wilt, with minimal impact on
plant physiology, and support further exploration of polyamine-
based approaches in sustainable crop protection.

While our study provides valuable insights into the role of
spermidine in flax stress tolerance, several limitations should be
acknowledged. First, the experiments were conducted under
controlled conditions, which may not fully reflect field conditions
where multiple environmental stressors interact. Second, our analysis
primarily focused on polyamine metabolism and antioxidant
responses, leaving other defence mechanisms, such as hormonal
signalling pathways, underexplored. Future studies integrating
transcriptomic and proteomic approaches could offer a more
comprehensive understanding of Spd-mediated defence responses.
Lastly, the long-term effects of Spd application on flax growth and
yield remain unexplored and warrant further investigation.

The findings of this study have significant implications for
improving flax cultivation under biotic stress conditions. The ability
of spermidine to enhance resistance to Fusarium oxysporum
highlights its potential as a biostimulant in crop protection
strategies. By modulating polyamine metabolism and antioxidant
responses, Spd treatment could be integrated into sustainable
agricultural practices to reduce reliance on chemical fungicides.
Moreover, the upregulation of key polyamine biosynthetic genes
opens avenues for genetic engineering approaches aimed at
developing Fusarium-resistant flax varieties. Future research
should focus on field trials and the formulation of optimal Spd
treatment strategies to maximize its protective benefits in
commercial flax production.

5 Conclusions

Our findings indicate that treatment with 10 mM Spd notably
improves plant phenotypic health compared to 100 mM Spd. Plants
treated with 10 mM Spd exhibited reduced fungal murein
transglycosylase levels, particularly in shoots, and maintained
chitinase activity similar to or lower than control plants,
suggesting that additional defence activation may be unnecessary.
Notably, an oxidative burst occurred two days after pathogen
exposure, followed by redox balance restoration, pointing to a
measured defence response in the treated plants. These results
suggest that moderate Spd treatment could offer a viable strategy

for enhancing flax resistance to fusarium wilt with minimal impact
on plant physiology, supporting further exploration of polyamine-
based approaches in sustainable crop protection.
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7.3. SUPLEMENT DO PUBLIKACJI 3  

 
  

 
Figure S1 Polyamine (SPD spermidine; PUT putrescine; SPM spermine) content in flax roots and shoots after F. 
oxysporum application. Bars represent the mean ± SD from three replicates. The significance of differences 
between groups was determined using two-way ANOVA followed by Tukey's post hoc test (*P < 0.05 for 
comparison to control from the same time point as the sample).  
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Figure S2 Transcript level of polyamine metabolism genes in flax roots and shoots after Foln application. The 
data were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and the transcript levels 
were normalized to the untreated control plant. Bars represent the mean ± SD from three replicates. The 
significance of the differences was determined using two-way ANOVA with Tuckey post hoc test (*P<0,05) 
(ARG arginase; ADC arginine decarboxylase; ODC ornithine decarboxylase; AIH agmatine iminohydrolase; 
NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS spermine synthase; DAO 
diamine oxidase; PAO polyamine oxidase). 
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Figure S3 Polyamine (SPD spermidine; PUT putrescine; SPM spermine) content in flax roots and shoots after 
spermidine treatment [10 and 100 mM]. Bars represent the mean ± SD from three replicates. The significance of 
differences between groups was determined using ANOVA followed by Tukey's post hoc test (*P < 0.05 for 
comparison to control from the same time point as the sample).  
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Figure S4 Transcript level of polyamine metabolism genes in flax roots after Spd treatment [10 and 100 mM]. 
The data were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and the transcript 
levels were normalized to the untreated control plant. Bars represent the mean ± SD from three replicates. The 
significance of the differences was determined using two-way ANOVA with Tuckey post hoc test (*P<0,05) 
(ARG arginase; ADC arginine decarboxylase; ODC ornithine decarboxylase; AIH agmatine iminohydrolase; 
NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS spermine synthase; DAO 
diamine oxidase; PAO polyamine oxidase). 
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Figure S5 Transcript level of polyamine metabolism genes in flax shoots after Spd treatment [10 and 100 mM]. 
The data were obtained from real-time RT-PCR analysis. Actin was used as a reference gene and the transcript 
levels were normalized to the untreated control plant. Bars represent the mean ± SD from three replicates. The 
significance of the differences was determined using two-way ANOVA with Tuckey post hoc test (*P<0,05) 
(ARG arginase; ADC arginine decarboxylase; ODC ornithine decarboxylase; AIH agmatine iminohydrolase; 
NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS spermine synthase; DAO 
diamine oxidase; PAO polyamine oxidase). 
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Figure S6 Polyamine (SPD spermidine; PUT putrescine; SPM spermine) content in flax roots and shoots after 
spermidine treatment [10 and 100 mM] and Foln application. Bars represent the mean ± SD from three 
replicates. The significance of differences between groups was determined using two-way ANOVA followed by 
Tukey's post hoc test (*P < 0.05 for comparison to control from the same time point as the sample).  
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Figure S7 Transcript level of polyamine metabolism genes in flax roots after Spd treatment [10 and 100 mM] 
and Foln application. The data were obtained from real-time RT-PCR analysis. Actin was used as a reference 
gene and the transcript levels were normalized to the untreated infected plant. Bars represent the mean ± SD 
from three replicates. The significance of the differences was determined using two-way ANOVA with Tuckey 
post hoc test (*P<0,05) (ARG arginase; ADC arginine decarboxylase; ODC ornithine decarboxylase; AIH 
agmatine iminohydrolase; NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS 
spermine synthase; DAO diamine oxidase; PAO polyamine oxidase). 
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Figure S8 Transcript level of polyamine metabolism genes in flax shoots after Spd treatment [10 and 100 mM] 
and Foln application. The data were obtained from real-time RT-PCR analysis. Actin was used as a reference 
gene and the transcript levels were normalized to the untreated infected plant. Bars represent the mean ± SD 
from three replicates. The significance of the differences was determined using two-way ANOVA with Tuckey 
post hoc test (*P<0,05) (ARG arginase; ADC arginine decarboxylase; ODC ornithine decarboxylase; AIH 
agmatine iminohydrolase; NCPAH N-carbamoylputrescine amidohydrolase; SPDS spermidine synthase; SPMS 
spermine synthase; DAO diamine oxidase; PAO polyamine oxidase). 
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8. PUBLIKACJA 4 

 

Augustyniak, B., Cisińska, M., Burgberger, M., Kulma, A., Wojtasik, W., Exogenous 

Cadaverine Alters Polyamine Metabolism in Flax, Thereby Limiting the Colonisation of Flax 

Roots by Fusarium oxysporum. Plant Pathology 1-20. https://doi.org/10.1111/ppa.70033 

 

8.1. KRÓTKI OPIS PUBLIKACJI 4 

Publikacja pt. „Exogenous Cadaverine Alters Polyamine Metabolism in Flax, Thereby 

Limiting the Colonisation of Flax Roots by Fusarium oxysporum”, której jestem pierwszą, 

równorzędną autorką (wraz z W.W.), została opublikowana w 2025 roku w czasopiśmie Plant 

Pathology (IF2024= 2,4). 

Mój wkład obejmował opracowanie koncepcji i planu eksperymentu (wraz z W.W.), 

wykonanie obserwacji fenotypowych, obliczenie wskaźnika choroby (DI), analizę ilościową 

DNA grzyba w tkankach oraz oznaczenie stężenia H₂O₂. Wspólnie z M.C. przeprowadziłam 

analizę zawartości poliamin (HPLC) i ekspresji genów (qPCR). Byłam odpowiedzialna za 

przygotowanie sekcji Materiały i Metody (z wyjątkiem The Effect of Cad on Fungal Growth), 

opisałam wyniki (poza fragmentem Inhibition of Foln Growth by Cad In Vitro), 

przeprowadziłam analizę danych i statystykę. Przygotowałam grafiki od 2 do 4 oraz wszystkie 

grafiki znajdujące się w materiałach suplementarnych. Wraz ze wszystkimi współautorami 

przygotowywałam końcową wersję manuskryptu.  

Celem pracy było zbadanie wpływu egzogennej aplikacji kadaweryny na przebieg 

fuzariozy lnu (Linum usitatissimum L.) oraz określenie jej potencjalnej roli w indukcji 

odporności. W badaniach wykazano, że odpowiednio dobrane stężenie kadaweryny (10 mM) 

skutecznie ograniczało rozwój infekcji, przede wszystkim poprzez hamowanie wzrostu grzyba 

w podłożu i redukcję jego kolonizacji w systemie korzeniowym. W przeciwieństwie do 

spermidyny, której działanie związane było z modulacją wewnętrznych szlaków obronnych 

rośliny, efekt kadaweryny wynikał głównie z jej bezpośredniego wpływu na rozwój patogenu 

oraz pośredniego ograniczania wnikania grzyba do tkanek. 

Publikacja ta uzupełnia cykl badań przedstawionych w niniejszej rozprawie, wskazując na 

zróżnicowane mechanizmy działania poliamin i podkreślając, że ich wpływ na odporność lnu 
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może być zarówno pośredni (modyfikacja odpowiedzi obronnych, jak w przypadku 

spermidyny), jak i bezpośredni (hamowanie rozwoju patogenu, jak w przypadku kadaweryny). 
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ABSTRACT
Fungal infections of plants cause major losses in agriculture. Recent studies highlight the potential role of secondary metabo-
lites including polyamines in improving plant defence against infections. This study examined the effect of exogenous cadav-
erine (Cad) on flax infections with Fusarium oxysporum f. sp. lini (Foln), using it as a priming factor to test whether increased 
Cad levels enhance resistance. It also explored how exogenous Cad and infection influence endogenous polyamines and their 
metabolism. The findings suggest that applying an appropriate amount of Cad to the medium reduces the development of flax 
fusariosis. According to phenotypic and molecular analyses, a concentration of 10 mM Cad was optimal. Excessive amounts 
of Cad (100 mM) in the substrate, and consequently in the plant, resulted in increased fungal content in plant shoots without 
changing phenotypic disease symptoms and significantly altered polyamine content, the expression of polyamine metabolism 
genes, and induced oxidative stress. Plants treated with 10 mM Cad followed by Foln during early colonisation stages had lower 
fungal presence in both roots and shoots. This reduction may be due to inhibited fungal growth in the substrate and restricted 
root penetration in plants with elevated Cad levels. Additionally, altered polyamine metabolism and levels of other polyamines 
could contribute to limiting disease progression. Therefore, Cad plays an important role in plant–fungus interactions and holds 
promise for enhancing flax resistance to fusariosis.

1   |   Introduction

Flax (Linum usitatissimum) is a plant crop with a long history of 
cultivation on a global scale. For centuries, it has been used as a 
source of oil or for food use and treated also as a source of high- 
quality fibres used in the textile industry. The competition with 
cotton as a source of fibre and with rape as a source of oil caused 
a reduction in flax cultivation. However, the improvement of 
flax properties through genetic modifications and the success 
of diversification has greatly increased interest in this plant. 

Its products (fibres and oil) and by- products (shives, seedcake) 
have started to be used for innovative biomedical applications 
(Czemplik et  al.  2011, 2017; Wróbel- Kwiatkowska et  al.  2012; 
Zuk et al. 2015).

The flax crop is limited by various environmental stress factors, 
but losses in flax production due to fungal infections are one 
of the most significant and can result in reduced quality and 
quantity of crops, weakening of plants and finally increased 
costs of plant protection products used, which overall can affect 

© 2025 British Society for Plant Pathology.

Beata Augustyniak and Wioleta Wojtasik contributed equally to this work.  

73:38736



 74 

 
  

2 Plant Pathology, 2025

the profits for flax producers. Flax appears to be most suscep-
tible to infection with fungi of the Fusarium genus. Fusarium 
oxysporum f. sp. lini (Foln), which causes Fusarium wilt of flax, 
can lead to over 20% loss in yield (Heller et  al.  2006; Moyse 
et al. 2023; Olivain et al. 2003).

Cadaverine (Cad) belongs to a group of compounds called 
polyamines. Other polyamines found in plants include putres-
cine (Put), spermine (Spm) and spermidine (Spd). Polyamines 
are mainly found in free (F), covalently conjugated (CC) or 
noncovalently conjugated (NCC) forms (Chen et  al.  2018). 
All polyamines play an important role in processes related 
to plant development, such as germination, morphogenesis 
and plant growth and are involved in the plant response to 
stress, increasing plant resistance to stress stimuli (Tomar 
et al. 2013b). Cad stands out from this group of compounds 
primarily because it has a separate biosynthetic pathway from 
the rest of the polyamines.

There are three different routes of polyamine biosynthesis in 
plants. In the first route, one atom of carbon is removed from 
arginine (Arg) by arginine decarboxylase (ADC) and agmatine 
(Agm) is formed with the release of CO2; then the nitrogen atom 
is removed from Agm to form N- carbamoyl Put (NCPA). This 
NCPA is hydrolysed by N- carbamoylputreseine amidohydrolase 
(NCPAH), and its carbamoyl group is removed to finally form 
Put. In the second route, ornithine (Orn) is produced from Arg by 
arginase and then the carboxyl group of Orn is removed by orni-
thine decarboxylase (ODC) to form Put. In the third pathway for 
putrescine biosynthesis, arginine is decarboxylated in the chlo-
roplasts by ADC and the resulting agmatine is converted into 
Put by agmatinase (ARGAH) (Patel et al. 2017). Afterwards, re-
actions catalysed by spermidine synthase (SPDS) and spermine 
synthase (SPMS) lead to the attachment of aminopropyl groups 
to Put, resulting in the formation of Spd and Spm. Two enzymes 
are involved in the degradation of polyamines: diamine oxidase 
(DAO) and polyamine oxidase (PAO), which are responsible for 
catalysing their oxidative deamination. DAO catalyses the oxi-
dative decomposition of Put and PAO is involved in the degrada-
tion of Spm and Spd (Cona et al. 2006; Liu et al. 2014).

The precursor for Cad is lysine—an amino acid that is also es-
sential in fatty acid metabolism and the citric acid cycle. The 
enzyme involved in the Cad synthesis process is lysine decar-
boxylase (LDC), which is present in the stroma of chloroplasts 
(Michael  2016). Cad can also be synthesised from homoag-
matine formed as a result of decarboxylation of homoarginine 
(Jancewicz et al. 2016). The catabolism of Cad involves enzymes 
called amine oxidases (mainly DAO), which use Cad, oxygen 
and water as substrates and, as a result of an enzymatic reaction, 
convert them into 5- aminopentanal, ammonia and hydrogen 
peroxide (Gonzalez et al. 2021; Tomar et al. 2013b).

Cad takes part in many processes occurring in plants. By partic-
ipating in the regulation of cell division, regulation of enzyme 
activity, gene expression and DNA replication, it influences de-
velopment and participates in tissue differentiation, germination, 
root growth and flowering. Moreover, Cad plays an important 
role in the response of plants to abiotic and biotic stresses. There 
are studies showing a positive effect of Cad on abiotic stress. For 
example, mustard (Brassica juncea) seeds exposed to salt, lead or 

cadmium showed an increased germination rate after treatment 
with Cad (Tomar et  al.  2013a). Similarly, in barley (Hordeum 
vulgare), exogenous Cad promoted seed germination and seed-
ling growth in the presence of salt (Çavuşoğlu et al. 2007).

There are few studies on the use of Cad under biotic stress 
compared with other polyamines. Sugarcane buds infected 
with Ustilago scitaminea showed a decrease in Cad levels in 
infected plants compared with healthy plants. Additionally, 
LDC enzymatic activity was reduced in infected plants (Piñon 
et al. 1999). On the other hand, studies conducted on soybean 
during Fusarium tucumaniae infection showed increased Cad 
levels in inoculated plants compared with uninoculated plants 
(Scandiani et al. 2015). Similar results were observed in wheat 
during head blight infection caused by Fusarium graminearum, 
where an increase in Cad concentration was observed in dis-
eased plants (Gardiner et al. 2010).

Currently, there are no studies on the effect of exogenous Cad 
application and/or inhibition of its production on the plant re-
sponse to pathogenic infection. However, it is worth noting a 
study that showed that exogenous application can trigger an 
oxidative burst in Mesembryanthemum crystallinum. This effect 
was related to the intense production of H2O2 caused by the deg-
radation of exogenous Cad (Kuznetsov et al. 2009). These stud-
ies show that Cad is not a product of random reaction but plays 
an active role in plants.

For ornithine- derived plant polyamines such as Put, Spd and 
Spm, there are studies confirming their positive effect on the 
immune response of plants, but these are missing for Cad. The 
aim of this study was to gain knowledge about the effect of ex-
ogenous Cad on flax infection with F. oxysporum. Exogenous 
Cad was used as a priming/biostimulating factor, that is, de-
livered to the plant before infection with its pathogen, in order 
to check whether plants with increased levels of Cad would be 
more resistant to pathogenic infections. The work also shows 
how treatment with exogenous Cad or infection of plants with 
F. oxysporum affects the content of endogenous Cad and other 
polyamines and their metabolism.

2   |   Materials and Methods

2.1   |   Plant Material and Growing Conditions

Flax seeds (L. usitatissimum ‘Nike’) were obtained from the 
Flax and Hemp Collection of the Institute of Natural Fibres and 
Medicinal Plants- National Research Centre (INF&MP- NRC) in 
Poland. The pathogenic strain F. oxysporum f. sp. lini (ATCC 
MYA- 1201; Foln) was purchased from the ATCC Company.

Flax seeds were sterilised in a 50% plant preservative mixture 
(PPM; Plant Cell Technology) for 10 min and placed into sterile 
jars containing 45 mL of Murashige and Skoog (MS) medium 
(Sigma- Aldrich), pH 5.8 and 10 g of vermiculite. Flax plants were 
grown under a controlled environment in a plant growth cham-
ber, in a 16 h light (21°C), 8 h dark (16°C) regime.

A 1 M stock solution of Cad (cadaverine dihydrochloride; Sigma- 
Aldrich) was prepared by weighing the appropriate amount 
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of Cad and dissolving it in distilled water. This stock solution 
was filtered under a laminar flow hood using a syringe filter 
(0.22 µm) to ensure sterility. Final concentrations of 10 and 
100 mM Cad were obtained by diluting the stock solution with 
sterile water. The concentrations above were chosen to align 
with planned treatment methods and the plant growth condi-
tions. Given the one- time watering of the solid substrate with 
the selected concentrations, the final concentration available to 
the plants would be lower, closer to the values reported in the 
literature.

Twelve- day- old flax plants grown in in vitro culture were treated 
by watering the substrate with 5 mL of Cad solution at a concen-
tration of either 10 or 100 mM. After 24 h, plants were exposed 
to Foln. Foln was cultured on Petri dishes with potato dextrose 
agar (PDA; IBI Scientific) at 28°C and viability was assessed by 
counting the percentage of germinated spores. Spores (a mix 
of macro-  and microconidia) were harvested after flooding the 
plate with 15 mL of sterile water. Spore count was performed 
using a haemocytometer. Spore suspensions were diluted to 106 
spores/mL to use for inoculations, and 0.5 mL of the suspension 
or of sterile water (control) was added to the culture medium of 
flax plants untreated and treated with Cad (Figure 1).

Flax treated with Cad and nontreated (control), flax infected 
with Foln and noninfected (control) and flax treated with Cad 
and infected with Foln were harvested, separating roots and 
shoots, at 2, 3, 7 and 14 days postinfection (dpi). Each experi-
mental group at a given time point consisted of three jars, with 
each jar containing 16 plants. The plants from each jar were 
pooled as one sample, and the tissue was ground in liquid nitro-
gen. Samples from these pooled groups were then weighed and 
used for subsequent analyses.

2.2   |   Disease Index and Symptom Evaluation

The severity of disease symptoms was assessed at 28 and 42 days 
following the application of Foln. Symptom evaluation and 

calculation of the disease index (DI) were performed according 
to the method described by Attia et al. (2022), with minor adap-
tations. Plants were categorised into five severity classes based 
on symptom progression: 0—no visible symptoms; 1—slight 
yellowing of lower leaves with mild wilting; 2—pronounced 
yellowing extending toward upper parts of the plant, accompa-
nied by wilting; 3—severe wilting and extensive leaf discoloura-
tion (including necrosis, chlorosis, yellowing and browning); 
4—plant death. The DI was calculated using the following for-
mula: DI (%) = [(0 × n0) + (1 × n1) + (2 × n2) + (3 × n3) + (4 × n4)] × 
100/(nt × 4), where n0–n4 denote the number of plants in each 
severity category, nt is the total number of evaluated plants, and 
4 corresponds to the maximum severity score.

2.3   |   Polyamine Extraction and Analysis by UPLC

The isolation and fractionation of polyamines was performed 
using a modified version of the method described by Wojtasik 
et al. (2015). Briefly, 100 mg of ground flax roots or shoots were 
extracted with 1 mL of 4% (wt/vol) perchloric acid (PCA; VWR 
Chemicals) for 1 h at 4°C with shaking. After centrifugation 
(18,407 g, 20 min, 4°C), the supernatant was preserved, and the 
pellet was resuspended in 0.5 mL of 4% PCA. The supernatant 
contains F and CC polyamines, and the pellet contains NCC 
polyamines. In order to convert the CC forms into a F forms, 
0.5 mL of 6 M HCl (Chempur) was added to 0.5 mL of the super-
natant and suspended pellet and hydrolysed at 110°C for 20 h. 
After drying in a block heater at 100°C, the residues were redis-
solved in 0.25 mL of 4% PCA.

Subsequently, polyamine dansylation was performed to fa-
cilitate identification: 0.1 mL aliquots were added to 0.1 mL 
of saturated sodium carbonate (Merck) and 0.2 mL of dan-
syl chloride (5 mg/mL in acetone). After brief vortexing, the 
mixture was incubated in darkness at 60°C for 1 h. Excess 
dansyl reagent was removed by adding 0.1 mL of 150 mg/mL 
proline. Dansylated polyamines were extracted by 0.25 mL 
of toluene (VWR Chemicals), dried under nitrogen flow, and 

FIGURE 1    |    Schematic diagram of the experiment involving the treatment of flax with cadaverine (CAD) and subsequent infection with a patho-
genic strain of Fusarium oxysporum f. sp. lini. [Colour figure can be viewed at wiley onlin elibr ary. com]
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resuspended in 0.1 mL (conjugated and bound) or 0.05 mL 
(free) acetonitrile (VWR Chemicals), and finally 4 µL was in-
jected on the column.

The samples were analysed using a Waters Acquity UPLC sys-
tem with a 2996 PDA detector on an Acquity UPLC HSS T3 
2.1 × 100 mm 1.8 µm column. The mobile phase was A = water 
and B = acetonitrile, in a gradient flow: initial: 40% A/60% 
B; 1.17 min: 40% A/60% B; 1.65 min: 30% A/70% B; 4.0 min: 
25% A/75% B; 7.57 min: 0% A/100% B; 8.00 min: 0% A/100% B; 
8.5 min: 40% A/60% B; 11.5 min: 40% A/60% B with a 0.4 mL/
min flow rate. The peak integration was done at 366 nm.

The results were standardised with mixtures of dansylated poly-
amine standards (Put, Cad, Spd, Spm). CC polyamine content 
was calculated by subtracting F polyamine content from the 
total acid- soluble polyamine content. For most of the analysed 
samples, the amount of CC polyamines was below the detection 
limit. Therefore, the data were ultimately not included in further 
analysis.

2.4   |   Transcript Level Analysis

The mRNA level for the investigated genes was determined 
using reverse transcription- quantitative (real- time) PCR (RT- 
qPCR). The total RNA from roots was isolated using a Spectrum 
Plant Total RNA kit (Sigma- Aldrich) following the manufactur-
er's protocol, and the total RNA from shoots was isolated using 
RNA Extracol (EURx) following the manufacturer's protocol. 
The RNA integrity was examined by gel electrophoresis on 1% 
agarose (wt/vol), and the RNA amount was determined with 
the spectrophotometric method. The remaining DNA was re-
moved by DNase I (Invitrogen) treatment. Then, RNA was used 
as a template for cDNA synthesis using a High- Capacity cDNA 
Reverse Transcription kit (Applied Biosystems).

qPCRs were carried out using a SG/ROX qPCR Master Mix 
(EURx) on an Applied Biosystems StepOnePlus Real- Time PCR 
System. The reaction conditions were applied according to the 
kit manufacturer's instructions, with an annealing temperature 
fixed at 57°C. The specificity of the primers at this temperature 
was confirmed by analysing the products using the melting 
curve method. The primer sequences used for the RT- qPCRs are 
presented in Table S1. The reactions were carried out in three 
replicates. The actin gene was used as a reference gene. The 
changes in transcript levels were presented as the relative quan-
tification to the reference gene.

2.5   |   Monitoring the Progress of the Infection

Phenotypic changes illustrating the symptoms of the disease 
(yellowing of leaves, brown spots on the leaves, wilting) were 
continuously assessed visually and photographed 28 and 48 days 
after Foln treatment, using three jars from each experimen-
tal group.

The genomic fungal DNA was isolated from infected plant roots 
and shoots by the CTAB method. Briefly, approximately 100 mg 
of ground plant tissue was lysed in 700 µL of CTAB buffer (2% 

CTAB, 100 mM Tris–HCl pH 8.0, 20 mM EDTA, 1.4 M NaCl, 
1% β- mercaptoethanol) with the addition of PVPP to remove 
polyphenols. The mixture was incubated at 65°C for 30 min 
with occasional inversion. Following lysis, the mixture was 
centrifuged at 18,407 g for 10 min at room temperature. The su-
pernatant was transferred to a new tube, while the pellet was 
discarded. To remove proteins and polysaccharides, 450 µL of 
chloroform:isoamyl alcohol (24:1) was added to the supernatant, 
mixed by inversion and centrifuged at 18,407 g for 8 min at room 
temperature. The upper aqueous phase was carefully collected, 
avoiding the interphase. This extraction was repeated to ensure 
purity. DNA was precipitated by adding an equal volume of iso-
propanol and 30 µL of 3 M sodium acetate (pH 5.2). The mixture 
was incubated at −20°C for 15 min and centrifuged at maximum 
speed for 10 min. The resulting DNA pellet was washed with 
500 µL of 70% ethanol, gently vortexed and centrifuged at 5283 g 
for 5 min. The supernatant was discarded, and the pellet was 
dried at 56°C for 5 min. Finally, the DNA was resuspended in 
40 µL of RNase- treated water (0.5 µg/µL) and incubated at 65°C 
for 10 min to degrade any RNA. The DNA integrity was exam-
ined by gel electrophoresis on 1% (wt/vol) agarose and the DNA 
amount was determined with the spectrophotometric method. 
The DNA (100 ng/µL) was used as a template for the qPCR 
on a 150 bp fragment of fungal murein transglycosylase gene 
(primers Fwd: 5′- TCTCAACGGTGTCGAGTCTAA- 3′ and Rev: 
5′- CACCCTGGTTGCAGATAAT- 3′). The Actin gene was used 
for reference. qPCRs were carried out using a SG/ROX qPCR 
Master Mix (EURx) on an Applied Biosystems StepOnePlus 
Real- Time PCR System. The reaction conditions were applied 
according to the kit manufacturer's instructions, with an an-
nealing temperature fixed at 57°C.

2.6   |   Determination of H2O2 Content

Plant material was ground in liquid nitrogen using a mortar 
and pestle and 50 mg of the obtained powder was used for sub-
sequent steps. The ground tissue was suspended in 200 µL of 
20 mM phosphate buffer pH 6.5 and centrifuged (10 min, 4°C, 
10,000 g). The supernatant was transferred to a new Eppendorf 
tube and 50 µL was used for the determination of H2O2 con-
tent. The assay was performed using Amplex Red Hydrogen 
Peroxide/Peroxidase Assay Kit (Life Technologies) according 
to the manufacturer's instructions. Varioskan Flash (Thermo 
Scientific) was used for sample measurement.

2.7   |   The Effect of Cad on Fungal Growth

Ten microlitres of Foln spore solution (106/mL) was inoculated 
onto the centre of PDA plates (control plates) and PDA supple-
mented with 3, 6, 10 and 20 mM Cad. The plates were incu-
bated at 28°C in the dark. On Days 6, 8 and 9, the plates were 
photographed and the zone of inhibition was measured using 
the ImageJ program.

2.8   |   Statistical Analysis

Statistical tests were performed on pooled samples. Each such 
group consisted of 16 plants from three jars, that is, 48 plants. 
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The roots or shoots of these plants were treated as a single pool, 
from which three samples were taken for each experiment. The 
results of the experiments were presented as the mean of these 
three repetitions, accompanied by the corresponding standard 
deviation. Statistical analyses were performed using GraphPad 
Prism v. 10 software. The significance of the differences between 
studied groups was determined using ANOVA with Tukey post 
hoc test.

3   |   Results

3.1   |   Effect of Exogenous Cad on the Level 
of Polyamines and Their Metabolism

3.1.1   |   Phenotype and Disease Symptoms of Plants 
Treated With Cad

Phenotypic observation of Cad- treated plants showed that the 
addition of 5 mL of 10 mM Cad to vermiculite had no significant 
effect on the plant condition; however, the addition of 5 mL of 
100 mM Cad resulted in marked decline in plant health after 48 
days, as indicated by an increase in the DI to 18.5%, compared to 
9.2% in control plants (Figure 2A).

3.1.2   |   The Effect of Cad Treatment on 
Polyamine Levels

It was important to determine whether plants take up Cad added 
to the medium. After confirming an increase in Cad levels in 
treated plants, the impact on the levels of other polyamines 
was analysed. The following data (Figure 2B) were described 
as the fold change in Cad- treated plants compared with un-
treated control plants and the amount in µg/g fresh weight (FW) 
(Figure S1).

In the roots of plants treated with 100 mM Cad, significant 
increases in both NCC-  and F- Cad levels were observed at all 
analysed time points. The most pronounced change occurred 
4 days after Cad treatment, with a 73- fold increase in F- Cad 
levels and a 16- fold increase in NCC- Cad fraction. However, a 
substantial change was evident earlier, 3 days after treatment, 
with a 10- fold increase in F- Cad levels and a 3- fold increase 
in NCC- Cad. The elevated Cad levels in roots treated with 
100 mM Cad persisted over time. An increase of 30- fold in F- 
Cad was observed 8 days after treatment, and levels remained 
twice as high as the untreated control even 15 days after treat-
ment. At both 8 and 15 days posttreatment (dpt), NCC- Cad 
was twice as high compared to untreated plants. In contrast, 
treatment with 10 mM Cad did not lead to such a consistent 
increase in the levels of this polyamine in the studied roots. 
Three days after treatment, an increase in both fractions of 
this polyamine was observed compared with untreated control 
plants (7- fold increase in F- Cad, 1.5- fold increase in insoluble 
conjugates). Four days after 10 mM cadaverine treatment, the 
level of F- Cad was equal to that of untreated control plants, 
and the level of NCC- Cad decreased by 50% in treated roots. 
Eight days after treatment, a 5.5- fold increase in F- Cad was 
observed, which drastically decreased by 95% 15 days after 
treatment. Eight days after treatment, NCC- Cad remained 

unchanged, but they decreased by 60% 15 days after treatment 
compared with untreated control plants.

In the shoots of plants treated with Cad, an increase in the lev-
els of this polyamine was observed. Treatment with 100 mM 
Cad resulted in a 6- fold increase in F- Cad levels 3 dpt. The ele-
vated levels of F- Cad in the treated shoots were sustained over 
time (17- fold increase at 4 dpt, 30- fold increase at 8 dpt and 20- 
fold increase at 15 dpt). The level of NCC- Cad also increased 
in the shoots of plants treated with 100 mM Cad, showing a 
3.5- fold increase at 4 dpt, a 2- fold increase at 8 dpt and a 3.5- 
fold increase at 15 dpt. Treatment with 10 mM Cad also caused 
an increase in the level of NCC- Cad, but it was only evident 
8 dpt (5- fold increase at 8 dpt and a 2- fold increase at 15 dpt). 
The level of F- Cad initially increased in the shoots following 
treatment with 10 mM Cad, showing a 3- fold increase at 3 dpt. 
However, by 4 dpt, no changes were observed in the levels of 
this polyamine in the shoots. Eight days after treatment, the 
level of F- Cad increased 22- fold compared with untreated 
plants, and by 15 dpt, the level remained six times higher in 
the treated shoots.

Cad treatment also affected the levels of other polyamines. In 
the roots of plants treated with both 10 mM and 100 mM Cad, 
a 50% decrease in F- Put levels was observed 15 dpt. Fifteen 
days after treatment with 100 mM Cad, there was a 2.7- fold 
increase in F- Spm. The level of F- Spd in the roots slightly in-
creased (1.4- fold) 3 dpt with both concentrations. However, 8 
dpt with both concentrations, a 60% decrease in F- Spd was 
observed. Regarding the NCC fraction, changes in the levels 
of polyamines were observed 4 days after Cad treatment. The 
levels of NCC- Put and NCC- Spm decreased (30% decrease for 
NCC- Put and 50% decrease for NCC- Spm) after treatment 
with 10 mM Cad, while they increased (1.6- fold for NCC- Put 
and 2.6- fold for NCC- Spm) after treatment with 100 mM Cad. 
The level of NCC- Spd increased 2- fold following treatment 
with 100 mM Cad. Isolated changes were also observed at 
other time points. Eight days after treatment with 10 mM Cad, 
the level of insoluble Put conjugates decreased by 20% com-
pared with untreated control plants. A 30% decrease in NCC- 
Spd was observed 15 dpt with both 10 mM and 100 mM Cad. 
Eight days after treatment with 100 mM Cad, there was a 60% 
decrease in the level of NCC- Spm.

Cad treatment led to a decrease in F- Put levels in the shoots. 
Three days after treatment with both 10 mM and 100 mM Cad, 
a 20% reduction in F- Put levels was observed compared with 
untreated control plants. In plants treated with 100 mM Cad, 
the decreased level of F- Put persisted over time, with a 30% de-
crease at 4 dpt and a 60% decrease at 15 dpt. Initially, the levels 
of NCC- Put did not change following Cad treatment. However, 
at 8 dpt with 10 mM Cad, a 1.7- fold increase in this fraction was 
observed, which persisted at 3.6- fold higher levels at 15 dpt. 
Treatment with 100 mM Cad resulted in a 60% decrease in in-
soluble Put conjugates at 8 dpt, but a 3.5- fold increase was ob-
served at 15 dpt. Three days after treatment with both 10 mM 
and 100 mM Cad, a 1.8- fold increase in F- Spm levels and a 30% 
decrease in NCC- Spm were observed. On the following day, an 
increase in F- Spm levels was sustained, with a 1.4- fold increase 
after 10 mM treatment and a 2.5- fold increase after 100 mM 
treatment. Eight days posttreatment, a 1.6- fold increase in 
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FIGURE 2    |     Legend on next page.
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F- Spm levels was observed only with the 100 mM concentration. 
For both concentrations, there was an increase in NCC- Spm 
(3.7- fold for 10 mM and 11- fold for 100 mM). Fifteen days after 
treatment with 100 mM Cad, an 80% decrease in F- Spm levels 
was noted. No significant changes in Spd levels in the shoots of 
Cad- treated plants were observed.

3.1.3   |   The Effect of Cad Treatment on Transcript 
Levels of Polyamine Metabolism Genes

Cad treatment altered the transcript levels of genes involved in 
the metabolism of Cad and other polyamines (Figures 2C, S2 
and S3). Cad treatment initially reduced LDC gene transcript 
level in roots by 40% compared with the untreated control. 
However, this reduction did not persist over time. Four days 
after treatment with 10 mM Cad, no significant change in tran-
script level was observed, while a slight increase (1.7- fold) in 
level was noted after treatment with 100 mM Cad. Fifteen days 
after treatment with 10 mM Cad, a decrease in LDC gene tran-
script levels (30% reduction) was observed again. Cad treatment 
did not affect the transcript levels of the ARG and ADC genes 
in roots compared with untreated control plants. However, Cad 
treatment resulted in a reduction of AIH mRNA level from 4 
dpt and NCPAH from 3 dpt, with the decreased levels persisting 
over time: (AIH: 4 dpt: 60% decrease with 10 mM, 30% decrease 
with 100 mM; 8 dpt: 50% decrease with 10 mM, 65% decrease 
with 100 mM; 15 dpt: 90% decrease with 10 mM, 80% decrease 
with 100 mM; NCPAH: 3 dpt: 50% decrease with 100 mM; 8 dpt: 
40% decrease with 10 mM; 15 dpt: 25% decrease with 10 mM, 
35% decrease with 100 mM). A decrease in ODC gene transcript 
level in roots was also observed, with 50% reduction 3 dpt with 
100 mM Cad and 15 dpt with 10 mM Cad. However, at 8 dpt 
with 100 mM Cad, a 5- fold increase in mRNA level of this gene 
was observed in roots compared with untreated plants. Fifteen 
days after Cad treatment, a slight increase in SPDS gene tran-
script level was observed in treated roots (1.7- fold increase with 
10 mM and 1.5- fold with 100 mM). Cad treatment led to a de-
crease in SPMS gene mRNA level, the last gene in the polyam-
ine biosynthesis pathway (3 dpt: 30% decrease with 10 mM, 40% 
decrease with 100 mM; 8 dpt: 40% decrease with 10 mM; 15 dpt: 
30% decrease with 10 mM). No effect of Cad treatment was ob-
served on DAO gene transcript level. However, the second gene 
involved in polyamine catabolism, PAO, changed dynamically 
after treatment. Three days after treatment with 100 mM Cad, 
a 2- fold increase in PAO mRNA level was observed compared 
with untreated roots. This increase did not persist over time. 

Eight days after treatment with this concentration, a 60% de-
crease in transcript level was observed. Fifteen days after treat-
ment, both concentrations led to a 40% reduction in PAO gene 
transcript levels.

Treatment with both 10 and 100 mM Cad led to a 1.8- fold in-
crease in LDC gene mRNA level 4 dpt in flax shoots. A mod-
est 1.6- fold increase was also observed 15 dpt with 100 mM 
Cad. At the same time, treatment with 10 mM Cad led to a 40% 
decrease in LDC transcript level in shoots. Treatment with 
100 mM Cad slightly increased the transcript levels of the ARG 
gene in treated shoots (1.6- fold increase 3 dpt and 1.5- fold in-
crease 4 dpt). Eight days after treatment with 10 mM Cad, an 
80% decrease in ADC gene transcript level was observed in 
the shoots of treated plants. No significant changes were ob-
served at other time points or for the 100 mM concentration 
in the mRNA level of this gene. However, a persistent down-
ward trend in the mRNA level of the ODC gene was observed 
(30% decrease 3 dpt with 100 mM Cad; 70% decrease 8 dpt with 
10 mM Cad and 60% decrease 8 dpt with 100 mM Cad). The con-
secutive genes in the biosynthesis pathway, AIH and NCPAH, 
exhibited similar behaviour after Cad treatment. Three days 
after treatment with 100 mM Cad, the transcript level of the 
AIH gene decreased by 70% and the NCPAH gene by 40%. 
Additionally, 8 dpt with 10 mM Cad, a slight 1.6- fold increase 
in the transcript levels of both genes was observed in treated 
shoots compared with untreated controls. Furthermore, a 
modest 1.5- fold increase in NCPAH mRNA level was observed 
3 dpt with 10 mM Cad. Four days after treatment with 100 mM 
Cad, the mRNA level of this gene increased 2.6- fold compared 
with untreated controls. Cad treatment appeared to have little 
impact on the mRNA levels of the SPDS and SPMS genes in 
treated shoots. Only a 30% reduction in the transcript level 
of the SPDS gene was observed 3 dpt with 100 mM Cad, and 
a 20% reduction in SPMS mRNA levels was noted 15 dpt with 
10 mM Cad. Three days after treatment with 10 mM Cad, both 
genes associated with polyamine catabolism showed a slight 
1.5- fold increase in their transcript levels in treated shoots. No 
further significant changes in DAO gene level were observed 
after Cad treatment, but the transcript level of the PAO gene 
did change. After an initial slight increase in transcript level 
following treatment with 10 mM Cad, a downward trend was 
noted, leading to a 40% decrease in transcript level 8 dpt. The 
opposite trend was observed after treatment with 100 mM 
Cad. Three days after treatment with 100 mM Cad, the mRNA 
level of the PAO gene decreased by 25%, but it increased 1.5- 
fold 8 dpt compared with the untreated control (Figure S3).

FIGURE 2    |    Analyses of roots and shoots of flax plants treated with cadaverine (Cad, 10 and 100 mM). (A) Phenotypic changes (DI, disease index; 
DPA, days postapplication; Ctr, negative control). (B) Polyamines (free and insoluble [Ins.] conjugates: Cad, cadaverine; Put, putrescine; Spd, sper-
midine; Spm, spermine) content. The significance of differences between groups was determined using ANOVA followed by Tukey's post hoc test 
(*p < 0.05 for comparison to control from the same time point as the sample). (C) Fold change in transcript level of lysine decarboxylase (LDC), argi-
nase (ARG), arginine decarboxylase (ADC), ornithine decarboxylase (ODC), agmatine iminohydrolase (AIH), N- carbamoylputreseine amidohydrolase 
(NCPAH), spermidine synthase (SPDS), spermine synthase (SPMS), diamine oxidase (DAO) and polyamine oxidase (PAO) genes. The data were ob-
tained from reverse transcription- quantitative PCR (RT- qPCR) analysis. Actin was used as a reference gene and the transcript levels were normalised 
to the untreated control plant. The significance of the differences was determined using two- way ANOVA with Tukey post hoc test (*p < 0.05). (D) 
H2O2 content. Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined using ANOVA 
followed by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time point as the sample). [Colour figure can be viewed at wiley 
onlin elibr ary. com]
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3.1.4   |   The Effect of Cad Treatment on H2O2 Level

Not many differences were observed in the level of H2O2 in flax 
following treatment with Cad (Figure 2D). In the roots, 8 dpt with 
10 mM Cad, there was a 60% decrease in the level of H2O2 com-
pared with the untreated control. A 17% decrease in the level of 
H2O2 was also observed with 100 mM Cad. In the shoots of Cad- 
treated plants, the only significant change was a 20% decrease in 
the level of H2O2 following treatment with 10 mM Cad 15 dpt.

3.2   |   The Effect of Foln Infection on Polyamine 
Content and Metabolism

3.2.1   |   Progression of the Infection With Foln in Flax

Starting from the 28 days after pathogen application (dpa), 
plants displayed signs of infection, such as leaf yellowing and 
wilting (18.4% DI), which were not observed in the noninfected 
control plants (2.3% DI). These changes were more intense at 48 
dpa (65.2% DI compared with control plants where the DI was 
9.2%; Figure 3A).

To monitor the progression of the infection, the relative quan-
tity of the fungal murein transglycosylase gene DNA in the roots 
and shoots of the studied plants was measured (Figure 3B). In 
infected plants, an increase in the relative amount of the murein 
transglycosylase gene DNA was observed. In the roots, there was 
a 6.8- fold increase in the DNA level by 3 days after Foln appli-
cation, a 60- fold increase by 7 dpa, and a 100- fold increase by 14 
dpa compared with 2 dpa. In shoots, a 3.3- fold increase in the 
DNA level was detected by 3 dpa compared with 2 dpa, a 20- fold 
increase by 7 dpa and a 40- fold increase by 14 days after Foln 
application.

To check whether the plants had activated their defence system 
against infection, the level of chitinase gene transcript was deter-
mined (Figure 3C). In the roots of infected plants, an increase in 
CHIT transcript levels was observed from 3 dpa compared with 
noninfected plants (4.5- fold increase at 3 dpa, 2- fold increase at 
7 dpa and 17- fold increase at 14 dpa). In the shoots of infected 
plants, there was initially a decrease in CHIT mRNA levels, with 
a 30% reduction at 3 dpa. However, at subsequent time points, a 
similar increase in CHIT transcript levels was observed as in the 
roots, with a 6.6- fold increase at 7 dpa and a 10- fold increase at 
14 dpa.

3.2.2   |   The Effect of Foln Infection on 
Polyamine Content

To assess the impact of infection on the levels of polyamines in 
the roots and shoots of flax, the following data were described 
as the fold change in plants infected with Foln compared with 
uninfected controls (Figure  3D) and the amount in µg/g FW 
(Figure S4).

In the roots of infected plants, an increase in the level of F- Cad 
was observed at the initial stage of infection. Two days after Foln 
application, there was a 4- fold increase, and after 3 days, nearly a 
2- fold increase in F- Cad levels compared to noninfected control 

plants. The level of NCC- Cad remained constant in both nonin-
fected and infected plants. However, by 14 days after Foln appli-
cation, there was a 60% decrease in the level of this fraction in 
infected roots. At the same time, there was also a 90% decrease 
in the level of F- Cad in infected roots. In the shoots of infected 
plants, an increase in F- Cad levels was also observed—1.8- fold 
by 2 dpa, 3.5- fold by 3 dpa and 2.5- fold by 7 dpa compared with 
noninfected plants. The level of NCC- Cad decreased by 30% 
2 dpa compared with noninfected plants, followed by a 1.8- fold 
increase 1 day later. No changes were observed in this fraction 
of Cad at subsequent time points.

In the roots of infected plants, a 2- fold increase in the level 
of F- Put was observed 2 dpa. However, no further significant 
changes in this fraction of Put were detected during the course 
of the infection in roots. Three days after Foln application, a 1.5- 
fold increase in the level of NCC- Put was observed. By 14 dpa, 
there was a 25% decrease in this fraction compared with nonin-
fected control plants. In contrast to the roots, a 25% decrease in 
F- Put levels was observed in the shoots of infected plants 2 dpa. 
At subsequent time points, F- Put levels remained unchanged in 
the shoots despite the progression of the infection. NCC- Put also 
showed no significant changes except for a 4- fold increase in 
this fraction in the shoots 14 dpa.

In the roots of infected plants, an increase in the level of F- Spd 
was observed at the initial stages of infection. Two days after 
Foln application, there was nearly a 2- fold increase, and 3 dpa, 
a 1.5- fold increase compared with noninfected control plants. 
However, by 7 dpa, there was a 60% decrease in F- Spd levels 
in infected roots compared with noninfected control plants. 
Fourteen days after Foln application, there was a 2- fold increase 
in F- Spd and also in NCC- Spd, which was not changed at earlier 
time points. In the shoots of infected plants, no changes were 
observed in the levels of NCC- Spd as the infection progressed. 
F- Spd increased 1.3- fold 3 dpa in infected shoots compared with 
noninfected controls but remained unchanged at other time 
points.

In the roots of infected plants, there was nearly a 2- fold increase 
in F- Spm levels 2 dpa. By 3 dpa, no changes in F- Spm levels were 
observed; however, by 7 dpa, there was a 40% decrease in in-
fected roots compared with the noninfected control. By 14 dpa, 
F- Spm levels increased 3- fold relative to the noninfected control. 
The level of NCC- Spm showed a slight 20% decrease in infected 
roots 2 dpa and a 70% decrease by 7 dpa. However, by 14 dpa, 
there was nearly a 2- fold increase in NCC- Spm in infected roots 
compared with the noninfected control. In the shoots of infected 
plants, an increase in F- Spm levels was observed at 2, 3 and 7 
dpa (1.7- fold, 3- fold and 2- fold increases, respectively) compared 
with noninfected control plants. By 14 dpa, there was a slight 
20% decrease in F- Spm levels in infected shoots. NCC- Spm in 
the shoots did not show significant changes due to infection, ex-
cept for a 2- fold increase at 7 dpa.

3.2.3   |   The Effect of Foln Infection on Transcript Levels 
of Polyamine Metabolism Genes

The changes in the levels of gene transcripts in the roots and 
shoots of flax infected with Foln are presented in Figures 3E 
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FIGURE 3    |     Legend on next page.
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and S5. During infection, a 30% reduction in the mRNA level 
of the LDC gene was observed in the roots 2, 3 and 7 dpa. In 
infected shoots, the LDC gene mRNA level was also reduced by 
30% 2 dpa. Seven days after Foln application, the transcript level 
of this gene dropped again by 50%, and this reduction was main-
tained up to 14 dpa (20%). During infection, the transcript level 
of the ARG gene remained mostly unchanged compared with 
the uninfected control, both in roots and shoots. However, 3 dpa, 
a 50% decrease in the mRNA level of this gene was observed in 
roots, and a 50% decrease also occurred in infected shoots 7 dpa. 
The transcript level of the ADC gene decreased by 25% in in-
fected roots, but as the infection progressed, an increasing trend 
was observed, leading to a 1.9- fold increase in mRNA level of 
this gene 14 dpa. In infected shoots, a 40% and 50% decrease in 
the ADC gene transcript level was observed 3 and 7 dpa, respec-
tively. However, 14 dpa, a 2.4- fold increase in ADC mRNA levels 
was observed in infected shoots compared with the uninfected 
control. The transcript level of the ODC gene increased 2.5- fold 
in infected roots 3 dpa. Fourteen days after Foln application, a 
5- fold increase in the mRNA level of this gene was observed in 
infected roots. In infected shoots, the ODC gene transcript level 
showed a similar trend to the ADC gene in the same tissue. At 
2, 3 and 7 dpa, a 50% decrease in the ODC mRNA level was ob-
served in infected shoots compared with the uninfected control. 
Fourteen days after Foln application, there was a slight increase 
in the transcript level of this gene (1.6- fold). The progression of 
the infection led to a decrease in the AIH gene mRNA level in 
infected roots and shoots compared with the uninfected control 
(60% decrease in shoots at 2 dpa; 55% decrease in roots at 3 dpa; 
70% decrease in roots at 7 dpa; 55% decrease in roots, 30% de-
crease in shoots at 14 dpa). The progression of the infection did 
not have a significant effect on the transcript level of the NCPAH 
gene in the roots and shoots of infected plants, except for a 2.2- 
fold increase in mRNA of this gene 14 days after Foln application 
in infected roots. The transcript level of the SPDS gene exhib-
its a similar trend of changes due to infection as previously de-
scribed genes. In the roots of infected plants, the SPDS mRNA 
level did not change until 14 dpa, when a 3.2- fold increase in the 
transcript level of this gene is observed. In the shoots, 2, 3, and 
7 dpa, the SPDS mRNA level was maintained at about 50% lower 
compared to the uninfected control. The transcript level of the 

SPMS gene in the shoots was also reduced by 50% 2 and 3 dpa. 
However, in roots, a 2.8- fold increase in the mRNA level of the 
SPMS gene was observed 3 dpa compared with the uninfected 
control, and 7 dpa, the transcript level of this gene was still el-
evated (1.5- fold). During infection, the mRNA level of the DAO 
gene did not change significantly in infected roots and shoots, 
except for a small 1.7- fold increase 14 dpa in the roots. The tran-
script level of the PAO gene was reduced during the course of 
infection in roots, with a 40% decrease 3 dpa and a 30% decrease 
7 dpa. In shoots, the mRNA level of this gene was also reduced 
by 20% 2 dpa and by 40% 3 and 7 dpa.

3.2.4   |   The Effect of Foln Infection on H2O2 Content

The levels of H2O2 were also measured in the studied plants. No 
significant changes were observed in either the roots or shoots 
at the examined time points during the course of the infection 
(Figure 3F).

3.3   |   Effect of Increased Cad Content on 
the Development of Fusariosis and Metabolism 
of Polyamines After Infection

3.3.1   |   Progression of Infection of Flax Previously 
Treated With Cad

Twenty- eight days after Foln application, plants treated with 
10 mM Cad exhibited better health compared with the control 
plants (16% DI compared with control plants where the DI was 
18%). These plants showed fewer yellow leaves and had not yet 
begun to wilt. At 48 dpa, plants treated with lower Cad con-
centrations were still in better condition than control plants 
treated with Foln alone (58% DI compared to control plants 
with 65% DI). In contrast, plants treated with 100 mM Cad 
appeared similar to the control plants at both 28 and 48 days 
(Figure 4A).

In the roots of plants treated with 10 mM Cad, a lower level of 
fungal murein transglycosylase DNA was observed 3 and 7 days 

FIGURE 3    |    Analyses of roots and shoots of flax plants infected with Fusarium oxysporum f. sp. lini (Foln). (A) Phenotypic changes (DI, disease 
index; DPA, days postapplication; Ctr, negative control). (B) Relative quantity of fungal murein transglycosylase gene. The data presented were 
obtained from reverse transcription- quantitative PCR (RT- qPCR) analysis. Flax Actin served as the reference gene, and the relative quantity of the 
murein transglycosylase gene was normalised to control plants untreated 2 days after Foln application. Bars represent the mean ± SD from three 
replicates. The significance of differences between groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison 
to 2- day control). (C) Transcript level of chitinase gene. The data were obtained from RT- qPCR analysis. Actin was used as a reference gene and the 
transcript levels were normalised to the control noninfected plant (marked as red dotted line). Bars represent the mean ± SD from three replicates. 
The significance of differences between groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison to control 
from the same time point as the sample). (D) Polyamines (free and insoluble [Ins.] conjugates: Cad, cadaverine; Put, putrescine; Spd, spermidine; 
Spm, spermine) content. The significance of differences between groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 
for comparison to control from the same time point as the sample). (E) Fold change in transcript level of lysine decarboxylase (LDC), arginase (ARG), 
arginine decarboxylase (ADC), ornithine decarboxylase (ODC), agmatine iminohydrolase (AIH), N- carbamoylputreseine amidohydrolase (NCPAH), 
spermidine synthase (SPDS), spermine synthase (SPMS), diamine oxidase (DAO) and polyamine oxidase (PAO) genes. The data were obtained from RT- 
qPCR analysis. Actin was used as a reference gene and the transcript levels were normalised to the uninfected control plant. The significance of the 
differences was determined using two- way ANOVA with Tukey post hoc test (*p < 0.05). (F) H2O2 content. Bars represent the mean ± SD from three 
replicates. The significance of differences between groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison 
to control from the same time point as the sample). [Colour figure can be viewed at wiley onlin elibr ary. com]
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FIGURE 4    |     Legend on next page.

83:26636



 84 

 
  

12 Plant Pathology, 2025

after Foln application (30% and 25% reduction, respectively) 
compared with the untreated infected control at the same time 
point (Figure 4B). In the shoots of plants treated with 10 mM 
Cad, a 50% reduction in the level of fungal murein transglycosy-
lase was observed at 2 and 3 dpa compared with the untreated 
infected control; but after this time, treatment with 10 mM Cad 
no longer had a significant effect. In the shoots of plants treated 
with 100 mM Cad, a 2- fold increase in fungal DNA levels was 
observed 2 dpa compared with the untreated infected control. A 
similarly elevated level (2.8- fold increase) was observed 14 dpa 
following 100 mM Cad treatment (Figure 4B).

Cad treatment significantly increased the level of CHIT tran-
script in infected roots 7 dpa compared with the untreated in-
fected control (3.8- fold increase for 10 mM Cad, 2.8- fold for 
100 mM Cad). This increase persisted until 14 dpa following 
100 mM Cad treatment (4.3- fold increase). In the shoots of in-
fected plants, treatment with 10 mM Cad led to a 30% reduc-
tion in CHIT transcript levels 2 dpa and a 40% reduction 7 dpa. 
The same concentration resulted in a 1.7- fold increase in CHIT 
mRNA levels 14 dpa compared with the untreated infected con-
trol. In the shoots of infected plants treated with 100 mM Cad, a 
3- fold increase in CHIT transcript levels was observed 3 dpa and 
a 2.4- fold increase 14 dpa (Figure 4C).

3.3.2   |   The Effect of Cad Treatment and Infection on 
Polyamine Level

To explain the impact of Cad treatment on the Foln infection 
of flax, the following data were described as the fold change 
in Cad- treated and infected plants compared with untreated 
and infected plants (Figure  4D) and the amount in µg/g FW 
(Figure S6).

In the roots of plants treated with Cad and infected with Foln, 
both F- Cad and NCC- Cad increased, particularly during the 
early stages of infection. The level of F- Cad increased 7.5- fold 
and 24- fold, respectively, 2 dpa following treatment with 10 and 
100 mM Cad. Elevated levels of F- Cad persisted over time: at 3 

dpa, there was a 4- fold increase for the 10 mM concentration and 
a 48- fold increase for the 100 mM concentration. At 7 dpa, the 
increase was 2.7- fold for the 10 mM concentration and 7- fold for 
the 100 mM concentration, the latter persisting until 14 dpa.

Similarly, the level of NCC- Cad also increased 2 and 3 dpa fol-
lowing treatment with both 10 mM (8.8- fold increase 2 dpa and 
3.4- fold increase 3 dpa) and 100 mM (7- fold increase 2 dpa and 
15- fold increase 3 dpa). Elevated levels of NCC- Cad persisted 
only after treatment with 100 mM (4- fold increase at 7 dpa and 
3- fold increase at 14 dpa).

Infected plants treated with Cad also exhibited increased levels 
of F- Cad in the shoots (Day 2: 1.8-  and 9- fold increase for 10 
and 100 mM; Day 3: 8-  and 5- fold increase for 10 and 100 mM; 
Day 7: 2-  and 11- fold increase for 10 and 100 mM, respectively; 
and Day 14: 13- fold increase for 100 mM). Two days after Foln 
application, the level of NCC- Cad decreased by 60% following 
treatment with 10 mM Cad. One day later, treatment with both 
concentrations resulted in a 1.5- fold increase in the level of 
this fraction compared with untreated infected control plants. 
The increase in the level of NCC- Cad after treatment with the 
100 mM concentration persisted over time (2.7-  and 3- fold in-
crease 7 and 14 dpa).

Two days after Foln application, in the roots of treated and in-
fected plants, an increase in both fractions of Put was observed 
following treatment with 10 mM Cad (1.8- fold increase in F- Put 
and 3- fold increase in NCC- Put). The 100 mM Cad did not affect 
the level of F- Put but led to a 1.6- fold increase in its insoluble 
fraction. However, at 3 dpa, the level of both fractions after treat-
ment and infection aligned with the level in untreated infected 
control plants. Seven days after Foln application, there was a 
decrease in the level of F- Put following treatment with 10 mM 
Cad (40% decrease) and 100 mM Cad (70% decrease). The level 
of NCC- Put also decreased by 60% after treatment with 10 mM 
Cad. Fourteen days after Foln application, the 10 mM concentra-
tion no longer significantly affected the level of Put in infected 
roots, whereas the 100 mM concentration led to a 2.8- fold in-
crease in the level of F- Put and a 1.8- fold increase in NCC- Put.

FIGURE 4    |    Analyses of roots and shoots of flax plants treated with cadaverine (Cad, 10 and 100 mM) and Fusarium oxysporum f. sp. lini (Foln) 
application. (A) Phenotypic changes (DI, disease index; DPA, days postapplication; Ctr, negative control). (B) Relative quantity of fungal murein 
transglycosylase gene. The data presented were obtained from reverse transcription- quantitative PCR (RT- qPCR) analysis. Flax actin served as the 
reference gene, and the relative quantity of the murein transglycosylase gene was normalised to control plants untreated 2 days after Foln applica-
tion. Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined using ANOVA followed 
by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time point as the sample). (C) Transcript level of chitinase gene. The data 
were obtained from RT- qPCR analysis. Actin was used as a reference gene, and the transcript levels were normalised to the control untreated infected 
plant (marked as red dotted line). Bars represent the mean ± SD from three replicates. The significance of differences between groups was determined 
using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time point as the sample). (D) Polyamines (free 
and insoluble [Ins.] conjugates: Cad, cadaverine; Put, putrescine; Spd, spermidine; Spm, spermine) content. The significance of differences between 
groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time point as the sample). 
(E) Fold change in transcript level of lysine decarboxylase (LDC), arginase (ARG), arginine decarboxylase (ADC), ornithine decarboxylase (ODC), ag-
matine iminohydrolase (AIH), N- carbamoylputreseine amidohydrolase (NCPAH), spermidine synthase (SPDS), spermine synthase (SPMS), diamine 
oxidase (DAO) and polyamine oxidase (PAO) genes. The data were obtained from RT- qPCR analysis. Actin was used as a reference gene and the tran-
script levels were normalised to the untreated infected control plant. The significance of the differences was determined using two- way ANOVA with 
Tukey post hoc test (*p < 0.05). (F) H2O2 content. Bars represent the mean ± SD from three replicates. The significance of differences between groups 
was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time point as the sample). [Colour 
figure can be viewed at wiley onlin elibr ary. com]
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After treatment with Cad and Foln infection, the level of Put in 
the shoots did not change as dynamically as in the roots. Only 
at 7 dpa did Cad treatment lead to a 1.5- fold increase in the level 
of F- Put following the application of 10 mM Cad and a 1.4- fold 
increase following the application of 100 mM Cad. At the same 
time, an increase in the level of NCC- Put was observed (2-  and 
1.5- fold increase with 10 and 100 mM, respectively). The level of 
NCC- Put decreased by 60% 2 dpa following treatment with both 
concentrations.

Initially, the level of F- Spd in the roots of plants after Cad 
treatment and pathogen infection increased by 1.9-  and 2.5- 
fold after treatment with 10 and 100 mM Cad, respectively. 
However, this elevated level did not persist, as at 3 dpa, the 
level of F- Spd in the roots decreased by 30% and 40% fol-
lowing treatment with 10 and 100 mM Cad, respectively. A 
2.4- fold increase in F- Spd was observed at 14 dpa following 
treatment with 100 mM Cad. At 2 dpa, the level of NCC- Spd 
also increased by 2- fold after treatment with 10 mM Cad and 
by 1.5- fold after treatment with 100 mM Cad. At subsequent 
time points, the level of NCC- Spd did not undergo significant 
changes. At 14 dpa, a 35% decrease in this fraction occurred 
following treatment with 10 mM Cad, while a 2- fold increase 
was observed after treatment with 100 mM Cad.

It appeared that treatment did not significantly affect the level 
of Spm in the shoots of infected plants. Three days after patho-
gen application, there was a 1.4- fold increase in F- Spm following 
treatment with 10 mM Cad. Two days after pathogen applica-
tion, a decrease in the level of NCC- Spm was observed (60% 
and 55% decrease following treatment with 10 and 100 mM Cad, 
respectively). The following day, the level of this fraction was 
similar to the level in untreated infected control plants. Seven 
days after Foln application, the level of NCC- Spm increased 2.4- 
fold following treatment with 10 mM Cad and 2.8- fold following 
treatment with 100 mM Cad.

In the roots of plants after Cad treatment and pathogen infec-
tion, 7 dpa, there was an increase in the level of NCC- Spm (3-  
and 4.3- fold increase following treatment with 10 and 100 mM 
Cad, respectively). No other significant changes in the level of 
this polyamine were observed in the treated and infected roots.

In the shoots of infected plants, 2 dpa, a similar decrease was 
observed in both F- Spm (30% decrease) and NCC- Spm (80% de-
crease) following treatment with both concentrations of Cad. 
Three days after Foln application, no further changes were ob-
served in the NCC fraction, but a 1.4- fold increase in F- Spm was 
observed following treatment with 10 mM Cad. Seven days after 
Foln application, this elevated level remained the same, and 
the level of F- Spm also increased similarly following treatment 
with 100 mM Cad. Fourteen days after Foln application, follow-
ing treatment with 10 mM Cad, the elevated level of F- Spm re-
mained (1.7- fold increase).

3.3.3   |   The Effect of Cad Treatment and Infection on 
the Transcript Level of Polyamine Metabolism Genes

The changes in the levels of gene transcripts in the roots and 
shoots of flax treated with Cad and then infected with Foln are 

presented in Figures 4E, S7 and S8. Cad treatment led to an in-
crease in LDC gene mRNA levels 7 dpa in infected roots (4- fold 
increase for 10 mM Cad and 4.4- fold increase for 100 mM Cad). 
A slight increase (1.6- fold) in transcript level of this gene was 
also observed 3 dpa following 100 mM Cad treatment and 14 dpa 
following 10 mM Cad treatment. Additionally, at 14 dpa, a 20% 
decrease in LDC mRNA level was observed following 100 mM 
Cad treatment.

Treatment with 100 mM Cad caused an increase in mRNA lev-
els of the ARG, ADC, and ODC genes in infected plant roots 
compared with untreated infected controls. Two days after Foln 
application, the transcript levels of the ARG and ADC genes in-
creased 1.6- fold, and the mRNA level of the ODC gene increased 
2- fold. Seven days after Foln application in plants treated with 
100 mM Cad, a 2- fold increase in ADC gene transcript level 
and a 30- fold increase in ODC gene transcript level were ob-
served. Fourteen days after Foln application, the mRNA lev-
els of the ARG and ADC genes increased 2- fold, and the ODC 
gene increased 4- fold. Treatment with 10 mM Cad did not cause 
changes in the ARG gene transcript levels in infected roots com-
pared with untreated infected controls. The same concentration 
led to a 40% decrease in ADC gene mRNA level 14 dpa and a 10- 
fold increase in the ODC gene transcript level 7 dpa.

Treatment with 10 mM Cad led to a decrease in transcript levels 
of the AIH and NCPAH genes 2 dpa (30% and 90% decrease, re-
spectively) in infected roots compared with nontreated infected 
control. Seven days after Foln application, an increase in tran-
script level was observed for both genes in infected roots (6- fold 
increase for AIH and 2- fold increase for NCPAH). Fourteen days 
after Foln application, a decrease in transcript levels was again 
observed for both genes (90% decrease for AIH and 75% decrease 
for NCPAH). Treatment with 100 mM Cad 2 and 3 dpa did not 
cause significant changes in the AIH gene transcript level in 
infected roots compared with nontreated infected control. 
However, it led to a 95% decrease in NCPAH mRNA levels 2 dpa 
and 60% decrease 3 dpa. Seven and 14 dpa, an increase in mRNA 
levels of both genes was observed (2.4-  and 1.7- fold increase for 
AIH at 7 and 14 dpa, respectively; 3.1-  and 1.5- fold increase for 
NCPAH at 7 and 14 dpa, respectively).

A sustained increase in SPDS gene transcript level was observed 
following 100 mM Cad treatment in infected roots compared 
with untreated infected control (2.8- , 2.2-  and 2.1- fold increase 
at 3, 7 and 14 dpa, respectively). Treatment with 10 mM Cad led 
to a slight increase (1.5- fold) in SPDS gene mRNA level only 7 
dpa, but no sustained increase over time was observed as with 
the higher concentration. Fourteen days after Foln application, 
a 40% decrease in SPDS transcript level was observed in roots 
treated with 10 mM Cad. Cad treatment caused a decrease in 
SPMS transcript level in the early stages of infection in infected 
roots (40% decrease 2 dpa following 100 mM Cad treatment; 50% 
and 65% decrease 3 dpa following 10 and 100 mM Cad treatment, 
respectively). Fourteen days after Foln application, a 1.7- fold in-
crease in SPMS gene transcript level was observed following 
10 mM Cad treatment.

In the early stages of infection, no influence of Cad treatment 
on genes associated with polyamine catabolism was observed in 
infected roots compared with untreated infected controls. At 7 
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and 14 dpa, DAO mRNA levels increased significantly following 
100 mM Cad treatment (2.6-  and 2.5- fold increase at 7 and 14 
dpa, respectively). A slight 1.6- fold increase was also observed 
following 10 mM Cad treatment at 7 dpa. The PAO gene tran-
script level in infected plant roots did not change significantly 
under Cad treatment. Fourteen days after Foln application, a 
2.2- fold increase was observed following 100 mM Cad treatment 
and a 30% decrease following 10 mM Cad treatment.

Cad treatment caused an increase in the transcript levels of cer-
tain genes involved in the polyamine biosynthesis pathway in in-
fected plant shoots compared with untreated infected controls. 
Additionally, in many cases, the elevated levels were sustained 
over time. The transcript level of the LDC gene after Cad treat-
ment and infection was elevated in the shoots compared with the 
untreated infected control. Treatment with 10 mM Cad caused 
an approximately 2- fold increase at 2, 3 and 7 dpa. Treatment 
with 100 mM Cad caused a 3.8- fold increase at 7 and 14 dpa.

Three days after Foln application, the mRNA level of the ARG 
gene increased 1.5- fold after treatment with both Cad concen-
trations. Seven days after Foln application, the transcript level 
increased 2-  and 2.4- fold after treatment with 10 and 100 mM 
Cad, respectively. After treatment with 100 mM Cad, 14 dpa, the 
mRNA level of the ARG gene was still over 2- fold higher than in 
the untreated infected control. A similar trend was observed for 
the mRNA levels of the AIH and NCPAH genes in shoots treated 
with Cad and infected with Foln. Three days after Foln appli-
cation, the mRNA level of the AIH gene increased 2- fold after 
treatment with 100 mM Cad, while the NCPAH gene mRNA 
level increased 1.5- fold after treatment with both concentra-
tions. Seven days after Foln application, the transcript level of 
AIH was 1.6- fold higher following treatment with 100 mM Cad 
compared with the untreated infected control, and a 2- fold in-
crease for NCPAH gene was also observed. This level was main-
tained up to 14 dpa. At the same time, treatment with 100 mM 
Cad caused a 2- fold increase in the mRNA level of the AIH gene. 
The 10 mM Cad concentration caused a 20% decrease in the AIH 
gene mRNA level 7 dpa. Cad treatment did not have a strong ef-
fect on the levels of the ADC and ODC genes in the shoots of in-
fected plants. The 100 mM Cad concentration caused a 20% and 
30% decrease in ADC transcript levels 2 and 3 dpa, respectively. 
Seven days after Foln application, a slight 1.5- fold increase in the 
transcript level of this gene was observed. The transcript level of 
the ODC gene in the shoots of infected plants decreased by 35% 
after treatment with 10 mM Cad compared with untreated in-
fected plants.

After treatment with both concentrations of Cad, 2 and 3 dpa, 
the mRNA level of the SPDS gene was approximately 1.5- fold 
higher than in the shoots of untreated infected controls. A 2- 
fold higher mRNA level was also observed after treatment with 
100 mM Cad 14 dpa. Initially, the mRNA level of the SPMS gene 
did not change in the shoots of infected plants after Cad treat-
ment. After treatment with 10 mM Cad, 3 dpa, the SPMS mRNA 
level increased 2.8- fold. Seven days after Foln application, the 
elevated transcript level of this gene (1.7- fold) was still observed. 
Treatment with 100 mM Cad 3 dpa caused a 20% decrease in the 
mRNA level of the SPMS gene. However, at later stages of in-
fection, this concentration led to a 2.5-  and 2.7- fold increase in 
SPMS mRNA levels 7 and 14 dpa, respectively.

Treatment with 10 mM Cad did not cause any significant 
changes in the mRNA levels of genes related to polyamine ca-
tabolism. Treatment with 100 mM Cad caused a 2- fold increase 
in the DAO gene transcript level in shoots 14 dpa. The transcript 
level of the PAO gene slightly increased (1.6- fold) 7 dpa, and 
14 dpa, it was also 2- fold higher than in the untreated infected 
control.

3.3.4   |   The Effect of Cad Treatment and Foln Infection 
on H2O2 Level

In the roots treated with 100 mM Cad and infected with Foln, 
a 1.3- fold increase in H2O2 level was observed 2 dpa, and a 1.2- 
fold increase was noted 14 dpa. Treatment with 10 mM Cad led 
to a 40% decrease in H2O2 level in the roots 3 dpa. In the shoots, 
treatment with 100 mM Cad caused a 1.25- fold increase in H2O2 
level 3 dpa. Fourteen days after Foln application, the same con-
centration resulted in a 30% decrease in H2O2 level in the shoots 
compared with untreated, infected control plants (Figure 4F).

3.4   |   Inhibition of Foln Growth by Cad In Vitro

Supplementation of PDA with Cad at different concentrations 
caused inhibition of Foln growth, which was most visible on 
Day 9 (Figure 5). A concentration of 20 mM Cad in the medium 
showed 69% inhibition of Foln growth zone, and 3 mM Cad 
showed 46% inhibition. Interestingly, higher concentrations of 
Cad (10 and 20 mM) also affected Foln morphology, changing 
the colour of the colony, which most likely resulted from inhi-
bition of bicaverine synthesis, a pigment responsible for the my-
celium colour.

4   |   Discussion

Fungal infections of plants cause significant losses in agriculture 
by reducing the quality and quantity of crops. In order to pre-
vent or limit the progression of plant infections caused by fungi, 
plants are commonly grown in controlled, optimal conditions, 
or chemical plant protection products are used. Plants resistant 
to infections caused by fungi are increasingly cultivated and mi-
croorganisms or chemical compounds are used that strengthen 
plant resistance to infections. However, new strategies for in-
creasing plant resistance to pathogenic infections are constantly 
being sought in order to minimise crop losses and at the same 
time reduce costs mainly associated with the use of plant pro-
tection products. One way may be to use secondary metabolites, 
including polyamines, which regulate plant growth and devel-
opment and play an important role in the plant response to abi-
otic and biotic stress. So far, studies on the effect of polyamines 
on infections have been limited to Put, Spd and Spm only. Our 
studies focused on Cad. Despite its low content in plants com-
pared to other polyamines, it has been confirmed that it plays 
important roles at every stage of plant development. Thus, its 
role in the infection process may also be underestimated.

The intention of our studies was to clearly determine whether 
increased Cad content in plants would increase flax resistance 
to Foln infections, which would result in a significant reduction 
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in the progression of fusariosis. In order to increase Cad content 
in flax, we added it to the medium in two concentrations. We did 
not observe phenotypic changes (such as chlorosis or necrosis) in 
plants after treatment with 10 mM Cad even 6 weeks after its ad-
dition to the medium. However, the addition of 100 mM Cad to 
the medium caused leaf chlorosis of some plants, but only after 
48 days. Moreover, the plants took up Cad from the medium 
through the roots. In plants to which 10 mM Cad was added, an 
increase in the content of F- Cad and NCC- Cad was observed at 
3 and 8 dpt, while at 15 dpt its content was lower than in the con-
trol plants. However, when 100 mM Cad was added to the plants, 
the content of F- Cad and NCC- Cad increased significantly on all 
analysed days, and the highest at 4 dpt. Presumably, this could 
indicate its greater availability in the medium. Similar results 
were obtained by Kuznetsov et al. (2009) who observed an in-
crease in the content of F- Cad, CC- Cad and NCC- Cad in the 
roots of Mesembryanthemum crystallinum in response to treat-
ment of juvenile or adult plants with exogenous Cad. Moreover, 
the increased Cad content in roots is certainly a consequence 
of its uptake from the medium by plants, and not its de novo 
synthesis. This is evidenced by the reduced amount of mRNA of 
the LDC gene in the roots of plants growing on a medium with 
a higher Cad content. In the shoots, more F- Cad was already 
present at 3 dpt, and its content increased with time. Also in this 
part of the plant, its highest content was observed after adding 
100 mM Cad to the medium. The significant increase in both F- 
Cad and NCC- Cad in the shoots is most probably the result of its 
transport from the roots, but it may also be a consequence of the 
significantly increased amount of the LDC gene transcript in the 
shoots at 4 dpt. Data in the available literature show that other 
polyamines (Put and Spd) are taken up by plants and trans-
ported to different organs (Ohe et al. 2005; Rabiti et al. 1989). 
The transport of Cad from the roots to the shoots has not been 
confirmed so far. However, Cad translocations from cotyledon 
to shoot and cotyledon to roots have been demonstrated (Ohe 
et al. 2010). Interestingly, in the shoots, the significant increase 
in the content of F- Cad is associated with an increase in the con-
tent of NCC- Cad. This may be a kind of converting of too much 

free compound, which in excess may be harmful to the plant, 
into a bound compound, less available and therefore less harm-
ful. However, these assumptions require further research.

The consequences of increased Cad content in plants were 
changes in the levels of transcripts of Put, Spd and Spm metabo-
lism genes and their content. In roots, mRNA levels of genes in 
one of the Put synthesis pathways, AIH and NCPAH, decreased 
from 4 to 15 dpt, which most probably translated into a signifi-
cantly reduced content of F- Put at 15 dpt. Reduced content of F- 
Spd was also observed at 8 dpt, NCC- Spd at 15 dpt and NCC- Spm 
at 4 and 8 dpt. Similar results were presented by Kuznetsov et al. 
where, in the roots of M. crystallinum in response to treatment 
of juvenile or adult plants with exogenous Cad, less F- Put, F- Spd 
and F- Spm were observed (Kuznetsov et al. 2009). Others have 
shown that exogenous Cad application increased F- Put and F- 
Spm in barley seedlings (Ozmen et al. 2023). These differences 
probably result from different Cad exposures (incubation before 
germination, hydroponic culture or addition of the compound to 
the substrate) and its different concentrations. Interestingly, at 4 
dpt, where the highest increase in F- Cad content was observed 
in plant roots after the addition of 100 mM Cad, an increase in 
NCC- Cad, NCC- Put, NCC- Spd and NCC- Spm content was also 
observed.

In shoots, F- Put decreased at 3 dpt after 10 and 100 mM Cad 
was added to the medium and at 4 and 15 dpt after 100 mM Cad 
was added, while NCC- Put was higher at 15 dpt. In Spm, we ob-
served higher amounts of F- Spm at 3 and 4 dpt, lower at 15 dpt 
and lower NCC- Spm at 3 dpt and higher at 8 dpt. In shoots, we 
also observed a decrease in AIH and NCPAH mRNA levels, but 
only at 3 dpt and after 100 mM Cad was added. Furthermore, 
the ODC gene transcript level was significantly reduced at 8 dpt, 
which may translate into lower F- Put levels at 15 dpt.

Currently, there is a lack of studies showing how increased 
Cad content affects the content of other polyamines in dif-
ferent organs. Based on our studies, we have shown that Cad 

FIGURE 5    |    Effect of cadaverine on the growth of Fusarium oxysporum f. sp. lini (Foln). Inhibition of Foln growth zone on plates with potato 
dextrose agar (PDA, control) and PDA containing cadaverine at 3, 6, 10 and 20 mM after 6, 8 and 9 days. (A) Inhibition rates on PDA plates, (B) colony 
appearance. [Colour figure can be viewed at wiley onlin elibr ary. com]
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taken up by roots changes the content of other polyamines not 
only in roots but also in shoots. Research conducted by Ohe 
et al. (2010) showed that exogenously supplied [15N]- Cad did 
not affect the polyamine biosynthetic pathway leading to the 
formation of Put, Spd and Spm in soybean. In barley, exog-
enous Cad application alleviated the drought- induced stress 
and increased the levels of other polyamines (amount of en-
dogenous Spd by 10% and Spm by 40%). The expression of 
biosynthetic genes was not studied (Ozmen et al. 2023). Our 
studies on the effect of exogenous Spd on flax shoots and roots 
confirm that changes in one polyamine entail changes in the 
others (Augustyniak et al. 2024, 2025).

Data in the literature do not clearly determine the effect of ex-
ogenous Cad on the redox state in plants. It has been shown 
that the consequence of exogenous Cad uptake by M. crystal-
linum roots was an increase in H2O2 content, suggesting that 
Cad can induce an oxidative burst (Kuznetsov et  al.  2009). 
However, Balcı et  al.  (2022) did not confirm this in barley 
seedlings, where exogenous Cad did not affect chloroplastic 
H2O2 content. Furthermore, they showed that exogenous Cad 
in plants increased the activity of chloroplastic superoxide dis-
mutase (SOD), peroxidase (POX), ascorbate peroxidase (APX), 
glutathione reductase (GR), monodehydroascorbate reductase 
(MDHAR) and glutathione S- transferase (GST), suggesting its 
indirect effect on the redox status (Balcı et al. 2022). Also, in 
M. crystallinum, Cad influenced the induction of SOD gene ex-
pression (Aronova et al. 2005). Similarly, in the case of flax, the 
uptake of Cad from the substrate, and thus the increase of its 
content in roots and shoots, did not increase the H2O2 content, 
and even at 8 dpt significantly decreased it, which may suggest 
that the uptake of Cad by plants from the medium did not cause 
oxidative stress. It is also worth noting that the level of the DAO 
transcript, which is responsible for Cad degradation and H2O2 
formation, did not change in these plants.

Next, we wanted to check how the progress of Foln infection af-
fects the metabolism and content of polyamines, especially Cad, 
which is often not determined by researchers. The progress of 
infection was confirmed by the increasing number of copies of 
the fungal murein transglycosylase gene, which was much more 
abundant in roots than in shoots. This is due to the fact that 
Foln is a soil fungus and first enters the roots and then spreads 
through the vessels throughout the plant. We have previously 
used quantification of fungal biomass in plant tissue, by de-
termining the amount of the murein transglycosylase gene, to 
show the progress of colonisation of flax seedlings with a non-
pathogenic strain of F. oxysporum (Wojtasik et al. 2024) and flax 
plants with the pathogenic Foln (Augustyniak et al. 2025). The 
growth of Fusarium pseudograminearum in wheat was simi-
larly determined, but using a different gene, translation elonga-
tion factor 1α (Xu et al. 2024). The plant response to infection 
was confirmed by the increasing level of the chitinase gene tran-
script, which is activated by the pathogen attack, in both roots 
and shoots. However, due to the fact that Foln is a soil patho-
gen and enters the plant through the roots, the chitinase gene is 
more strongly transcribed there. We have shown this in previous 
studies on another flax variety (Augustyniak et al. 2024, 2025). 
Tissue- specific increase in chitinase expression was also shown 
in Vitis vinifera in response to Botrytis cinerea infections (Zheng 
et  al.  2020). Moreover, an increase in the chitinase transcript 

was observed in cucumber roots inoculated with F. oxysporum 
f. sp. cucumerinum, in Arachis hypogaea seedlings infected 
with Macrophomina phaseolina and in Panax notoginseng in re-
sponse to Fusarium solani infections (Iwuala et al. 2020; Wang 
et al. 2024; Xu et al. 2021).

In the roots at 2 dpi, the content of all free polyamines increased 
significantly, while at 3 dpi only the content of F- Cad, F- Spd and 
NCC- Put increased. Then at 7 dpi we observed reduced con-
tents of F- Spd, F- Spm and NCC- Spm and, interestingly, at 14 dpi 
reduced contents of Cad and Put and increased Spd and Spm. 
Analysis of transcripts of polyamine metabolism genes after in-
fection in the roots showed reduced levels of LDC mRNA at 2, 
3 and 7 dpi, ADC mRNA at 2 dpi and AIH at 3, 7 and 14 dpi, 
and increased amounts of odc gene transcripts at 3 dpi and most 
Spd synthesis genes. From the obtained results, we can conclude 
that the increases in free polyamine content at 2 dpi most prob-
ably result from increased amounts of polyamine metabolism 
proteins at an earlier time (before the analysed ones) and are the 
response of plants to pathogenic elicitors and not the presence of 
the fungus itself in the plant. The consequence of Foln penetra-
tion and spread in flax seems to be a decrease in the transcript 
level of the LDC gene and an increase in the mRNA content of 
polyamine metabolism genes from another independent path-
way. This could mean that when Foln colonises flax, it decreases 
the content of Cad and Put while increasing the amounts of Spd 
and Spm.

On the other hand, in shoots at 2, 3 and 7 dpi, the mRNA levels 
of most polyamine metabolism genes, including LDC, were re-
duced, which may indicate that polyamines are not produced in 
them but are transported, for example, from the roots. Only at 
14 dpi did we observe an increase in the levels of ODC and ADC 
transcripts, which may indicate a later triggering of polyamine 
synthesis in shoots after infection. Interestingly, we observed an 
increase in the content of F- Cad and F- Spm at 2, 3 and 7 dpi, 
and of NCC- Cad and NCC- Spd at 3 dpi, NCC- Spm at 7 dpi and 
NCC- Put at 14 dpi.

Pathogenic infections lead to oxygen bursts; that is, an increase 
in the content of reactive oxygen species (ROS) (Sahu et al. 2022; 
Wang et al. 2020). We examined the content of H2O2 in roots 
and shoots, but we did not notice any changes in infected plants 
compared with uninfected plants. This is probably due to the 
fact that the ROS bursts took place at times other than those 
studied.

After ascertaining that flax plants were taking up Cad from 
the medium and accumulating it in their organs, a pathogenic 
strain of Foln was added to the plants with increased Cad 
content. Treatment of plants with 10 mM Cad significantly re-
duced the amount of Foln in roots at 3 and 7 dpa. However, 
no changes in the amount of the fungus were observed in the 
roots of plants after treatment with 100 mM Cad. Moreover, in 
the shoots of plants treated with 10 mM Cad, lower amounts 
of Foln were observed at 2 and 3 dpa compared to plants with-
out increased amounts of Cad. However, after adding 100 mM 
Cad, an increase in the amount of Foln was observed in the 
shoots of plants at 14 dpa. From the obtained results, it can be 
concluded that the uptake of Cad by the plant in an appropri-
ate amount can slow down the progression of infection in flax 

88:47325



 89 

 
  

17

caused by Foln. This is confirmed by the phenotypic data after 
4 weeks of plants first treated with Cad and then infected with 
Foln. Due to the fact that both Cad solution and Foln spores 
were added to vermiculite, it can be assumed that the slow-
ing down of infection may be the result of either an increase 
in Cad concentration in plants and limited penetration of the 
pathogen into its tissues, or direct inhibition of fungal growth 
in vermiculite by Cad. Our previous studies have shown that 
Put, Spd and Spm limit the growth of F. oxysporum and F. cul-
morum in vitro, with Spm limiting growth the most (Wojtasik 
et  al.  2015). Cad also significantly inhibited the growth of 
Foln in vitro, and in a concentration- dependent manner, with 
no change in the morphology of Foln at lower concentrations, 
while at higher concentrations it caused a change in the colour 
of the mycelium.

The level of chitinase positively correlates with the amount of 
fungus in the roots and shoots of plants after infection and 
in plants first treated with Cad and then infected with Foln. 
It is worth noting that in the roots of plants treated with 10 
and 100 mM Cad and then infected with Foln, a significant 
increase in the chitinase gene was observed at 7 dpa, and ad-
ditionally with 100 mM Cad this increase was significant at 14 
dpa compared to the level of chitinase mRNA only after Foln 
treatment. However, in shoots, an increase in the level of the 
chitinase gene transcript was observed at 3 and 14 dpa after the 
addition of 100 mM Cad. The addition of 10 mM Cad reduced 
the amount of chitinase mRNA at 2 and 7 dpa and increased 
chitinase mRNA at 14 dpa. It is worth noting that the addi-
tion of Cad to the medium triggers a different plant response 
than the addition of Spd. In our earlier study, we showed that 
priming plants with Spd followed by Foln treatment in roots 
only slightly increased chitinase mRNA levels only at 14 dpa 
with 100 mM Spd treatment, while in shoots an increase in 
chitinase transcripts was observed at 2 dpa after the addition 
of 10 mM Spd (Augustyniak et al. 2025). This is probably due 
to additional mechanisms triggered by the increase in exoge-
nous Cad other than in the case of the increase in exogenous 
Spd. Treatment of plants with Cad alone also caused changes 
in chitinase mRNA levels over time. Interestingly, in roots at 
3 dpa there was a significant decrease in chitinase transcripts, 
and at 4 dpa an increase after the addition of 100 mM Cad and 
then a significant decrease at 8 dpa for 100 mM Cad and at 15 
dpa for 10 mM Cad. In shoots at 3 dpa there was an approxi-
mately 3.5- fold increase in chitinase mRNA for flax treated 
with 100 mM Cad, and then at 8 and 15 dpa decreases in the 
amount of transcripts of this gene after treatment with both 10 
and 100 mM Cad (our own unpublished data).

It is suspected that oxidative stress may also be important, as 
we observed an increase in H2O2 content in roots and shoots of 
plants treated with 100 mM Cad and then infected with Foln. 
Plant infection alone or Cad treatment alone does not cause the 
H2O2 increase that is observed in plants treated with Cad and 
infected with Foln. However, the double stress triggers oxidative 
stress in plants (in plant roots at 2 and 14 dpa 100 mM Cad and in 
shoots at 3 dpa 100 mM Cad). Our previous studies have shown 
an increase in H2O2 content in the roots of flax plants primed 
with 10 mM Spd and then infected with Foln at 2 dpa and at 7 
dpa in flax primed with 100 mM Spd (Augustyniak et al. 2025). 
H2O2 may also act as a signalling molecule mediating chitinase 

gene expression in rice, indicating its involvement in stress- 
induced plant defence responses (Lin et al. 2005).

Plants with increased Cad content after Foln treatment in the 
roots contained more Put and Spd, while the Spm content did 
not change at 2 dpt compared to plants not treated with Foln. 
At 3 dpt, only the amount of F- Spd decreased, while at 7 dpt, 
the content of NCC- Spm increased and the amount of Put de-
creased significantly. At 14 dpt, only in the case of the previous 
addition of 100 mM Cad, a significant increase in the amount of 
Put and Spd was observed. It seems that changes in the content 
of free and NCC polyamines were a consequence of Cad uptake 
from the substrate rather than the infection with the fungus it-
self. Analysis of mRNA levels of polyamine metabolism genes 
in plants with increased Cad level infected with Foln showed an 
increase in the LDC gene transcript at 3, 7 and 14 dpt in the roots 
compared to uninfected plants. Importantly, the infection itself 
or the addition of Cad to the substrate alone reduces the level of 
LDC mRNA in the roots of plants. In plants treated with Cad 
and then infected with Foln, the preferential Put synthesis path-
way is via ODC, similar to plants infected only with Foln. The 
second Put synthesis pathway was reduced at 2 and 3 dpt, and 
then activated at 7 dpt. At 14 dpt, plants treated with 10 mM Cad 
and then infected with Foln showed reduced levels of most poly-
amine metabolism gene transcripts, in contrast to plants treated 
with 100 mM Cad, where a higher level of their transcripts was 
observed. For genes encoding polyamine- degrading enzymes, 
we observed an increase in their mRNA levels (DAO—after add-
ing 10 and 100 mM Cad at 7 dpt and after adding 100 mM at 14 
dpt; PAO—after adding 100 mM at 14 dpt), which translates into 
an increase in H2O2 at 14 dpt.

The shoots of plants with increased Cad content after Foln ap-
plication contained significantly less remaining polyamines at 
2 dpt. Their amounts increased at 7 dpt compared to the shoots 
of uninfected plants. It seems that the changes in the polyam-
ine content result from both infection and the uptake of Cad 
from the medium by the plant. Interestingly, in the shoots of 
plants treated with Cad and later with Foln, the level of the LDC 
transcript increased. For plants treated with 10 mM Cad, the 
changes could be observed at 2, 3 and 7 dpt, while for plants 
treated with 100 mM Cad, these changes appeared at 7 and 14 
dpt. It is worth noting that the mRNA levels of Put synthesis 
genes ARG, AIH and NCPAH increased from 3 dpt, while the 
levels of key Put synthesis genes ADC and ODC did not change 
or were even reduced. Moreover, at 2 and 3 dpt, there was an 
increase in the SPDS transcript, and at 3 and 7 dpt, we observed 
an increase in the SPDS transcript. The mRNA levels of polyam-
ine degradation genes increased only at 14 dpt for the shoots of 
plants treated with 100 mM Cad.

Because polyamines are known to participate in ROS scaveng-
ing, membrane stabilisation and signalling and can directly 
inhibit fungal growth, any shifts in their balance could signifi-
cantly affect plant stress responses and resistance mechanisms. 
Detailed mechanisms of action would require further study.

Cad shows potential as an agricultural primer, particularly 
for stress mitigation and biostimulation. However, its stability, 
cost of production and possible environmental side effects re-
quire careful consideration and development of formulated, 

89:24709



 90 

 
  

18 Plant Pathology, 2025

controlled- release products. At present, it is more feasible in 
specialised applications (e.g., greenhouse crops, seed bioprim-
ing) rather than widespread field use—unless production and 
formulation technologies improve.

To better understand and evaluate the potential of Cad as a prim-
ing agent in agriculture, future studies could proceed along two 
complementary directions: field application trials and mechanis-
tic studies using omics approaches. A practical next step would 
involve testing the effectiveness of Cad treatment under field 
conditions. This could be carried out using an experimental field 
setup—for example, a provocation field with pathogenic fungi 
present in the soil designed to mimic real agricultural environ-
ments. The experimental design would include treatment and 
control groups, with one half of the field sprayed with Cad and 
the other left untreated, followed by monitoring of plant growth, 
stress tolerance and yield parameters throughout the growing 
season, and the assessment of environmental impact, including 
soil microbiota and possible odour- related issues. This would 
provide valuable data on the agronomic viability and scalability 
of Cad. To elucidate the molecular mechanism of Cad action, a 
second research direction would involve advanced omics analy-
ses. These could include transcriptomic profiling (e.g., RNA- seq) 
to identify differentially expressed genes and activated signal-
ling pathways, ribosome profiling to explore potential effects on 
translation regulation and proteomic and metabolomic analyses 
to detect changes in protein levels and metabolic profiles, pro-
viding insight into downstream biochemical effects. Combining 
these approaches would offer a comprehensive understanding of 
Cad- induced responses at multiple biological levels, from gene 
regulation to metabolic output.

Based on the obtained results, it can be stated that the addi-
tion of appropriate amounts of Cad to the substrate for plant 
growth limits the development of flax fusariosis. In our case, 
based on phenotypic and molecular analysis, the concentration 
of 10 mM Cad proved to be appropriate. Too much Cad added 
to the medium (100 mM), and thus too much of it in the plant, 
increased the amount of the fungus in the flax shoots and sig-
nificantly changed the content of polyamines and the level of 
transcripts of polyamine metabolism genes and also caused 
oxidative stress. Plants treated with 10 mM Cad and then Foln 
in the initial stages of colonisation contained smaller amounts 
of the fungus in both roots and shoots. This could result from 
limiting the development of the fungus already in the substrate 
and/or its limited penetration into the roots of plants with an 
increased amount of Cad. The limitation of the disease progres-
sion may also result from the changed metabolism of polyam-
ines and the changed amount of other polyamines. Hence, Cad 
seems to play an important role in plant–fungus interactions, 
which can be exploited in new strategies to increase flax resis-
tance to fusariosis.
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Supporting Information
Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Polyamine (free and in-
soluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, spermi-
dine; SPM, spermine) content in flax roots and shoots after cadaverine 
treatment (10 and 100 mM). Bars represent the mean ± SD from three 
replicates. The significance of differences between groups was deter-
mined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for 
comparison to control from the same time point as the sample). Figure 
S2: Transcript level of lysine decarboxylase (ldc), arginase (arg), argi-
nine decarboxylase (adc), ornithine decarboxylase (odc), agmatine imi-
nohydrolase (aih), n- carbamoylputreseine amidohydrolase (ncpah), 
spermidine synthase (spds), spermine synthase (spms), diamine oxidase 
(dao) and polyamine oxidase (pao) genes in flax roots after cadaver-
ine treatment (10 and 100 mM). The data were obtained from reverse 
transcription- quantitative PCR analysis. Actin was used as a reference 
gene, and the transcript levels were normalised to the untreated con-
trol plant. The significance of the differences was determined using 
two- way ANOVA with Tukey post hoc test (*p < 0.05). Figure S3: 
Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine de-
carboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydro-
lase (aih), n- carbamoylputreseine amidohydrolase (ncpah), spermidine 
synthase (spds), spermine synthase (spms), diamine oxidase (dao) and 
polyamine oxidase (pao) genes in flax shoots after cadaverine treatment 
(10 and 100 mM). The data were obtained from reverse transcription- 
quantitative PCR analysis. Actin was used as a reference gene and the 
transcript levels were normalised to the untreated control plant. The 
significance of the differences was determined using two- way ANOVA 
with Tukey post hoc test (*p < 0.05). Figure S4: Polyamine (free and 
insoluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, spermi-
dine; SPM, spermine) content in flax roots and shoots after F. oxyspo-
rum application. Bars represent the mean ± SD from three replicates. 
The significance of differences between groups was determined using 
ANOVA followed by Tukey's post hoc test (*p < 0.05 for comparison to 
control from the same time point as the sample). Figure S5: Transcript 
level of lysine decarboxylase (ldc), arginase (arg), arginine decarboxy-
lase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), 
n- carbamoylputreseine amidohydrolase (ncpah), spermidine synthase 
(spds), spermine synthase (spms), diamine oxidase (dao) and polyamine 
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oxidase (pao) genes in flax roots and shoots after Fusarium oxysporum f. 
sp. lini application. The data were obtained from reverse transcription- 
quantitative PCR analysis. Actin was used as a reference gene and the 
transcript levels were normalised to the uninfected control plant. The 
significance of the differences was determined using two- way ANOVA 
with Tukey post hoc test (*p < 0.05). Figure S6: Polyamine (free and 
insoluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, spermi-
dine; SPM, spermine) content in flax roots and shoots after cadaverine 
treatment and Fusarium oxysporum f. sp. lini application. Bars represent 
the mean ± SD from three replicates. The significance of differences be-
tween groups was determined using ANOVA followed by Tukey's post 
hoc test (*p < 0.05 for comparison to control from the same time point as 
the sample). Figure S7: Transcript level of lysine decarboxylase (ldc), ar-
ginase (arg), arginine decarboxylase (adc), ornithine decarboxylase (odc), 
agmatine iminohydrolase (aih), n- carbamoylputreseine amidohydrolase 
(ncpah), spermidine synthase (spds), spermine synthase (spms), diamine 
oxidase (dao) and polyamine oxidase (pao) genes in flax roots after ca-
daverine treatment and Fusarium oxysporum f. sp. lini application. The 
data were obtained from reverse transcription- quantitative PCR anal-
ysis. Actin was used as a reference gene and the transcript levels were 
normalised to the untreated infected control plant. The significance 
of the differences was determined using two- way ANOVA with Tukey 
post hoc test (*p < 0.05). Figure S8: Transcript level of lysine decarbox-
ylase (ldc), arginase (arg), arginine decarboxylase (adc), ornithine decar-
boxylase (odc), agmatine iminohydrolase (aih), n- carbamoylputreseine 
amidohydrolase (ncpah), spermidine synthase (spds), spermine synthase 
(spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in 
flax shoots after cadaverine treatment and Fusarium oxysporum f. sp. 
lini application. The data were obtained from reverse transcription- 
quantitative PCR analysis. Actin was used as a reference gene and the 
transcript levels were normalised to the untreated infected control 
plant. The significance of the differences was determined using two- 
way ANOVA with Tukey post hoc test (*p < 0.05). Table  S1: Primer 
sequences used for the reverse transcription- quantitative PCRs. (ACT, 
actin; CHIT, chitinase; ADC, arginine decarboxylase; AIH, agmatine 
iminohydrolase; NCPAH, N- carbamoylputrescine amidohydrolase; 
ARG, arginase; ODC, ornithine decarboxylase; SPDS, spermidine syn-
thase; SPMS, spermine synthase; LDC, lysine decarboxylase; DAO, di-
amine oxidase; PAO, polyamine oxidase). 
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Figure S1: Polyamine (free and insoluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, 
spermidine; SPM, spermine) content in flax roots and shoots after cadaverine treatment (10 
and 100 mM). Bars represent the mean ± SD from three replicates. The significance of 
differences between groups was determined using ANOVA followed by Tukey's post hoc test 
(*p < 0.05 for comparison to control from the same time point as the sample). 
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Figure S2: Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine 
decarboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), n-
carbamoylputreseine amidohydrolase (ncpah), spermidine synthase (spds), spermine 
synthase (spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in flax roots after 
cadaverine treatment (10 and 100 mM). The data were obtained from reverse transcription-
quantitative PCR analysis. Actin was used as a reference gene, and the transcript levels were 
normalised to the untreated control plant. The significance of the differences was determined 
using two-way ANOVA with Tukey post hoc test (*p < 0.05). 
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Figure S3: Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine 
decarboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), n-
carbamoylputreseine amidohydrolase (ncpah), spermidine synthase (spds), spermine 
synthase (spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in flax shoots after 
cadaverine treatment (10 and 100 mM). The data were obtained from reverse transcription-
quantitative PCR analysis. Actin was used as a reference gene and the transcript levels were 
normalised to the untreated control plant. The significance of the differences was determined 
using two-way ANOVA with Tukey post hoc test (*p < 0.05). 
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Figure S4: Polyamine (free and insoluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, 
spermidine; SPM, spermine) content in flax roots and shoots after F. oxysporum application. 
Bars represent the mean ± SD from three replicates. The significance of differences between 
groups was determined using ANOVA followed by Tukey's post hoc test (*p < 0.05 for 
comparison to control from the same time point as the sample). 
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Figure S5: Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine 
decarboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), n-
carbamoylputreseine amidohydrolase (ncpah), spermidine synthase (spds), spermine 
synthase (spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in flax roots and 
shoots after Fusarium oxysporum f. sp. lini application. The data were obtained from reverse 
transcription-quantitative PCR analysis. Actin was used as a reference gene and the transcript 
levels were normalised to the uninfected control plant. The significance of the differences was 
determined using two-way ANOVA with Tukey post hoc test (*p < 0.05). 
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Figure S6: Polyamine (free and insoluble conjugates: CAD, cadaverine; PUT, putrescine; SPD, 
spermidine; SPM, spermine) content in flax roots and shoots after cadaverine treatment 
and Fusarium oxysporum f. sp. lini application. Bars represent the mean ± SD from three 
replicates. The significance of differences between groups was determined using ANOVA 
followed by Tukey's post hoc test (*p < 0.05 for comparison to control from the same time 
point as the sample). 
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Figure S7: Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine 
decarboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), n-
carbamoylputreseine amidohydrolase (ncpah), spermidine synthase (spds), spermine 
synthase (spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in flax roots after 
cadaverine treatment and Fusarium oxysporum f. sp. lini application. The data were obtained 
from reverse transcription-quantitative PCR analysis. Actinwas used as a reference gene and 
the transcript levels were normalised to the untreated infected control plant. The significance 
of the differences was determined using two-way ANOVA with Tukey post hoc test (*p < 0.05). 
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Figure S8: Transcript level of lysine decarboxylase (ldc), arginase (arg), arginine 
decarboxylase (adc), ornithine decarboxylase (odc), agmatine iminohydrolase (aih), n-
carbamoylputreseine amidohydrolase (ncpah), spermidine synthase (spds), spermine 
synthase (spms), diamine oxidase (dao) and polyamine oxidase (pao) genes in flax shoots after 
cadaverine treatment and Fusarium oxysporum f. sp. lini application. The data were obtained 
from reverse transcription-quantitative PCR analysis. Actinwas used as a reference gene and 
the transcript levels were normalised to the untreated infected control plant. The significance 
of the differences was determined using two-way ANOVA with Tukey post hoc test (*p < 0.05). 
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Gene  Forward Primer  Reverse primer  

ACT  5′ CCGGTGTTATGGTTGGAAT 3′  5′ TGTAGAAAGTGTGATGC CAAA 3′  

CHIT 5’ CATCCAATGAATGGCCTT 3, 5’ GGCTGTTCGGAATGATATCTC 3’ 

ADC  5′ GAGGAGCTTGATTTGGTGA 3′  5′ CACGCTGAGAATCTGAGTT 3′  

AIH  5′ GTCTACTGCAACTGATGCTAA 3′  5′ AGAAGCAGCAAGTCTTGT 3′   

NCPAH  5′ AAGCACAAAGGGAGGAC 3′  5′ CTATGGAATTGTAATGAGCAT TGTT 3′  

ARG  5′ CTGATGTTGGTGATGTCCC 3′  5′ CCTCCAAGTTTCTCAGATAC AG 3′  

ODC  5′ CTGGATGAGTGTTTCTCAGG 3′  5′ GCAATTCATCGACCCGTA 3′  

SPDS  5′ AAAGCAGTCCTGGTAGTTG 3′  5′ CGTGGATCTTCGAATCCG 3′  

SPMS  5′ GGCTATTCCTTCCTGTTGTC 3′  5′ GGCCACATAGGATTGTTAA AGTA 3′  

LDC 5’ CATAGGTCTGATGGGTTTAGTC 3’ 5’ CCATCTCTGCCTTCCTTTG 3’ 

DAO  5′ CAAAGTCGGCATGATCG 3′  5′ GGGTTTACGTTGACCAGAG 3′  

PAO  5′ ATGGGAGGACGTTTGTAG 3′  5′ GCCAGAACACATTGTCGAA 3′  

 

Table S1 Primer sequences used for the real-time PCR reactions. (ACT actin; CHIT chitinase; 

ADC arginine decarboxylase; AIH agmatine iminohydrolase; NCPAH N-carbamoylputrescine 

amidohydrolase; ARG arginase; ODC ornithine decarboxylase; SPDS spermidine synthase; 

SPMS spermine synthase; LDC lysine decarboxylase; DAO diamine oxidase; PAO polyamine 

oxidase) 
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Augustyniak, B., Petrik, I., Tarkowska, D., Burgberger, M., Wojtasik, W., Novak, O., Kulma, 

A., Dynamic Hormonal Networks in Flax During Fusarium oxysporum Infection and Their 

Regulation by Spermidine. Molecules 2025, 30, 4631. 

https://doi.org/10.3390/molecules30234631 

9.1. KRÓTKI OPIS PUBLIKACJI 5 

Publikacja pt. „Dynamic Hormonal Networks in Flax During Fusarium oxysporum 

Infection and Their Regulation by Spermidine”, której jestem pierwszą autorką, została 

opublikowana w 2025 roku w czasopiśmie Molecules (IF2024=4,6). 

Mój wkład obejmował opracowanie koncepcji i planu eksperymentu (wraz z W.W., A.K. 

O.N.), przeprowadzenie badań eksperymentalnych związanych z profilowaniem fitohormonów 

(z wyjątkiem oznaczeń giberelin wykonanych przez D.T.), przygotowanie próbek roślinnych, 

ekstrakcję oraz analizy hormonalne z wykorzystaniem technik UHPLC-MS/MS (pod nadzorem 

I.P.). Byłam odpowiedzialna za opracowanie i analizę danych, wykonanie analiz statystycznych 

oraz ich biologiczną interpretację. Przygotowałam pierwszą wersję manuskryptu (rozdział 

Introduction wspólnie z M.B). Przygotowałam również wszystkie grafiki i tabele znajdujące 

się w pracy i w materiałach suplementarnych. Wspólnie z pozostałymi współautorami 

redagowałam manuskrypt do wersji końcowej.  

Celem pracy było scharakteryzowanie dynamiki sieci hormonalnej lnu w trakcie infekcji 

F. oxysporum oraz określenie, w jaki sposób egzogenna spermidyna wpływa na hormonalną 

regulację odpowiedzi obronnej. W badaniach przeprowadzono ilościową analizę ponad 30 

związków hormonalnych, obejmujących aktywne formy oraz prekursory auksyn, cytokinin, 

giberelin, kwasu jasmonowego, salicylowego i abscysynowego. Jest to pierwsze tak dokładne 

profilowanie hormonów w lnie.  Uzyskane wyniki wykazały, że infekcja wywołuje złożone 

i dynamiczne zmiany hormonalne, natomiast zastosowanie spermidyny prowadzi do ich 

istotnej modulacji, wskazując na jej rolę jako czynnika wpływającego na koordynację 

sygnalizacji hormonalnej i aktywację mechanizmów odpornościowych. 
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Publikacja ta pogłębia mechanistyczne wnioski płynące z wcześniejszych prac dotyczących 

poliamin, dostarczając szerokiego obrazu hormonalnych podstaw odpowiedzi lnu na fuzariozę 

oraz ich powiązania z indukowaną odpornością.   
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Abstract

Background: Flax (Linum usitatissimum L.) is an economically important crop that is highly
susceptible to Fusarium oxysporum f. sp. lini (Foln). While phytohormones are key regulators
of defence, their interaction with polyamines during infection remains poorly understood.
This study aimed to characterise hormonal dynamics in flax under Foln infection and
the modulatory role of spermidine (Spd). Methods: Targeted UPLC–MS/MS profiling
quantified over 30 hormone-related compounds, including auxins, cytokinins, gibberellins,
jasmonates, salicylic acid, and abscisic acid, in shoots and roots of healthy, infected, and
Spd-treated plants. Two Spd concentrations (10 and 100 mM) were applied under controlled
in vitro conditions. Results: Foln infection triggered tissue- and time-specific hormonal
shifts, with early activation of jasmonate and auxin metabolism in shoots and later accumu-
lation of salicylic acid and gibberellins in roots. Spd, particularly at 10 mM, reshaped these
responses by reinforcing cytokinin and salicylic acid responses, stabilising auxin home-
ostasis, and enhancing jasmonate and abscisic acid responses. Conclusions: Spermidine
coordinates hormone crosstalk, enabling balanced and efficient defence activation. The
results highlight its potential as a priming agent enhancing flax resilience to F. oxysporum.

Keywords: flax; Fusarium oxysporum; spermidine; phytohormones; plant defence;
hormonal crosstalk

1. Introduction
Flax (Linum usitatissimum L.) is a temperate crop of considerable economic value,

cultivated for both its oil-rich seeds and fibrous stems. Flaxseed oil, abundant in ω-linolenic
acid, is widely used in food, cosmetics, and industrial applications, while flax fibres are
employed in textiles and composite materials. Moreover, the versatility of flax by-products
such as seedcake and shives positions the crop as a promising candidate for zero-waste
agriculture [1,2].

Despite its utility and sustainability, flax remains highly susceptible to soil-borne
pathogens, most notably Fusarium oxysporum f. sp. lini (Foln), which causes fusarium wilt
and leads to severe yield and quality losses [3]. Foln penetrates the plant through the root
system and colonises vascular tissues, disrupting water and nutrient transport. This results
in characteristic symptoms such as chlorosis, wilting, and ultimately plant death [4]. Its

Molecules 2025, 30, 4631 https://doi.org/10.3390/molecules30234631
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ability to persist in soil makes management particularly difficult, highlighting the need for
sustainable strategies to strengthen the plant’s innate immunity.

Plant responses to pathogen attack are orchestrated by phytohormones—small sig-
nalling molecules that regulate both development and defence. Salicylic acid (SA), jasmonic
acid (JA), and abscisic acid (ABA) are central in activating immune pathways, including
systemic acquired resistance (SAR) and stomatal closure [5]. Growth-related hormones
such as auxins (AUX), cytokinins (CKs), and gibberellins (GAs) are also closely linked to
defence, undergoing redistribution or metabolic conversion during infection [6]. These
compounds exist in multiple active, conjugated, or precursor forms, which enable precise
and tissue-specific regulation of plant responses [7].

Alongside hormones, polyamines (PAs) such as putrescine (Put), spermidine (Spd),
and spermine (Spm) are known to influence defence. They can act as signalling molecules,
induce PR gene expression, stimulate mitogen-activated protein kinase (MAPK) cascades,
and contribute to the reinforcement of structural barriers [8,9]. Importantly, elevated
PA levels may either promote resistance or increase susceptibility, depending on the
host–pathogen system. For example, Spm treatment has been found to enhance resistance
in Arabidopsis thaliana and Solanum lycopersicum against Botrytis cinerea through reactive
oxygen species (ROS) generation and SAR signalling [10], whereas higher Spd levels in
tomato have been shown to increase susceptibility [11].

Our previous work showed that Foln infection in flax induces dynamic changes in
PA metabolism, accompanied by ROS bursts and activation of defence-related genes such
as chitinase. We also demonstrated that exogenous Spd can enhance resistance, reducing
fungal colonisation while promoting a controlled, transient oxidative response and balanced
defence activation [12]. These findings suggest that Spd may act as a regulatory molecule,
fine-tuning immunity in a redox-dependent manner.

However, while the involvement of PAs in defence is increasingly recognised, their
interaction with phytohormone signalling under pathogen attack remains largely unex-
plored. Transcriptomic analyses of flax infected with Foln revealed strong induction of
genes responsive to SA, JA, ethylene (ET), and ABA, indicating the activation of a complex
defence network. SA-regulated transcripts dominated the early response in the resistant cul-
tivar, together with elevated WRKY transcription factors, whereas the susceptible cultivar
exhibited a prolonged ET-associated response. These findings suggest that Foln resistance
in flax results from the coordinated action of SA, JA, ET and ABA signalling pathways,
which may interact with polyamine metabolism during infection [13].

Here, we present a comprehensive analysis of hormonal changes in flax during Foln
infection, quantifying over 30 hormone-related compounds—including active forms and
biosynthetic intermediates of IAA, CKs, GAs, JA, SA, and ABA—in roots and shoots of
healthy and infected plants. This dataset provides a unique, tissue-specific view of the
hormonal landscape shaped by fungal stress and represents, to our knowledge, the first
study of this kind in flax–pathogen interactions. Building on this, we further investigate
how exogenous Spd modulates these processes, integrating targeted hormone profiling
with previously published data on PA metabolism, gene expression, and fungal colonisation.
Our goal is to clarify whether Spd functions merely as a stress modifier or acts as a true
priming agent capable of reshaping hormonal crosstalk and enhancing flax resilience under
biotic stress.

2. Results
2.1. Progression of the Infection with Fusarium oxysporum in Flax

In summary, the pathogen colonised roots more strongly than shoots, with fungal
DNA increasing progressively over time and accompanied by a delayed but measurable
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spread to the aerial parts. Molecular defence responses followed a similar pattern: chitinase
transcript levels rose significantly in roots and later in shoots, and infection progression
was associated with tissue-specific changes in polyamine metabolism and redox status,
including a transient H2O2 burst and induction of key PA biosynthetic genes. Those changes
are reported in detail in our earlier publication by Augustyniak et al. (2025) [12]. These
findings provided the physiological framework for the current hormone-focused analysis
and confirmed the suitability of this plant material for studying hormonal regulation during
Fusarium infection.

2.2. Hormonal Changes in Flax Plants Infected with Fusarium oxysporum

The data presented below show changes in hormone levels in flax plants infected with
Foln. Values are expressed as fold changes relative to noninfected control plants. Time
points correspond to 2-, 3-, 7-, and 14-days post Foln application (dpa). The results are
shown in Figure 1, with corresponding absolute concentrations (pmol/g fresh weight)
listed in Supplementary Tables.

 

Figure 1. Phytohormone content in flax shoots and roots after F. oxysporum application. Heat map
box represents the mean from three replicates. The significance of differences between groups was
determined using two-way ANOVA followed by Tukey’ s post hoc test (* p < 0.05 for comparison to
control from the same time point as the sample). This figure was made using GraphPad Prism 10 soft-
ware. CKs—cytokinins, tZ—trans-zeatin, tZR—trans-zeatin riboside, cZ—cis-zeatin, cZR—cis-zeatin ribo-
side, DHZR—dihydrozeatin riboside, iP—N6—isopentenyladenine, iPR—N6—isopentenyladenosine,
tZROG—trans-zeatin riboside-O-glucoside, cZOG—cis-zeatin-O-glucoside, cZROG—cis-zeatin riboside
O-glucoside, DHZOG—dihydrozeatin-O-glucoside, DHZROG—dihydrozeatin riboside-O-glucoside,
2MeScZR—2-methylthio-cis-zeatin riboside, AUX—auxins, TRP—tryptophan, TRA—tryptamine,
ANT—anthranilic acid, IAA—indole-3-acetic acid, oxIAA—2-oxindole-3-acetic acid, IAAsp—indole-
3-acetyl-aspartate, Gas—gibberellins, JAs—jasmonates, JA-Ile—jasmonoyl-isoleucine, JA—jasmonic
acid, 9,10-DHJA—9,10-dihydrojasmonic acid, 12-OH-JA—12-hydroxy-jasmonic acid, cis-OPDA—12-
oxo-phytodienoic acid, SA—salicylic acid, ABA—abscisic acid.
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2.2.1. Cytokinin Profiles in Roots and Shoots of Flax Plants Infected with F. oxysporum

Foln infection induces a transient activation of cytokinin signalling in the shoots, while
the roots undergo an early and more sustained depletion of bioactive CK forms. The
progressive enrichment of riboside and O-glucosylated CKs, particularly in roots at later
stages, points to enhanced turnover and inactivation rather than simple accumulation,
suggesting an active reprogramming of CK homeostasis under pathogen stress (Figure 1).

As measured, the most abundant CKs in roots are O-glucosylated derivatives of
cis-zeatin (cZOG ~10 pmol/g, cZROG ~4 pmol/g), followed by free-base forms such as
cZ (~0.7 pmol/g) and iP (~0.7 pmol/g), and the ribosides cZR (~0.4 pmol/g) and iPR
(~0.3 pmol/g). The levels of the most bioactive trans-zeatin (tZ) and its riboside (tZR)
were low or below the detection limit. The most abundant CK forms in shoots were
cZOG (~8 pmol/g) and cZROG (~9 pmol/g), accompanied by measurable amounts of cZ
(~0.1 pmol/g), iP (~0.08 pmol/g), and tZR (~0.09 pmol/g). Riboside levels (cZR, iPR) were
comparable to those in roots. Average values from all time points studied are given in
parentheses. The exact values are given in Tables S1 and S2.

Shoots exhibited transient accumulation of active forms. A moderate increase (2.5-fold)
in cZ was observed 7 days after Foln application, while both tZ and iP levels were elevated
at day 14 (1.2-fold and 1.6-fold, respectively). iP also showed a minor increase (1.4-fold)
2 days after Foln application. Among riboside forms, cZR displayed steady accumulation
throughout the infection period. tZR underwent a 0.7-fold decrease 7 days after Foln
application but increased again by day 14 (2.8-fold). iPR levels dropped by 30% 2 days
after Foln application but returned to control values later. Dihydrozeatin riboside (DHZR)
decreased early and remained low. O-glucosylated cytokinins transiently increased at
days 2 and 3, dipped at day 7, and rose again at day 14. The profile of methylthio-cZR
(2MeScZR) resembled that of the conjugated forms (Figure 1).

In the roots, a reduction in CK active forms (cZ, iP, and their ribosides) was observed
as early as 2 days after Foln application. This trend continued or intensified by day 7. By
day 14, cZ and iP remained suppressed (20% decrease and 30% decrease, respectively),
while the levels of cZR and iPR showed a moderate increase (2.4-fold and 1.7-fold, respec-
tively). Notably, the accumulation of O-glucosylated CKs intensified at this late stage,
particularly cZROG (2.0-fold). tZR decreased significantly (70% decrease) 7 days after Foln
application and partially recovered by day 14. 2MeScZR followed a similar pattern to other
ribosides, with increased levels at the final time point (Figure 1).

2.2.2. Auxin Profiles in Roots and Shoots of Flax Plants Infected with F. oxysporum

Under non-infected conditions, auxin-related metabolites showed distinct tissue-
specific distributions. In the shoots, the dominant compound was tryptophan (TRP,
~108,377 pmol/g), the primary precursor of auxin biosynthesis. Roots accumulated sig-
nificantly lower levels of TRP (~29,821 pmol/g) and had a slightly lower concentration
of inactive degradation products oxIAA (~5 pmol/g) and aspartate conjugate IAAsp
(~0.8 pmol/g) compared to shoots (~10 pmol/g and ~1.5 pmol/g, respectively). IAA itself
was present at a similar concentration in both shoots (~10 pmol/g) and roots (~13 pmol/g).
Average values from all time points studied are given in parentheses. The exact values are
given in Tables S3 and S4.

In the shoots, a 1.9-fold increase in TRP was observed 2 days after Foln application,
followed by a gradual reduction. TRA (tryptamine) displayed an inverse pattern, decreas-
ing by 40% at day 2 and increasing at day 3 (1.6-fold). The levels of ANT (anthranilic acid),
auxin biosynthetic precursor in the TRP-dependent biosynthetic pathway were highly
dynamic, with strong peaks 2 (5.6-fold) and 7 (3.0-fold) days after Foln application and an
intermediate drop at day 3 (40% decrease), reflecting possible fluctuations in the tryptophan
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pathway. The most bioactive auxin IAA increased modestly (1.3-fold) 3 days after Foln ap-
plication, followed by a 20% decline at day 7. Notably, oxIAA levels decreased significantly
at later time points (days 7 and 14, 40% decrease and 30% decrease, respectively), while
IAAsp showed a marked increase at days 3 and 7 (2.0-fold and 2.1-fold) (Figure 1).

In the roots, auxin-related changes were generally delayed and more subdued. TRP
and TRA levels decreased 2 days after Foln application (30% decrease and 20% decrease,
respectively), with no major recovery in later stages. ANT was reduced early but showed
a late 2-fold increase 14 days after Foln application. IAA remained largely unchanged
except for a 60% decrease 7 days after Foln application, mirroring the timing observed in
shoots. oxIAA levels decreased moderately 7 days after Foln application (20% decrease),
then increased 14 days after Foln application (1.3-fold), while IAAsp consistently increased
(Figure 1).

Overall, these patterns suggest transient, finely tuned activation of the tryptophan-
dependent auxin pathway in shoots, leading to a modest, short-lived rise in IAA followed
by enhanced conjugation (IAAsp) and reduced oxidative catabolism (oxIAA), indicative of
active auxin turnover rather than sustained accumulation. In roots, the weaker and delayed
changes in TRP pathway intermediates and IAA, alongside a steady increase in IAAsp,
point to a more conservative adjustment of auxin homeostasis.

2.2.3. Gibberellin Profiles in Roots and Shoots of Flax Plants Infected with F. oxysporum

Under control conditions, total GA content was higher in the roots than in the shoots.
Notably, the root tissue accumulated markedly higher levels of biologically inactive catabo-
lites GA34 (~0.08 pmol/g in roots, ~0.01 pmol/g in shoots) and GA29 (~0.3 pmol/g in
roots and ~0.04 pmol/g in shoots), while the shoot tissue exhibited a broader distribution
of biosynthetic precursors, including GA19 (~0.3 pmol/g in shoots and ~0.1 pmol/g in
roots). Bioactive gibberellins (GA1, GA3, GA4) constituted a greater proportion of the total
gibberellin pool in the shoots, although both tissues maintained relatively low levels of
these forms overall. The abundance of their precursors (GA53, GA44, GA19, GA20) was
greater in the shoots, while their catabolites (GA8, GA34) were more prevalent in roots,
accounting for over 70% of the total GA pool in this tissue. Average values from all time
points studied are given in parentheses. The exact values are given in Tables S5 and S6.

The infection triggered only modest and transient changes in gibberellin GA levels
in the shoots. Early accumulation (2.3-fold) of the precursor GA53 was detected 2 days
after Foln application but was not sustained. GA1 and GA3 showed moderate, short-lived
increases 3 days after Foln application and 2 and 14 days after Foln application, respectively.
Notably, the level of GA34, the 2-hydroxy catabolite of GA4, increased (1.4-fold) 3 days after
Foln application, followed by a steady decline at later stages of cultivation. Conversely,
levels of most other precursors (GA19, GA20) and active form GA4 remained relatively
stable, with no consistent or statistically significant infection-related patterns. The shoot
tissue exhibited a relatively buffered hormonal response, with transient metabolic shifts
limited to early or late infection stages (Figure 1).

In the roots, GA dynamics were more pronounced and temporally structured. A
transient reduction in GA4 (50% decrease) and its catabolite GA34 (40% decrease) was
observed 2 days after Foln application. However, 14 days after Foln application, several
precursors (GA20, GA19, GA53, GA44) and the active form GA1 accumulated strongly,
particularly GA20 and GA44, which showed over tenfold increases. Meanwhile, GA8 and
GA3 levels remained suppressed throughout the infection period, reinforcing the notion of
a selective shift in gibberellin metabolism (Figure 1).

The gradual reduction in active GA forms points to growth suppression consistent
with defence prioritisation over biomass accumulation.
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2.2.4. Profiles of Jasmonates, Salicylic Acid, and Abscisic Acid in Flax Plants Infected with
F. oxysporum

In shoots, the most abundant compound was cis-OPDA (~1469.7 pmol/g), a bioactive
biosynthetic precursor of JA, followed by 12-OH-JA (12-hydroxyjasmonic acid; ~4 pmol/g),
SA (~2 pmol/g) and ABA (~1.5 pmol/g). Similarly, in roots, cis-OPDA levels were the
highest (~677.9 pmol/g), while SA (~8 pmol/g) and ABA (~0.3 pmol/g) were moderately
accumulated. Average values from all time points studied are given in parentheses. The
exact values are given in Tables S7 and S8.

In the shoots, the JA pathway was transiently activated. JA levels dropped by 30%
2 days after Foln application but peaked at day 3 (2.5-fold), followed by a 50% decline. Its
derivatives, 9,10-DHJA (9,10-dihydrojasmonic acid) and 12-OH-JA, showed elevated levels
early (1.6-fold and 2.2-fold, respectively, 2 days after Foln application), with 12-OH-JA also
increasing 7 days after Foln application (1.8-fold), before sharply decreasing by day 14
(80% decrease). The bioactive JA isoleucine conjugate (JA-Ile) remained undetectable until
day 14, when a strong increase compared to the control (7.2-fold) was observed. In parallel,
SA increased at later time points, while cis-OPDA rose 3 and 7 days after Foln application.
In contrast, ABA levels progressively declined 3 days after Foln application (Figure 1).

In the roots, jasmonate-related responses were more sustained. JA levels increased
significantly 2 (1.5-fold) and 14 (2.2-fold) days after Foln application, and cis-OPDA was
elevated throughout most time points, reflecting enhanced biosynthesis. While 9,10-DHJA
remained relatively stable and JA-Ile was undetectable, ABA exhibited a sharp increase (3.5-
fold) only 7 days after Foln application. SA showed a late induction, increasing (3.1-fold)
significantly 14 days after Foln application (Figure 1).

The delayed JA-Ile and SA accumulation indicates sequential activation of jasmonate-
and salicylate-mediated defence pathways, while transient ABA elevation reflects stress
adaptation mechanisms.

2.3. Hormonal Changes in Spermidine-Treated, Non-Infected Flax Plants

The data presented below reflect hormone level changes in flax plants treated with
Spd in the absence of infection. Values are expressed as fold changes relative to untreated,
non-infected controls. Time points are given as days after Spd treatment (3, 4, 8, and
15 days). The results are shown in Figure 2, with corresponding absolute concentrations
(pmol/g FW) provided in Supplementary Tables.

2.3.1. Cytokinins Profiles in Roots and Shoots of Flax Plants Treated with Spd

Spermidine treatment modulated cytokinin pools, potentially priming developmental
and metabolic processes without inducing stress-like signatures (Figure 2).

In shoots, tZ was undetectable at early time points but exhibited a moderate increase
15 days after Spd treatment, reaching 1.4-fold and 1.2-fold increases compared to control
for 10 mM and 100 mM Spd, respectively. A more pronounced and delayed response was
observed for tZR, which remained unchanged until day 15 in the 10 mM treatment in which
an increase was observed, while 100 mM Spd induced earlier upregulation 8 days after Spd
treatment (1.8-fold) and further elevation at day 15 (2.8-fold).

Changes in cZ and cZR were transient. The 10 mM Spd treatment elevated cZ
4 and 8 days after Spd treatment (1.3-fold and 1.5-fold), while cZR showed a 20% de-
crease at day 3, followed by a modest increase at day 4 (1.3-fold). The 100 mM treatment
produced a similar pattern for cZR.

Among isopentenyl-type CKs, iP increased significantly at day 3 in shoots of plants
treated with 10 mM Spd (1.4-fold), while a delayed increase was noted at day 15 with
100 mM Spd (1.9-fold). iPR also showed late accumulation (1.8-fold at day 15) in the 10 mM
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treatment, whereas the 100 mM dose induced a 20% decrease at day 3 followed by increases
at days 4 (1.5-fold) and 8 (2.1-fold).

Among conjugated forms, tZROG and DHZOG displayed consistent upregulation,
particularly at day 15, while cZOG and cZROG exhibited weaker and variable changes.
Notably, DHZOG showed a dynamic pattern with increases at early and late time points
and a transient drop at day 8. In contrast, DHZR remained unaffected.

Lastly, the methylated CK 2MeScZR was unaffected by 10 mM Spd treatment, whereas
treatment with 100 mM Spd induced a transient increase at day 4 (1.5-fold), followed by
consistent 30% decreases at days 8 and 15.

 

Figure 2. Phytohormones content in flax shoots and roots after Spd treatment. Heat map box rep-
resents the mean from three replicates. The significance of differences between groups was deter-
mined using two-way ANOVA followed by Tukey’s post hoc test (* p < 0.05 for comparison to con-
trol from the same time point as the sample). This figure was made using GraphPad Prism 10 soft-
ware. CKs—cytokinins, tZ—trans-zeatin, tZR—trans-zeatin riboside, cZ—cis-zeatin, cZR—cis-zeatin ri-
boside, DHZR—dihydrozeatin riboside, iP—N6—isopentenyladenine, iPR—N6—isopentenyladenosine,
tZROG—trans-zeatin riboside-O-glucoside, cZOG—cis-zeatin-O-glucoside, cZROG—cis-zeatin riboside
O-glucoside, DHZOG—dihydrozeatin-O-glucoside, DHZROG—dihydrozeatin riboside-O-glucoside,
2MeScZR—2-methylthio-cis-zeatin riboside, AUX—auxins, TRP—tryptophan, TRA—tryptamine,
ANT—anthranilic acid, IAA—indole-3-acetic acid, oxIAA—2-oxindole-3-acetic acid, IAAsp—indole-
3-acetyl-aspartate, Gas—gibberellins, JAs—jasmonates, JA-Ile—jasmonoyl-isoleucine, JA—jasmonic
acid, 9,10-DHJA—9,10-dihydrojasmonic acid, 12-OH-JA—12-hydroxy-jasmonic acid, cis-OPDA—12-oxo-
phytodienoic acid, SA—salicylic acid, ABA—abscisic acid.

In roots, tZR levels increased consistently across time points in both treatments,
especially at 100 mM Spd (up to 2.5-fold at day 15). In contrast, cZ, cZR, cZOG, and
2MeScZR were generally downregulated, particularly between days 3 and 8 (for cZ and
cZR reductions ranging from 20% to 60% in both treatments; cZOG consistently declined in
both treatments notably by 80% at day 3 for 100 mM SPD; 2MeScZR reduction ranged from
20% to 40%). Some glucosylated forms (tZROG, cZROG) showed transient upregulation,
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while DHZROG, which was undetectable at early stages, accumulated moderately at day
15 after treatment with both Spd concentrations.

2.3.2. Auxin Profiles in Roots and Shoots of Flax Plants Treated with Spd

Altered auxin precursor levels under Spd treatment suggest a polyamine-dependent
adjustment of auxin biosynthesis and turnover during growth regulation (Figure 2).

In shoots, 10 mM Spd treatment generally promoted auxin accumulation, with consis-
tent increases observed for TRA, ANT, and IAA at multiple time points. In contrast, the
100 mM Spd treatment induced more transient and sometimes opposing effects, including
early increases (e.g., ANT 3.6-fold at day 3) followed by pronounced declines at later stages
(e.g., ANT 0.3-fold at day 15).

Oxidative and conjugated auxin forms also exhibited dose-dependent patterns. For
oxIAA after 10 mM Spd treatment, a mild increase was observed at day 3 (1.2-fold), while
100 mM Spd caused a sharp decline at days 3 and 8 (50% decrease), with a transient
increase at day 4 (1.3-fold). For the conjugated derivative IAAsp, 10 mM Spd induced a
delayed increase at day 8 (1.5-fold), and 100 mM Spd led to an earlier upregulation at day 3
(1.6-fold).

In roots, auxin metabolism appeared more sensitive to Spd. Early time points showed
a strong and consistent decline in TRP and oxIAA regardless of dose. However, active forms
such as TRA and ANT were stimulated by 10 mM Spd (with strong increases at day 3),
while the same compounds were variably regulated or even suppressed after 100 mM Spd
treatment. IAA tended to accumulate at early time points after 10 mM Spd but declined
later, while the 100 mM dose predominantly caused decreases. Notably, IAAsp increased
sharply at day 15 in roots only after 100 mM Spd treatment.

2.3.3. Jasmonates, Salicylic Acid, and Abscisic Acid Profiles in Roots and Shoots of Flax
Plants Treated with Spd

Spermidine caused only moderate changes in stress-related hormones, supporting the
notion that Spd does not act as a stressor but may fine-tune signalling networks (Figure 2).

In shoots, JA and its derivatives (especially 12-OH-JA) were transiently elevated,
with early increases followed by strong declines, particularly after 100 mM Spd. While
10 mM Spd triggered the accumulation of 12-OH-JA at day 8, 100 mM Spd led to consistent
repression of this compound. The level of cis-OPDA was increased under both treatments,
though increases were earlier and stronger at the higher dose. Root jasmonate responses
were weaker, with only JA responding significantly to 100 mM Spd treatment (increased at
day 3 (2.8-fold) and decreased by 50% at day 15)

SA also responded in a dose- and tissue-specific manner. In shoots, 100 mM Spd
treatment induced strong and early SA accumulation, while 10 mM caused a delayed
increase followed by a decrease. In roots, SA levels increased at later time points after both
treatments, with stronger effects after 10 mM Spd.

ABA showed a consistent downward trend in shoots, with reduced levels at
days 8 and 15, regardless of Spd dose. In contrast, root ABA levels rose markedly under
both treatments, with a peak after 100 mM Spd at day 8 (5.1-fold), indicating tissue-specific
divergence in ABA regulation following Spd treatment.

2.3.4. Gibberellin Profiles in Roots and Shoots of Flax Plants Treated with Spd

In shoots, 10 mM Spd tended to promote the accumulation of bioactive gibberellin GA1,
its biosynthetic precursor GA19, and catabolite GA29 at later time points, whereas 100 mM
SPD often triggered early increases followed by suppression, especially for catabolites GA34
and GA8. Notably, GA1 and GA29 showed strong accumulation in response to 10 mM Spd,
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while GA34, GA8, and bioactive GA3 were reduced later in the time course, particularly
after high-dose treatment.

In roots, gibberellin changes were more pronounced. In the biosynthetic branch of
13-hydroxylated GAs GA1, GA20, GA44, and GA53 were markedly elevated at day 15 after
both Spd doses, with stronger effects at 10 mM. Most of the detected inactive GA catabolites
(GA34, GA29, and GA8) were consistently lowly abundant, especially under 100 mM Spd.

Reduced GA levels in Spd-treated plants may indicate a polyamine-driven shift toward
controlled growth and resource allocation.

2.4. Hormonal Changes in Spermidine-Treated Flax Plants Infected with Fusarium oxysporum

The data presented below show hormone level changes in flax plants treated with Spd
and infected with Foln. Values are expressed as fold changes relative to Spd-untreated,
Foln-infected controls. Time points correspond to 2-, 3-, 7-, and 14 dpa. The results are
shown in Figure 3, with corresponding absolute concentrations (pmol/g fresh weight)
listed in Supplementary Tables.

2.4.1. Cytokinins Profiles in Roots and Shoots in Spermidine-Treated Flax Plants Infected
with Fusarium oxysporum

In Spd-treated, infected plants, cytokinin dynamics were dampened compared to
infection-only conditions, suggesting mitigation of stress-induced hormonal imbalance
(Figure 3).

Spd treatment in infected plants led to early and pronounced increases in tZR and
iP levels, particularly after 100 mM Spd treatment. Notably, tZR and iP peaked within
2–3 dpa while their conjugates (iPR) showed delayed accumulation at day 14. A strong but
transient rise in DHZR was observed, especially under 100 mM Spd.

In contrast, cZ and cZR were mostly downregulated in both tissues, especially the roots,
suggesting reduced synthesis or increased degradation under stress. Glycosylated deriva-
tives such as tZROG and cZOG showed mild, time-specific increases, while DHZOG and
DHZROG displayed mixed trends—early downregulation followed by moderate recovery.

Roots showed delayed but consistent increases in tZR levels. In contrast, cZ was
reduced early, especially after 100 mM Spd treatment, with significant declines at days 2, 3,
and 7 by 20%, 40% and 50%, respectively. cZR also decreased 2 and 14 dpa after 10 mM
Spd treatment (20% decrease and 40% decrease, respectively), and 14 dpa after 100 mM
Spd treatment (30% decrease).

iP was elevated only after 10 mM Spd treatment at day 14 (1.2-fold), while iPR showed
a transient increase at day 7 (1.2- and 1.3-fold for 10 and 100 mM Spd, respectively),
followed by a 20% decline at day 14 after 10 mM Spd.

Among glucosylated forms, tZROG was upregulated at day 14 after both treatments
(10 mM: 1.1-fold; 100 mM: 1.3-fold), with an earlier rise at day 2 under 100 mM Spd (1.4-
fold). cZOG decreased in most conditions, with the most prominent reduction seen at day
2 after 100 mM Spd (90% decrease). cZROG increased only at day 14 after 100 mM Spd
(1.2-fold), with no significant changes after 10 mM.

DHZROG increased at 14 dpa after both treatments (1.2-fold for 10 mM, 1.5-fold for
100 mM). After both treatments, 2MeScZR levels decreased at early time points, especially
under 10 mM Spd (40% decrease at day 2) but rebounded slightly at 14 dpa after 100 mM
Spd (1.2-fold).
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Figure 3. Phytohormones content in flax shoots and roots after Spd treatment and F.
oxysporum application. Heat map box represents the mean from three replicates. The
significance of differences between groups was determined using two-way ANOVA fol-
lowed by Tukey’ s post hoc test (* p < 0.05 for comparison to control from the same
time point as the sample). This figure was made using GraphPad Prism 10 software.
CKs—cytokinins, tZ—trans-zeatin, tZR—trans-zeatin riboside, cZ—cis-zeatin, cZR—cis-zeatin ribo-
side, DHZR—dihydrozeatin riboside, iP—N6—isopentenyladenine, iPR—N6—isopentenyladenosine,
tZROG—trans-zeatin riboside-O-glucoside, cZOG—cis-zeatin-O-glucoside, cZROG—cis-zeatin riboside
O-glucoside, DHZOG—dihydrozeatin-O-glucoside, DHZROG—dihydrozeatin riboside-O-glucoside,
2MeScZR—2-methylthio-cis-zeatin riboside, AUX—auxins, TRP—tryptophan, TRA—tryptamine,
ANT—anthranilic acid, IAA—indole-3-acetic acid, oxIAA—2-oxindole-3-acetic acid, IAAsp—indole-
3-acetyl-aspartate, Gas—gibberellins, JAs—jasmonates, JA-Ile—jasmonoyl-isoleucine, JA—jasmonic
acid, 9,10-DHJA—9,10-dihydrojasmonic acid, 12-OH-JA—12-hydroxy-jasmonic acid, cis-OPDA—12-
oxo-phytodienoic acid, SA—salicylic acid, ABA—abscisic acid.

2.4.2. Auxin Profiles in Roots and Shoots in Spermidine-Treated Flax Plants Infected with
Fusarium oxysporum

Spd application moderated auxin turnover during infection, preventing excessive
hormonal disruption associated with pathogen-triggered tissue remodeling (Figure 3).

In the shoots, early and transient increases in auxin precursors (TRP, TRA) and ANT
were observed, particularly 2–3 dpa. Notably, ANT was strongly induced by 10 mM Spd
but suppressed at 100 mM. Free IAA showed modest and inconsistent fluctuations, while
oxIAA and IAAsp generally decreased.

In the roots, there was a stronger tendency toward decreased levels of both precursors
and deactivation products, especially under 10 mM Spd. Temporary increases in ANT
and TRA levels occurred at 3–7 dpa. The level of oxIAA was consistently reduced under
10 mM Spd at all time-points (20% to 40% decrease) and showed similar downward trends
after 100 mM Spd at days 2 and 14 (30% decrease and 10% decrease). IAAsp dropped
significantly under both treatments, especially under 10 mM Spd (50% decrease), while a
late increase at day 7 was observed only under 100 mM Spd (1.4-fold).
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2.4.3. Jasmonates, Salicylic Acid and Abscisic Acid Profiles in Roots and Shoots in
Spermidine-Treated Flax Plants Infected with Fusarium oxysporum

Spermidine modified the stress-hormone signature by reducing the amplitude or
delaying jasmonate and salicylate peaks, supporting its role as a defence modulator that
prevents the overactivation of stress responses (Figure 3).

In the shoots, JA, 9,10-DHJA and 12-OH-JA generally increased following Spd treat-
ment, with the most pronounced effect observed for 12-OH-JA at 14 dpa after 100 mM Spd
(13.4-fold). In the roots, free JA content increased significantly after 10 mM Spd at 2 and
14 dpa (2.8-fold and 1.3-fold) but decreased by 30% at 3 dpa. In contrast, 100 mM Spd led
to a reduction in JA levels at 14 dpa (20% decrease). No significant changes were noted in
9,10-DHJA levels under either treatment.

SA accumulation in the shoots was stimulated by both Spd concentrations, although
100 mM Spd triggered an earlier response (2 dpa), while 10 mM Spd caused increases
at later timepoints. A similar trend was observed in the roots. Shoot levels of cis-OPDA
showed opposing trends depending on the concentration, increasing after 10 mM Spd but
decreasing after 100 mM. In the roots, cis-OPDA levels dropped at 3 dpi after 10 mM Spd
treatment (50% decrease), and even more strongly under 100 mM SPD, with reductions at
2 and 7 dpa (70% decrease in both cases).

ABA content also increased in response to Spd, especially in early timepoints. In
shoots, the rise was earlier and stronger with 100 mM Spd. In roots, ABA peaked at 2 dpa
after both concentrations, followed by a decline under the higher dose.

2.4.4. Gibberellin Profiles in Roots and Shoots in Spermidine-Treated Flax Plants Infected
with Fusarium oxysporum

GA levels were partially restored relative to infected plants, indicating that spermidine
alleviates infection-driven growth suppression (Figure 3).

In shoots, inactive precursor GA53 displayed the strongest fluctuation, with a sharp
induction after 10 mM Spd (2 dpa 5.2-fold) and drastic reduction at 7 dpa, while 100 mM
led to consistent decreases. Another inactive precursor GA20 and catabolite GA29 were also
responsive, showing increases at earlier timepoints followed by declines at later stages.
Bioactive GA1 and GA3 as well as catabolite GA8 showed moderate stimulation at early
timepoints, especially at 100 mM, but tended to drop by day 14. The levels of bioactive
GA4 and inactive precursor GA44 remained unchanged.

In roots, GA53 and GA44 were strongly upregulated by both Spd concentrations,
especially during early infection stages. Notably, GA53 peaked after 10 mM Spd (2 dpa
6.9-fold) and after 100 mM Spd (3 dpa 2.5-fold), while GA44 reached up to 2.7-fold. GA20,
GA1, and GA29 also showed concentration-dependent modulation, including increases at
later stages. In contrast, GA34 consistently decreased across timepoints and treatments,
particularly after 100 mM Spd.

3. Discussion
The analysis of phytohormone profiles in flax (Linum usitatissimum) following infection

with Fusarium oxysporum provides valuable insights into the plant’s defence responses
and hormonal regulation under biotic stress. The hormonal landscape of flax plants
subjected to F. oxysporum infection revealed a dynamic, tissue-specific response involving
growth-regulating and defence-associated hormones. Our results demonstrate significant
alterations in the levels of key plant hormones, suggesting that the hormonal signalling
network plays a central role in mediating flax responses to Fusarium infection, in turn
regulating metabolic plant response.
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Temporal profiling indicated that jasmonates were among the earliest responders,
followed by salicylic acid, abscisic acid, and later shifts in gibberellin and cytokinin levels.
This progression is consistent with a biphasic stress response, wherein early perception
of the pathogen triggers rapid defence activation, followed by longer-term modulation of
growth and resource allocation.

The observed increase in SA and JA levels in infected tissues is consistent with
their well-documented roles in plant immunity. SA is typically associated with SAR
and is effective against biotrophic pathogens, while JA is linked to induced systemic resis-
tance (ISR) and defence against necrotrophs [14]. Given that F. oxysporum is considered a
hemibiotrophic pathogen [15], the simultaneous activation of both pathways may reflect a
complex and dynamic defence strategy employed by flax.

In the shoots, early jasmonate accumulation—particularly of JA and its oxidised
derivatives—was observed during Foln infection while the bioactive JA-Ile became de-
tectable only 14 days after Foln application. This indicates a tightly regulated jasmonate
burst, a phenomenon previously described as critical for early defence activation against
F. oxysporum in Arabidopsis and banana plants [16,17]. Interestingly, increased jasmonate
levels in flax appeared to be transient, aligning with the notion that prolonged activation
may be detrimental to energy balance or immune coordination [18].

At later stages, SA accumulated progressively in both tissues, particularly in roots
14 days after Foln application, potentially marking the onset of SAR. This SA elevation in
roots was accompanied by decreased ABA levels in shoots and a transient ABA peak in
roots, consistent with prior findings suggesting antagonistic or context-dependent roles
of these hormones during infection [19,20]. Consistent with this, our earlier work demon-
strated that F. oxysporum infection in flax activates the plastidial terpenoid pathway, re-
sulting in elevated ABA accumulation and induction of numerous PR genes, including
chitinases, ω-1,3-glucanases, and thaumatin-like proteins [21]. This suggests that ABA
contributes positively to the early defence response, but that its increased levels must
remain transient, as prolonged signalling would likely impose significant costs on growth
and energy balance. Such coordinated hormonal shifts suggest a division of labour between
root and shoot tissues, with roots engaging in sustained defence signalling, while shoots
temporarily suppress growth-related hormonal activity.

Auxin and cytokinin responses further exemplify this spatial divergence. In shoots, a
transient rise in IAA and active cytokinins (cZ, iP) occurred at early days after Foln applica-
tion, followed by an increase in their conjugated or inactive forms (IAAsp, cZROG). Similar
patterns were delayed or absent in roots, with most hormonal changes emerging after
day 7, suggesting a more gradual or controlled adjustment in below-ground tissues. This
aligns with models proposed by Di et al. [22], who highlighted that Foln–host interactions
are strongly influenced by shifts in the phytohormonal network. They pointed out that
auxin signalling and transport, in particular, contribute both to initial colonisation of roots
and to the manifestation of shoot disease symptoms, while interactions with other hormone
pathways such as SA and JA can further modulate resistance or susceptibility. From this
perspective, the transient auxin and cytokinin fluctuations we observed may represent one
component of a broader regulatory framework shaping the plant response to Foln.

Gibberellins, particularly their precursors and catabolites, exhibited prominent late-
stage increases in roots but remained largely unaltered in shoots. This could indicate a
potential regenerative or compensatory growth mechanism activated locally in infected root
tissue. Notably, both GA1 and GA20 increased significantly 14 days after Foln application
in roots, supporting the idea of de novo biosynthesis rather than simple redistribution.
These findings align with the transcriptomic patterns reported by Galindo-González &
Deyholos [23], who observed the induction of hormone-related genes in flax roots during
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F. oxysporum infection. In addition, in the transgenic flax line exhibiting higher resistance
to Fusarium infection, a slight increase in GA3 levels was observed. Together with the
data presented here, this may suggest a potential role of bioactive gibberellins in the plant
defence response [24].

The temporal dynamics of hormonal responses observed in this study align with the
molecular and phenotypic markers of infection progression. The onset of visible disease
symptoms by the fourth week after Foln application corresponded with a strong and
gradual accumulation of fungal DNA, particularly in roots, where the DNA amount of the
murein transglycosylase gene increased more than 180-fold by day 14. This was paralleled by
a substantial induction of chitinase transcripts. Notably, these changes coincided with tissue-
specific hormonal shifts. The early rise in JA levels—especially in shoots—preceded the
significant increase in chitinase expression and may underline this hormone’s importance
in regulating the expression of defence-related genes. The subsequent increase in SA and
ABA, particularly in roots, matched the later stages of infection, where both fungal load
and chitinase transcript accumulation peaked [12]. This suggests that hormonal changes
not only precede but also track the intensification of the infection, supporting a model in
which hormone-mediated defence and growth regulation are tightly coupled to pathogen
progression in a time- and tissue-dependent manner.

Taken together, the hormonal responses of flax plants to F. oxysporum appear to be both
spatially and temporally stratified: jasmonate- and auxin-related mechanisms dominate
the early phase of infection in shoots, while salicylic acid and gibberellin responses become
more pronounced in roots during the later phase. Depending on the tissue and time
point, ABA may play both activating and suppressive roles. These results underscore
the complexity of hormonal crosstalk in biotic stress responses and provide a detailed
physiological context for interpreting defence strategies in flax.

Analysis of flax hormonal profiles revealed that Spd application substantially modified
the plant’s response to Fusarium oxysporum infection, affecting both hormone intensity and
timing. While some general trends were preserved, Spd clearly modulated the amplitude,
duration, and direction of many of these changes.

Spd treatment enhanced changes in several CK levels when compared to infection on
its own. Additionally, Spd promoted the accumulation of conjugated forms, indicating a
shift toward hormone stabilisation and possibly fine-tuned signalling. CKs are known to
modulate both SA- and JA-dependent defences and can act as priming signals in biotic
stress responses [25], suggesting that the observed enhancement in cytokinin accumulation
after Spd application may facilitate more coordinated defence activation.

Spd treatment moderated a sharp fluctuation in auxin metabolites (observed in in-
fected roots and infected plants). Notably, IAA levels became more stable, and decreases in
oxIAA were less pronounced, indicating improved auxin balance under stress. Combined
treatment also led to temporally coordinated increases in TRP and TRA, implying altered
auxin biosynthesis or signalling dynamics. Crosstalk between auxin and PAs has been
described in various contexts [26], with PAs capable of modulating auxin transport and
conjugation, potentially explaining the stabilisation of auxin homeostasis observed here.

While JA-related compounds showed a dynamic response to infection alone, Spd
treatment accelerated their accumulation and increased their magnitude, particularly
12-OH-JA and JA at later time points. SA peaks also occurred earlier and were more
pronounced. SA–JA antagonism and its regulation by PAs is well-documented. Earlier
reports demonstrated that elevated Spm levels can trigger gene expression of defence-
related and JA- and MeJa-related genes [27] and can lead to increased JA levels [28].
Interestingly, studies on A. thaliana have shown that Spm deficiency shifts the balance
between JA and SA responses by stimulating JA biosynthesis and reducing SA responses,
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leading to increased resistance to B. cinerea [29]. In our system, 10 mM Spd appeared to
produce a balanced SA–JA response, whereas 100 mM Spd triggered stronger early SA
peaks, potentially reflecting a more stress-intense signalling environment.

Similarly, ABA levels were boosted by Spd at early stages, though this effect waned
over time. PAs are known to influence ABA biosynthesis and perception, often through
redox-mediated pathways [30], suggesting that early ABA elevation in our study may be
linked to Spd-induced H2O2 signalling. Indeed, PA oxidation produces H2O2, which acts as
both a direct antimicrobial and a signalling molecule modulating hormone networks [31].

In response to infection alone, several GAs declined, while active forms such as GA1
and GA3 remained largely unchanged. Spd altered this pattern by promoting temporary
increases in both biosynthetic intermediates and active GAs, particularly GA3 in shoots and
GA53 in roots after 10 mM Spd treatment. Maintaining active GA pools under pathogen
stress may help balance growth and defence—a trade-off commonly observed in plant
immunity [32].

In addition to its effects under pathogen challenge, Spd application alone induced
distinct hormonal and metabolic shifts, indicating that Spd may function as a direct sig-
nalling molecule capable of reprogramming plant metabolism in the absence of stress.
Spd treatment without infection led to moderate but consistent increases in several CKs,
as well as early rises in ABA, especially at 10 mM. These changes occurred without con-
comitant changes in jasmonates or and auxin catabolites, suggesting that Spd selectively
targets hormone pathways linked to growth regulation and early defence readiness. Similar
priming-like hormone responses to PAs have been observed in other species. In wheat,
exogenous Spd and Spm applied during grain filling increased CK levels (zeatin and zeatin
riboside) as well as ABA under non-stress conditions [33]. In A. thaliana, exogenous Spm,
as well as elevated endogenous Spm in transgenic lines, enhanced ABA accumulation and
induced the expression of ABA-responsive genes even in the absence of stress [34].

Our earlier analysis of the same plant material [12] revealed that Spd alone also
modifies the endogenous PA pool, increasing not only Spd itself but also Put and, in
some cases, Spm. Notably, these PA shifts were accompanied by modest but measurable
increases in H2O2 levels even in the absence of infection, suggesting that PA oxidation was
initiated as a signalling event. Given that H2O2 is a potent modulator of ABA and CK
signalling [31], it is plausible that the hormone changes observed here resulted at least in
part from Spd-induced redox signalling.

We reported previously that exogenous Spd significantly altered the endogenous PA
pool and triggered a transient burst of H2O2 two days after F. oxysporum application [12],
followed by restoration of redox homeostasis at later stages. This oxidative burst coincides
with the earliest increases in SA and ABA reported in this manuscript. Gene expression
analysis showed that Spd treatment modulated the expression of PA catabolic genes (DAO,
PAO) [12], which are directly responsible for H2O2 generation, and chitinase, a canonical
JA/ET-dependent defence marker. At 10 mM Spd, DAO and PAO showed moderate
induction accompanied by a transient rise in chitinase transcripts, consistent with controlled
ROS production and balanced JA–SA levels. In contrast, 100 mM Spd caused stronger and
more sustained upregulation of both oxidase genes and chitinase, in line with the higher and
earlier SA peaks observed in the hormonal data. Together, these results suggest that the
extent of Spd-induced ROS production and subsequent hormonal crosstalk determines
the intensity of downstream defence gene activation, with 10 mM Spd supporting an
efficient but metabolically economical defence. In comparison, 100 mM Spd drives a more
energetically demanding response, which may ultimately be detrimental to plant survival.
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4. Conclusions and Prospects
This study shows that Fusarium oxysporum infection reshapes the hormonal landscape of

flax, affecting cytokinin balance, auxin turnover, gibberellin levels, and jasmonate–salicylate
defence pathways. Spermidine application modulated these responses in infected plants,
leading to a faster, stronger, and in many cases, more balanced hormonal response. This
included the following: of CK and SA responses, stabilisation of auxin metabolism, enhanced
and timely activation of JA/ABA, and recovery of active GAs.

Such changes may underlie the observed improvements in phenotypic condition and
reduced pathogen content in Spd-treated plants, especially at the 10 mM concentration.
These findings align with the concept of polyamines acting as modulators of hormone
networks during biotic stress and suggest that spermidine can enhance plant resilience by
coordinating hormone-driven defence mechanisms. This regulatory role is consistent with
previous findings in other systems, where exogenous PAs enhanced resistance to various
fungal pathogens, including Alternaria alternata and Fusarium graminearum [35,36].

Future work should clarify the regulatory points at which polyamines interact with
hormone pathways and verify the observed effects under soil-grown conditions and across
different cultivars.

5. Materials and Methods
5.1. Plant Material and Growing Conditions

Seeds of flax (Linum usitatissimum L., cv. Nike) were provided by the Flax and Hemp
Collection of the Institute of Natural Fibres and Medicinal Plants—National Research
Centre (INF\&MP-NRC, Poznań, Poland). The pathogenic fungus Fusarium oxysporum f.
sp. lini (Bolley) Snyder et Hansen (ATCC MYA-1201) was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA).

Seeds were surface-sterilised through immersion in 50% PPM solution (Plant Cell
Technology, Washington, DC, USA) for 10 min, then transferred into sterile culture jars con-
taining 45 mL of Murashige and Skoog (MS) medium (Sigma-Aldrich, St. Louis, MO, USA)
supplemented with 10 g of vermiculite and adjusted to pH 5.8. Plants were maintained
under controlled conditions in a growth chamber (16 h light at 21 →C/8 h dark at 16 →C).

At day 12 of in vitro culture, plants were treated with a solution of spermi-
dine. Two concentrations were applied: 10 mM and 100 mM Spd (Sigma-Aldrich,
St. Louis, MO, USA). A sterile 1 M stock solution of spermidine was prepared and di-
luted with sterile water to obtain 10 mM and 100 mM working solutions. One day after
Spd treatment, half of the jars were inoculated with F. oxysporum, while the others served
as non-infected controls.

For inoculation, fungal cultures were grown on potato dextrose agar (PDA, IBI Scien-
tific, Dubuque, IA, USA) at 28 →C. Spores were harvested by flooding plates with sterile
water, and the suspension was adjusted to 106 spores/mL using a hemocytometer. A
volume of 0.5 mL of the suspension was added per jar. For control plants, 0.5 mL of sterile
water was applied.

Plants (roots and shoots separately) were collected at 2, 3, 7, and 14 days after fungal
application. Each sample represented pooled material from one jar containing 16 plants.
Samples were frozen in liquid nitrogen, ground to a fine consistency, and stored at ↑80 →C
until analyses.

To confirm fungal colonisation, the abundance of the F. oxysporum murein transglycosy-
lase gene was quantified. The expression of defence-related genes (e.g., chitinase) was as
reported in Augustyniak et al. (2025) [12].
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5.2. Phytohormone Extraction and Quantification, Except Gibberellins

Phytohormones and related metabolites were extracted and analysed according
to the protocol of !imura et al. (2018) [37], with minor modifications. Approximately
15 mg of fresh shoot or root tissue was homogenised in a MM400 vibration mill (Retsch,
Haan, Germany) with 1 mL of ice-cold 50% acetonitrile (v/v), containing a mixture of stable
isotope-labelled internal standards (0.2 pmol of CK bases, 0.5 pmol of CK O-glucosides
and nucleotides, 25 pmol of [2H4]-TRA, [2H5]-TRP, [2H4]-IAN, 5 pmol of [2H4]-ANT,
[2H5]-IAM, 2.5 pmol of [2H2]-JA-Ile, 0.25 pmol of [2H5]-cisOPDA, 2.5 pmol of [2H6]-ABA;
OlChemIm, Olomouc, Czech Republic). After 5 min sonication, the extraction was per-
formed at 4 →C for 30 min using a Stuart SB3 benchtop laboratory rotator (Bibby Scientific,
Staffordshire, UK). After centrifugation 36,670↑ g and 4 →C for 20 min), supernatants were
subjected to solid-phase extraction (SPE) using Oasis HLB cartridges (30 mg/1 mL, Waters,
Milford, MA, USA), preconditioned with methanol, and equilibrated with 50% acetonitrile.
Flow-through and elution fractions (30% acetonitrile) were combined, evaporated in vacuo,
and reconstituted in 40 µL of 30% acetonitrile before LC-MS/MS analysis.

Quantification was carried out using an Acquity UPLC I-Class system (Waters, Milford,
MA, USA) coupled with a Xevo TQ-S triple quadrupole mass spectrometer and equipped
with a CSH C18 column (150 ↑ 2.1 mm, 1.7 µm). Separation was performed at 50 →C with a
binary gradient of 0.01% formic acid in water and acetonitrile. Data were acquired in both
positive and negative ESI modes, and hormone levels were determined using the isotope
dilution method [38].

5.3. Gibberellin Extraction and Quantification

Gibberellin profiling was performed according to the protocol described by Urbanová
et al. (2013) [39]. In brief, 15 mg of frozen plant tissue was homogenised to a fine consistency
using 2.8 mm ceria stabilised zirconium oxide beads (Next Advance Inc., Troy, NY, USA)
and a MM 400 vibration mill at a frequency of 27 Hz for 3 min (Retsch GmbH & Co. KG,
Haan, Germany) with 1 mL of ice-cold 80% acetonitrile containing 5% formic acid, along
with internal standards (deuterium-labelled gibberellins, 2 pmol each [2H2]GA1, [2H2]GA4,
[2H2]GA9, [2H2]GA19, [2H2]GA20, [2H2]GA24, [2H2]GA29, [2H2]GA34 and [2H2]GA44; Ol-
ChemIm, Olomouc, Czech Republic). Extraction proceeded overnight at 4 →C and 17 rpm
using a benchtop laboratory rotator Stuart SB3 (Bibby Scientific, Staffordshire, UK). The
homogenates were centrifugated (36,670↑ g, 10 min, 4 →C) and the pelet was re-extracted
for 1 h to maximise GA recovery. Combined extracts were evaporated to dryness in vacuo
(Acid-Resistant Concentrator Labconco, Kansas City, MO, USA) and purified using mixed-
modeOasis MAX cartridges (60 mg/3 mL, Waters, Wexford, Ireland). GAs were eluted
with 0.2 M formic acid in acetonitrile, evaporated to dryness, and the sample was then
reconstituted in mobile phase for UHPLC-MS/MS analysis.

Chromatographic separation of GAs was carried out using an Acquity I-Class system
(Waters, Milford, MA, USA) with an Acquity UPLC® CSH™ C18 column (2.1 ↑ 50 mm,
1.7 µm; Waters, Wexford, Ireland). After separation, GAs were detected in multiple-reaction
monitoring (MRM) mode with an Xevo TQ-XS triple-stage quadrupole instrument (Waters,
Milford, MA, USA) operating in negative ESI mode. Data acquisition was performed with
MassLynx 4.2 software (Waters, Milford, MA, USA), and GA levels were quantified using
the isotope dilution method [38].

5.4. Statistical Analysis

Each experimental group consisted of three jars, each containing 16 plants. Plants
from a single jar were pooled into one biological replicate. Results are presented as the
mean ± standard deviation (SD) of three biological replicates. Statistical analyses were
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carried out using GraphPad Prism 10 software. Significance between treatments was tested
with two-way ANOVA followed by Tukey’s post hoc test.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules30234631/s1: Table S1. Cytokinin content in roots of
non-infected control flax plants and plants infected with F. oxysporum. Table S2. Cytokinin content in
shoots of non-infected control flax plants and plants infected with F. oxysporum. Table S3. Auxin and
precursor content in roots of non-infected control flax plants and plants infected with F. oxysporum.
Table S4. Auxin and precursor content in shoots of non-infected control flax plants and plants infected
with F. oxysporum. Table S5. Gibberellin content in roots of non-infected control flax plants and plants
infected with F. oxysporum. Table S6. Gibberellin content in shoots of non-infected control flax plants
and plants infected with F.oxysporum. Table S7. Jasmonate, salicylic acid, and abscisic content in
roots of non-infected control flax plants and plants infected with F.oxysporum. Table S8. Jasmonate,
salicylic acid, and abscisic content in shoots of non-infected control flax plants and plants infected
with F.oxysporum. Table S9. Cytokinin content in roots of non-infected control flax plants and plants
treated with Spd (10 mM and 100 mM). Table S10. Cytokinin content in shoots of non-infected
control flax plants and plants treated with Spd (10 mM and 100 mM). Table S11. Auxin and precursor
content in roots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM).
Table S12. Auxin and precursor content in shoots of non-infected control flax plants and plants
treated with Spd (10 mM and 100 mM). Table S13. Gibberellin content in roots of non-infected
control flax plants and plants treated with Spd (10 mM and 100 mM). Table S14. Gibberellin content
in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM).
Table S15. Jasmonate, salicylic acid, and abscisic content in roots of non-infected control flax plants
and plants treated with Spd (10 mM and 100 mM). Table S16. Jasmonate, salicylic acid, and abscisic
content in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM).
Table S17. Cytokinin content in roots of infected control flax plants and plants treated with Spd
(10 mM and 100 mM) and infected with F. oxysporum. Table S18. Cytokinin content in shoots of
infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F.
oxysporum. Table S19. Auxin and precursor content in roots of infected control flax plants and plants
treated with Spd (10 mM and 100 mM) and infected with F. oxysporum. Table S20. Auxin and precursor
content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and
infected with F. oxysporum. Table S21. Gibberelin content in roots of infected control flax plants and
plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum. Table S22. Gibberelin
content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM)
and infected with F. oxysporum. Table S23. Jasmonate, salicylic acid, and abscisic content in roots of
infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F.
oxysporum. Table S24. Jasmonate, salicylic acid, and abscisic content in shoots of infected control flax
plants and plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum.
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Abbreviations
Cytokinins:
tZ trans-zeatin
tZR trans-zeatin riboside
cZ cis-zeatin
cZR cis-zeatin riboside
DHZR dihydrozeatin riboside
iP N6—isopentenyladenine
iPR N6—isopentenyladenosine
tZROG trans-zeatin riboside-O-glucoside
cZOG cis-zeatin-O-glucoside
cZROG cis-zeatin riboside O-glucoside
DHZOG dihydrozeatin-O-glucoside
DHZROG dihydrozeatin riboside-O-glucoside
2MeScZR 2-methylthio-cis-zeatin riboside
Auxins:
TRP tryptophan
TRA tryptamine
ANT anthranilic acid
IAA indole-3-acetic acid (active auxin)
oxIAA 2-oxindole-3-acetic acid (oxidised form of IAA)
IAAsp indole-3-acetyl-aspartate (conjugated form of IAA)
Gibberellins:
GA1, GA3, GA4 bioactive gibberellins
GA53, GA44, GA19, GA20 gibberellin biosynthetic precursors
GA8, GA29, GA34 gibberellin catabolites / deactivation products
Jasmonates:
JA-Ile jasmonoyl-isoleucine (bioactive form of JA)
JA jasmonic acid
9,10-DHJA 9,10-dihydrojasmonic acid
12-OH-JA 12-hydroxy-jasmonic acid
cis-OPDA 12-oxo-phytodienoic acid (biosynthetic precursor of JA)
Salicylic acid:
SA salicylic acid
Abscisic acid:
ABA abscisic acid
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Supplementary tables  

Table S1 Cytokinins content in roots of non-infected control flax plants and plants infected with F. oxysporum 

 
CKs 

[pmol/g FW] 
2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

tZR 0.23 ± 0.01 0.24 ± 0.06 0.18 ± 0.03 0.20 ± 0.01 0.44 ± 0.05 0.15 ± 0.01 0.25 ± 0.05 0.32 ± 0.02 

cZ 1.02 ± 0.04 0.68 ± 0.05 0.75 ± 0.09 0.58 ± 0.09 0.39 ± 0.01 0.45 ± 0.01 0.52 ± 0.08 0.41 ± 0.02 

cZR 0.46 ± 0.03 0.40 ± 0.04 0.40 ± 0.04 0.33 ± 0.04 0.37 ± 0.04 0.42 ± 0.05 0.38 ± 0.01 0.89 ± 0.03 

iP 1.00 ± 0.13 0.80 ± 0.02 0.64 ± 0.09 0.65 ± 0.18 0.55 ± 0.09 0.48 ± 0.01 0.78 ± 0.08 0.54 ± 0.02 

iPR 0.22 ± 0.02 0.22 ± 0.03 0.20 ± 0.03 0.17 ± 0.02 0.24 ± 0.02 0.25 ± 0.02 0.51 ± 0.04 0.85 ± 0.06 

tZROG 0.15 ± 0.01 0.16 ± 0.01 0.16 ± 0.01 0.19 ± 0.01 0.23 ± 0.02 0.18 ± 0.01 0.15 ± 0.00 0.28 ± 0.00 

cZOG 13.49 ± 0.64 86.57 ± 6.91 11.60 ± 1.18 11.56 ± 0.13 7.15 ± 0.59 7.57 ± 0.39 9.26 ± 0.79 9.41 ± 0.31 

cZROG 4.94 ± 0.17 3.70 ± 0.60 3.81 ± 0.29 3.90 ± 0.43 3.98 ± 0.19 3.95 ± 0.17 3.60 ± 0.37 7.18 ± 0.31 

DHZROG nd. nd. nd. nd. nd. nd. 0.15 ± 0.00 0.36 ± 0.01 

2MeScZR 0.35 ± 0.02 0.34 ± 0.03 0.30 ± 0.00 0.26 ± 0.01 0.26 ± 0.02 0.23 ± 0.02 0.25 ± 0.01 0.41 ± 0.01 
                                 nd. not detected

Table S2 Cytokinins content in shoots of non-infected control flax plants and plants infected with F. oxysporum 
 

CKs 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

tZ nd. nd. nd. nd. nd. nd. 0.12 ± 0.01 0.14 ± 0.00 

tZR 0.07 ± 0.01 0.06 ± 0.02 0.05 ± 0.02 0.06 ± 0.02 0.08 ± 0.02 0.06 ± 0.01 0.14 ± 0.00 0.39 ± 0.01 

cZ 0.09 ± 0.02 0.09 ± 0.02 0.10 ± 0.00 0.10 ± 0.00 0.09 ± 0.02 0.22 ± 0.01 0.11 ± 0.01 0.11 ± 0.01 

cZR 0.21 ± 0.00 0.26 ± 0.01 0.13 ± 0.01 0.17 ± 0.01 0.12 ± 0.01 0.15 ± 0.01 0.14 ± 0.01 0.19 ± 0.01 

DHZR 0.01 ± 0.00 0.01 ± 0.00 0.03 ± 0.01 0.01 ± 0.01 nd. nd. 0.03 ± 0.02 0.03 ± 0.01 

iP 0.06 ± 0.00 0.09 ± 0.00 0.06 ± 0.01 0.07 ± 0.01 0.09 ± 0.01 0.07 ± 0.01 0.10 ± 0.02 0.16 ± 0.02 

iPR 0.37 ± 0.04 0.27 ± 0.03 0.17 ± 0.04 0.21 ± 0.04 0.17 ± 0.03 0.19 ± 0.04 0.29 ± 0.05 0.29 ± 0.01 

tZROG 0.24 ± 0.00 0.26 ± 0.02 0.20 ± 0.01 0.27 ± 0.02 0.35 ± 0.02 0.31 ± 0.03 0.27 ± 0.01 0.39 ± 0.01 

cZOG 8.42 ± 1.39 6.50 ± 0.06 5.23 ± 0.66 6.89 ± 0.75 10.44 ± 0.36 7.72 ± 0.65 8.70 ± 1.03 10.07 ± 0.95 

cZROG 7.64 ± 0.63 7.49 ± 0.80 6.97 ± 0.49 9.39 ± 0.50 10.71 ± 0.14 8.68 ± 0.04 9.86 ± 0.44 12.54 ± 1.35 

DHZOG 0.40 ± 0.04 0.54 ± 0.01 0.32 ± 0.02 0.54 ± 0.04 0.65 ± 0.03 0.51 ± 0.02 0.42 ± 0.04 0.56 ± 0.03 

DHZROG 0.31 ± 0.02 0.34 ± 0.03 0.29 ± 0.02 0.37 ± 0.05 0.45 ± 0.03 0.36 ± 0.03 0.40 ± 0.03 0.50 ± 0.01 

2MeScZR 1.02 ± 0.11 1.75 ± 0.01 1.09 ± 0.10 1.03 ± 0.04 1.13 ± 0.09 0.73 ± 0.07 0.69 ± 0.13 0.75 ± 0.03 
                                   nd. not detected
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Table S3 Auxins and precursors content in roots of non-infected control flax plants and plants infected with F. oxysporum 
 

AUX 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

TRP 
52158.09 ± 

1402.00 
36308.60 ± 

7969.95 
30053.14 ± 

2858.98 
29151.27 ± 

126.35 
19613.57 ± 

1955.29 
22636.33 ± 

2071.39 
17463.04 ± 

1220.63 
8849.38 ± 
1520.78 

TRA 1.89± 0.20 1.55 ± 0.10 1.11 ± 0.20 1.48 ± 0.04 1.93 ± 0.02 2.13 ± 0.12 2.63 ± 0.12 2.40 ± 0.44 

ANT 0.72 ± 0.14 0.35 ± 0.09 0.58 ± 0.13 0.43 ± 0.14 4.30 ± 0.64 3.18 ± 0.41 4.35 ± 0.23 8.99 ± 0.58 

IAA 9.92 ± 0.52 9.30 ± 0.62 9.28 ± 0.87 9.73 ± 0.30 22.39 ± 1.05 8.60 ± 0.36 10.37 ± 0.42 9.71 ± 0.29 

oxIAA 5.29 ± 0.37 4.72 ± 0.36 5.63 ± 0.41 4.95 ± 0.23 6.56 ± 0.19 4.99 ± 0.83 2.68 ± 0.15 3.61 ± 0.13 

IAAsp 0.70 ± 0.06 1.10 ± 0.12 1.06 ± 0.19 1.06 ± 0.20 0.73 ± 0.04 0.97 ± 0.13 0.82 ± 0.07 1.44 ± 0.03 

Table S4 Auxins and precursors content in shoots of non-infected control flax plants and plants infected with F. oxysporum 
 

AUX 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

TRP 104167.31 ± 
1696.27 

195882.28 ± 
4289.35 

139565.43 ± 
13107.57 

116564.96 ± 
11162.50 

110521.45 ± 
8958.98 

101224.79 ± 
17294.45 

79254.80 ± 
24322.91 

52577.59 ± 
6272.43 

TRA 296.98 ± 64.20 171.76 ± 10.97 178.40 ± 25.13 284.44 ± 6.92 374.27 ± 45.18 410.24 ± 61.73 423.15 ± 7.14 433.81 ± 27.30 

ANT 0.64 ± 0.27 3.61 ± 0.38 1.70 ± 0.18 0.98 ± 0.31 1.16 ± 0.06 3.41 ± 0.62 4.99 ± 0.69 4.29 ± 0.55 

IAA 12.39 ± 1.63 11.08 ± 0.17 8.97 ± 0.33 11.81 ± 0.45 13.07 ± 1.20 9.92 ± 1.15 6.84 ± 0.43 7.24 ± 1.39 

oxIAA 10.94 ± 0.19 11.48 ± 0.32 9.57 ± 0.87 9.23 ± 0.45 12.77 ± 0.32 7.70 ± 2.14 5.35 ± 0.65 3.91 ± 1.02 

IAAsp 1.15 ± 0.10 1.26 ± 0.22 1.25 ± 0.10 2.55 ± 0.63 1.07 ± 0.15 2.25 ± 0.24 2.33 ± 0.19 2.66 ± 0.41 
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Table S5 Gibberellins content in roots of non-infected control flax plants and plants infected with F. oxysporum 
 

GAs 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

GA4 0.03 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.04 ± 0.01 0.01 ± 0.01 0.02 ± 0.01 

GA34 0.08 ± 0.01 0.05 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.08 ± 0.01 0.10 ± 0.02 0.07 ± 0.00 

GA53 0.01 ± 0.01 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.02 ± 0.00 0.03 ± 0.01 0.06 ± 0.01 

GA44 0.03 ± 0.01 0.04 ± 0.00 0.04 ± 0.00 0.04 ± 0.01 0.11 ± 0.00 0.15 ± 0.01 0.24 ± 0.03 3.89 ± 0.03 

GA19 0.12 ± 0.02 0.11 ± 0.01 0.13 ± 0.01 0.11 ± 0.02 0.15 ± 0.01 0.14 ± 0.01 0.14 ± 0.01 0.24 ± 0.01 

GA20 0.08 ± 0.01 0.17 ± 0.02 0.15 ± 0.01 0.16 ± 0.01 0.26 ± 0.00 0.21 ± 0.02 0.13 ± 0.00 1.81 ± 0.21 

GA1 0.04 ± 0.00 0.03 ± 0.00 0.03 ± 0.01 0.03 ± 0.01 0.05 ± 0.01 0.05 ± 0.00 0.02 ± 0.01 0.09 ± 0.01 

GA29 0.52 ± 0.03 0.17 ± 0.02 0.18 ± 0.01 0.25 ± 0.02 0.26 ± 0.02 0.29 ± 0.05 0.41 ± 0.05 0.43 ± 0.05 

GA8 2.46 ± 0.17 2.04 ± 0.03 1.84 ± 0.09 1.89 ± 0.24 2.87 ± 0.02 1.93 ± 0.06 2.28 ± 0.03 2.01 ± 0.14 

GA3 0.16 ± 0.01 0.11 ± 0.01 0.16 ± 0.01 0.16 ± 0.00 0.17 ± 0.00 0.17 ± 0.02 0.12 ± 0.01 0.12 ± 0.01 

Table S6 Gibberellins content in shoots of non-infected control flax plants and plants infected with F. oxysporum 
 

GAs 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

GA4 0.03 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.02 ± 0.00 0.02 ± 0.00 

GA34 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.02 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 0.01 ± 0.00 

GA53 0.13 ± 0.05 0.29 ± 0.04 0.02 ± 0.00 0.01 ± 0.01 0.28 ± 0.04 0.33 ± 0.04 0.63 ± 0.10 0.58 ± 0.06 

GA44 0.04 ± 0.01 0.03 ± 0.01 0.04 ± 0.00 0.05 ± 0.01 0.06 ± 0.01 0.06 ± 0.01 0.08 ± 0.01 0.09 ± 0.01 

GA19 0.24 ± 0.02 0.29 ± 0.02 0.21 ± 0.02 0.28 ± 0.01 0.33 ± 0.02 0.33 ± 0.00 0.50 ± 0.04 0.42 ± 0.01 

GA20 0.15 ± 0.04 0.16 ± 0.01 0.17 ± 0.03 0.09 ± 0.01 0.12 ± 0.01 0.07 ± 0.01 0.08 ± 0.02 0.11 ± 0.01 

GA1 0.20 ± 0.01 0.16 ± 0.03 0.13 ± 0.01 0.18 ± 0.02 0.05 ± 0.02 0.06 ± 0.01 0.06 ± 0.03 0.06 ± 0.01 

GA29 0.03 ± 0.01 0.04 ± 0.01 0.03 ± 0.01 0.05 ± 0.01 0.04 ± 0.00 0.04 ± 0.01 0.06 ± 0.01 0.12 ± 0.01 

GA8 0.71 ± 0.00 0.91 ± 0.01 0.61 ± 0.01 0.65 ± 0.07 0.97 ± 0.05 0.95 ± 0.05 1.09 ± 0.02 1.20 ± 0.02 

GA3 0.23 ± 0.01 0.31 ± 0.02 0.11 ± 0.01 0.11 ± 0.01 0.25 ± 0.00 0.19 ± 0.01 0.18 ± 0.01 0.25 ± 0.01 
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Table S7 Jasmonates, salicylic acid and abscisic content in roots of non-infected control flax plants and plants infected with F. oxysporum 
 

JAs + ABA 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

JA 0.04 ± 0.01 0.07 ± 0.01 0.03 ± 0.01 0.04 ± 0.02 0.04 ± 0.01 0.04 ± 0.00 0.08 ± 0.01 0.19 ± 0.04 

9.10-DHJA 0.32 ± 0.19 0.31 ± 0.17 0.09 ± 0.00 0.06 ± 0.02 0.07 ± 0.05 0.04 ± 0.02 nd. 0.14 ± 0.06 

SA 9.55 ± 1.74 9.63 ± 1.44 4.49 ± 0.67 3.18 ± 0.13 13.86 ± 0.38 9.43 ± 0.35 5.69 ± 0.05 17.66 ± 1.62 

cis-OPDA 653.78 ± 85.33 1814.15 ± 59.46 813.85 ± 158.01 1086.80 ± 84.40 787.58 ± 175.74 1963.90 ± 185.62 456.49 ± 78.42 1003.72 ± 162.85 

ABA 0.32 ± 0.05 0.24 ± 0.00 0.34 ± 0.03 0.33 ± 0.04 0.12 ± 0.01 0.38 ± 0.05 0.47 ± 0.09 0.48 ± 0.09 
nd. not detected

Table S8 Jasmonates, salicylic acid and abscisic content in shoots of non-infected control flax plants and plants infected with F. oxysporum 
 

JAs + ABA 
[pmol/g FW] 

2d 3d 7d 14d 

Ctr Foln Ctr Foln Ctr Foln Ctr Foln 

JA-Ile nd. nd. nd. nd. nd. 0.17 ± 0.00 0.12 ± 0.02 0.96 ± 0.02 

JA 0.13 ± 0.01 0.09 ± 0.02 0.07 ± 0.01 0.18 ± 0.02 0.07 ± 0.02 0.05 ± 0.02 0.18 ± 0.00 0.09 ± 0.00 

9.10-DHJA 0.18 ± 0.01 0.28 ± 0.01 0.07 ± 0.02 0.09 ± 0.02 0.04 ± 0.00 0.07 ± 0.02 nd. nd. 

12-OH-JA 2.92 ± 0.35 6.38 ± 1.68 2.44 ± 0.25 2.40 ± 0.01 3.46 ± 0.13 6.27 ± 0.68 5.50 ± 1.02 1.30 ± 0.00 

SA 3.27 ± 0.59 2.36 ± 0.13 1.05 ± 0.23 1.07 ± 0.38 1.22 ± 0.11 2.26 ± 0.00 1.89 ± 0.15 3.04 ± 0.42 

cis-OPDA 1898.71 ± 194.04 1873.39 ± 41.42 727.70 ± 70.77 1906.53 ± 420.23 1498.62 ± 94.10 1892.36 ± 67.52 1753.69 ± 171.14 2173.19 ± 69.60 

ABA 0.91 ± 0.35 0.93 ± 0.11 1.05 ± 0.06 0.66 ± 0.13 1.77 ± 0.11 0.93 ± 0.11 1.42 ± 0.03 1.10 ± 0.02 
nd. not detected
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Table S9 Cytokinins content in roots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

CKs 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

tZR 0.23 ± 0.01 
0.37 ± 
0.01 

0.26 ± 
0.02 

0.18 ± 0.03 0.31 ± 0.03 
0.36 ± 
0.02 

0.44 ± 
0.05 

0.19 ± 
0.01 

0.51 ± 
0.04 

0.25 ± 
0.05 

0.40 ± 
0.03 

0.62 ± 
0.00 

cZ 1.02 ± 0.04 
0.50 ± 
0.02 

0.45 ± 
0.03 

0.75 ± 0.09 0.40 ± 0.04 
0.40 ± 
0.10 

0.39 ± 
0.01 

0.51 ± 
0.04 

0.36 ± 
0.03 

0.52 ± 
0.08 

0.34 ± 
0.02 

0.46 ± 
0.06 

cZR 0.46 ± 0.03 
0.41 ± 
0.02 

0.31 ± 
0.04 

0.40 ± 0.04 0.32 ± 0.02 
0.39 ± 
0.03 

0.37 ± 
0.04 

0.26 ± 
0.04 

0.37 ± 
0.03 

0.38 ± 
0.01 

0.31 ± 
0.00 

0.27 ± 
0.02 

iP 1.00 ± 0.13 
0.96 ± 
0.05 

0.88 ± 
0.07 

0.64 ± 0.09 0.46 ± 0.08 
1.75 ± 
0.12 

0.55 ± 
0.09 

0.60 ± 
0.09 

0.66 ± 
0.07 

0.78 ± 
0.08 

0.51 ± 
0.03 

0.55 ± 
0.03 

iPR 0.22 ± 0.02 
0.26 ± 
0.01 

0.33 ± 
0.01 

0.20 ± 0.03 0.21 ± 0.03 
0.23 ± 
0.03 

0.24 ± 
0.02 

0.16 ± 
0.03 

0.35 ± 
0.01 

0.51 ± 
0.04 

0.48 ± 
0.03 

0.51 ± 
0.05 

tZROG 0.15 ± 0.01 
0.21 ± 
0.00 

0.16 ± 
0.02 

0.16 ± 0.01 0.13 ± 0.02 
0.25 ± 
0.03 

0.23 ± 
0.02 

0.10 ± 
0.03 

0.24 ± 
0.02 

0.15 ± 
0.00 

0.19 ± 
0.01 

0.23 ± 
0.02 

cZOG 
13.49 ± 

0.64 
8.55 ± 
0.35 

2.49 ± 
0.05 

11.60 ± 
1.18 

11.30 ± 
0.46 

8.67 ± 
0.41 

7.15 ± 
0.59 

8.13 ± 
0.64 

7.56 ± 
0.54 

9.26 ± 
0.79 

7.07 ± 
0.52 

6.22 ± 
0.38 

cZROG 4.94 ± 0.17 
3.90 ± 
0.26 

3.82 ± 
0.17 

3.81 ± 0.29 4.98 ± 0.57 
4.11 ± 
0.35 

3.98 ± 
0.19 

2.89 ± 
0.28 

3.61 ± 
0.18 

3.60 ± 
0.37 

4.43 ± 
0.51 

3.88 ± 
0.51 

DHZROG nd. nd. nd. nd. nd. nd. nd. nd. nd. 
0.15 ± 
0.00 

0.15 ± 
0.00 

0.15 ± 
0.00 

2MeScZR 0.35 ± 0.02 
0.24 ± 
0.02 

0.22 ± 
0.04 

0.30 ± 0.00 0.23 ± 0.02 
0.21 ± 
0.02 

0.26 ± 
0.02 

0.21 ± 
0.02 

0.21 ± 
0.03 

0.25 ± 
0.01 

0.24 ± 
0.02 

0.23 ± 
0.02 

nd. not detected  

Table S10 Cytokinins content in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

CKs 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

tZ nd. nd. nd. nd. nd. nd. nd. nd. nd. 
0.12 ± 
0.01 

0.17 ± 
0.01 

0.14 ± 
0.01 

tZR 
0.07 ± 
0.01 

0.09 ± 
0.02 

0.09 ± 
0.01 

0.05 ± 
0.02 

0.09 ± 
0.01 

0.07 ± 
0.01 

0.08 ± 
0.02 

0.07 ± 
0.02 

0.15 ± 
0.01 

0.14 ± 
0.00 

0.56 ± 
0.02 

0.39 ± 
0.05 

cZ 
0.09 ± 
0.02 

0.10 ± 
0.02 

0.08 ± 
0.01 

0.10 ± 
0.00 

0.13 ± 
0.00 

0.08 ± 
0.01 

0.09 ± 
0.02 

0.13 ± 
0.00 

0.12 ± 
0.00 

0.11 ± 
0.01 

0.09 ± 
0.01 

0.09 ± 
0.00 

cZR 
0.21 ± 
0.00 

0.17 ± 
0.02 

0.17 ± 
0.02 

0.13 ± 
0.01 

0.17 ± 
0.02 

0.20 ± 
0.03 

0.12 ± 
0.01 

0.14 ± 
0.01 

0.16 ± 
0.01 

0.14 ± 
0.01 

0.14 ± 
0.01 

0.13 ± 
0.01 

DHZR 
0.01 ± 
0.00 

0.03 ± 
0.02 

0.03 ± 
0.02 

0.03 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.00 

nd. nd. nd. 
0.03 ± 
0.02 

0.02 ± 
0.00 

0.03 ± 
0.00 

iP 
0.06 ± 
0.00 

0.09 ± 
0.01 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.01 

0.04 ± 
0.01 

0.09 ± 
0.01 

0.07 ± 
0.00 

0.10 ± 
0.01 

0.10 ± 
0.02 

0.12 ± 
0.01 

0.19 ± 
0.02 

iPR 
0.37 ± 
0.04 

0.36 ± 
0.02 

0.28 ± 
0.04 

0.17 ± 
0.04 

0.23 ± 
0.02 

0.26 ± 
0.01 

0.17 ± 
0.03 

0.19 ± 
0.02 

0.35 ± 
0.03 

0.29 ± 
0.05 

0.54 ± 
0.03 

0.38 ± 
0.00 

tZROG 
0.24 ± 
0.00 

0.33 ± 
0.01 

0.26 ± 
0.02 

0.20 ± 
0.01 

0.27 ± 
0.01 

0.27 ± 
0.01 

0.35 ± 
0.02 

0.30 ± 
0.01 

0.33 ± 
0.01 

0.27 ± 
0.01 

0.40 ± 
0.05 

0.40 ± 
0.04 

cZOG 
8.42 ± 
1.39 

9.42 ± 
1.46 

6.07 ± 
1.68 

5.23 ± 
0.66 

6.71 ± 
0.27 

4.80 ± 
0.78 

10.44 ± 
0.36 

8.89 ± 
0.81 

8.56 ± 
0.63 

8.70 ± 
1.03 

10.31 ± 
0.56 

12.76 ± 
0.44 

cZROG 
7.64 ± 
0.63 

8.56 ± 
0.81 

7.78 ± 
0.24 

6.97 ± 
0.49 

9.23 ± 
0.79 

7.52 ± 
0.65 

10.71 ± 
0.14 

8.49 ± 
0.14 

9.13 ± 
0.06 

9.86 ± 
0.44 

11.35 ± 
1.02 

11.39 ± 
0.51 

DHZOG 
0.40 ± 
0.04 

0.56 ± 
0.01 

0.56 ± 
0.03 

0.32 ± 
0.02 

0.54 ± 
0.03 

0.60 ± 
0.00 

0.65 ± 
0.03 

0.49 ± 
0.01 

0.61 ± 
0.02 

0.42 ± 
0.04 

0.62 ± 
0.01 

0.54 ± 
0.04 

DHZROG 
0.31 ± 
0.02 

0.35 ± 
0.00 

0.33 ± 
0.01 

0.29 ± 
0.02 

0.31 ± 
0.03 

0.31 ± 
0.03 

0.45 ± 
0.03 

0.38 ± 
0.02 

0.39 ± 
0.01 

0.40 ± 
0.03 

0.50 ± 
0.03 

0.49 ± 
0.01 

2MeScZR 
1.02 ± 
0.11 

1.05 ± 
0.02 

1.07 ± 
0.01 

1.09 ± 
0.10 

1.16 ± 
0.03 

1.67 ± 
0.11 

1.13 ± 
0.09 

1.33 ± 
0.09 

0.83 ± 
0.03 

0.69 ± 
0.13 

0.79 ± 
0.01 

0.51 ± 
0.01 

     nd. not detected  
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Table S11 Auxins and precursors content in roots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

AUX 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

TRP 
52158.09 
± 1402.00 

14864.14 
± 338.85 

18999.84 
± 263.49 

30053.14 
± 2858.98 

18368.26 
± 2092.59 

16404.63 
± 3694.71 

19613.57 
± 1955.29 

22152.46 
± 1204.58 

20367.63 
± 2913.22 

17463.04 
± 1220.63 

16828.63 
± 671.53 

18560.60 
± 2260.26 

TRA 
1.89± 
0.20 

6.68 ± 
0.15 

1.24 ± 
0.10 

1.11 ± 
0.20 

1.25 ± 
0.21 

1.38 ± 
0.09 

1.93 ± 
0.02 

1.55 ± 
0.01 

1.76 ± 
0.08 

2.63 ± 
0.12 

3.92 ± 
0.61 

1.76 ± 
0.20 

ANT 
0.72 ± 
0.14 

3.16 ± 
0.20 

0.31 ± 
0.02 

0.58 ± 
0.13 

0.36 ± 
0.02 

1.18 ± 
0.00 

4.30 ± 
0.64 

1.33 ± 
0.91 

2.57 ± 
0.41 

4.35 ± 
0.23 

7.04 ± 
0.71 

9.37 ± 
0.91 

IAA 
9.92 ± 
0.52 

11.36 ± 
0.31 

10.48 ± 
0.77 

9.28 ± 
0.87 

11.52 ± 
0.89 

10.28 ± 
0.62 

22.39 ± 
1.05 

8.28 ± 
0.28 

12.44 ± 
0.43 

10.37 ± 
0.42 

9.03 ± 
0.52 

8.26 ± 
0.16 

oxIAA 
5.29 ± 
0.37 

4.42 ± 
0.27 

3.90 ± 
0.25 

5.63 ± 
0.41 

4.22 ± 
0.67 

5.55 ± 
0.47 

6.56 ± 
0.19 

3.97 ± 
0.23 

4.50 ± 
0.24 

2.68 ± 
0.15 

2.83 ± 
0.05 

2.53 ± 
0.13 

IAAsp 
0.70 ± 
0.06 

0.76 ± 
0.06 

1.00 ± 
0.06 

1.06 ± 
0.19 

1.19 ± 
0.24 

1.05 ± 
0.11 

0.73 ± 
0.04 

0.84 ± 
0.03 

0.73 ± 
0.13 

0.82 ± 
0.07 

0.79 ± 
0.16 

3.31 ± 
0.13 

  

Table S12 Auxins and precursors content in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

AUX 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

TRP 
104167.31 
± 1696.27 

116010.02 
± 

14845.09 

96694.99 
± 

7872.63 

139565.43 
± 

13107.57 

138636.37 
± 4768.24 

143742.88 
± 3522.25 

110521.45 
± 8958.98 

129036.89 
± 

14070.01 

83801.74 
± 

1626.99 

79254.80 
± 

24322.91 

93279.95 
± 

10824.98 

69409.59 
± 

11227.20 

TRA 
296.98 ± 

64.20 
269.52 ± 

56.58 
317.22 ± 

42.70 
178.40 ± 

25.13 
316.03 ± 

1.62 
288.69 ± 

22.27 
374.27 ± 

45.18 
489.54 ± 

46.64 
394.74 ± 

23.66 
423.15 ± 

7.14 
512.00 ± 

44.10 
379.51 ± 

41.06 

ANT 
0.64 ± 
0.27 

1.34 ± 
0.66 

2.33 ± 
0.83 

1.70 ± 
0.18 

3.72 ± 
0.23 

1.50 ± 
0.44 

1.16 ± 
0.06 

1.33 ± 
0.68 

1.83 ± 
0.12 

4.99 ± 
0.69 

3.61 ± 
0.28 

1.73 ± 
0.17 

IAA 
12.39 ± 

1.63 
15.13 ± 

1.64 
8.08 ± 
0.87 

8.97 ± 
0.33 

11.80 ± 
0.31 

10.65 ± 
0.80 

13.07 ± 
1.20 

13.04 ± 
1.07 

10.13 ± 
0.85 

6.84 ± 
0.43 

9.46 ± 
0.41 

9.02 ± 
1.06 

oxIAA 
10.94 ± 

0.19 
13.59 ± 

0.37 
5.98 ± 
0.80 

9.57 ± 
0.87 

8.91 ± 
1.15 

12.55 ± 
0.68 

12.77 ± 
0.32 

13.60 ± 
1.56 

6.57 ± 
0.73 

5.35 ± 
0.65 

5.53 ± 
0.69 

3.87 ± 
0.59 

IAAsp 
1.15 ± 
0.10 

1.23 ± 
0.31 

1.84 ± 
0.35 

1.25 ± 
0.10 

1.03 ± 
0.12 

0.98 ± 
0.21 

1.07 ± 
0.15 

1.63 ± 
0.11 

1.13 ± 
0.05 

2.33 ± 
0.19 

2.85 ± 
0.41 

3.22 ± 
0.74 
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Table S13 Gibberellins content in roots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

GAs 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

GA4 
0.03 ± 
0.01 

0.03 ± 
0.01 

0.02 ± 
0.00 

0.02 ± 
0.01 

0.03 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.00 

0.06 ± 
0.01 

0.01 ± 
0.01 

0.02 ± 
0.00 

0.01 ± 
0.00 

GA34 
0.08 ± 
0.01 

0.05 ± 
0.00 

0.04 ± 
0.01 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.05 ± 
0.01 

0.08 ± 
0.01 

0.09 ± 
0.01 

0.05 ± 
0.01 

0.10 ± 
0.02 

0.05 ± 
0.00 

0.04 ± 
0.00 

GA53 
0.01 ± 
0.01 

0.02 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.01 

0.02 ± 
0.00 

0.01 ± 
0.00 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.08 ± 
0.01 

0.08 ± 
0.00 

GA44 
0.03 ± 
0.01 

0.04 ± 
0.00 

0.04 ± 
0.01 

0.04 ± 
0.00 

0.08 ± 
0.00 

0.03 ± 
0.01 

0.11 ± 
0.00 

0.06 ± 
0.01 

0.90 ± 
0.13 

0.24 ± 
0.03 

1.37 ± 
0.08 

0.42 ± 
0.11 

GA19 
0.12 ± 
0.02 

0.09 ± 
0.01 

0.10 ± 
0.01 

0.13 ± 
0.01 

0.14 ± 
0.01 

0.11 ± 
0.01 

0.15 ± 
0.01 

0.09 ± 
0.00 

0.14 ± 
0.02 

0.14 ± 
0.01 

0.23 ± 
0.02 

0.20 ± 
0.02 

GA20 
0.08 ± 
0.01 

0.16 ± 
0.02 

0.12 ± 
0.01 

0.15 ± 
0.01 

0.20 ± 
0.01 

0.22 ± 
0.01 

0.26 ± 
0.00 

0.26 ± 
0.00 

0.09 ± 
0.00 

0.13 ± 
0.00 

0.44 ± 
0.03 

0.23 ± 
0.01 

GA1 
0.04 ± 
0.00 

0.01 ± 
0.01 

0.02 ± 
0.00 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.03 ± 
0.01 

0.04 ± 
0.01 

0.02 ± 
0.01 

0.08 ± 
0.01 

0.05 ± 
0.01 

GA29 
0.52 ± 
0.03 

0.12 ± 
0.02 

0.17 ± 
0.02 

0.18 ± 
0.01 

0.15 ± 
0.01 

0.13 ± 
0.01 

0.26 ± 
0.02 

0.25 ± 
0.03 

0.31 ± 
0.02 

0.41 ± 
0.05 

0.35 ± 
0.02 

0.18 ± 
0.03 

GA8 
2.46 ± 
0.17 

2.90 ± 
0.04 

1.59 ± 
0.14 

1.84 ± 
0.09 

2.18 ± 
0.22 

2.61 ± 
0.19 

2.87 ± 
0.02 

2.09 ± 
0.05 

2.03 ± 
0.14 

2.28 ± 
0.03 

1.87 ± 
0.15 

1.56 ± 
0.16 

GA3 
0.16 ± 
0.01 

0.15 ± 
0.01 

0.08 ± 
0.01 

0.16 ± 
0.01 

0.17 ± 
0.01 

0.14 ± 
0.01 

0.17 ± 
0.00 

0.16 ± 
0.00 

0.16 ± 
0.01 

0.12 ± 
0.01 

0.11 ± 
0.01 

0.14 ± 
0.01 

  

Table S14 Gibberellins content in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

GAs 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

GA4 
0.03 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.01 

0.02 ± 
0.01 

0.04 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.02 

0.02 ± 
0.00 

0.03 ± 
0.00 

0.02 ± 
0.01 

GA34 
0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

GA53 
0.13 ± 
0.05 

0.17 ± 
0.05 

0.16 ± 
0.03 

0.02 ± 
0.00 

0.02 ± 
0.01 

0.02 ± 
0.01 

0.28 ± 
0.04 

0.37 ± 
0.02 

0.36 ± 
0.02 

0.63 ± 
0.10 

0.44 ± 
0.05 

0.54 ± 
0.09 

GA44 
0.04 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.02 

0.04 ± 
0.00 

0.04 ± 
0.01 

0.05 ± 
0.01 

0.06 ± 
0.01 

0.03 ± 
0.02 

0.08 ± 
0.02 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.08 ± 
0.02 

GA19 
0.24 ± 
0.02 

0.32 ± 
0.02 

0.21 ± 
0.01 

0.21 ± 
0.02 

0.25 ± 
0.01 

0.27 ± 
0.01 

0.33 ± 
0.02 

0.38 ± 
0.01 

0.31 ± 
0.01 

0.50 ± 
0.04 

0.44 ± 
0.03 

0.45 ± 
0.03 

GA20 
0.15 ± 
0.04 

0.08 ± 
0.01 

0.12 ± 
0.01 

0.17 ± 
0.03 

0.08 ± 
0.03 

0.08 ± 
0.02 

0.12 ± 
0.01 

0.14 ± 
0.01 

0.08 ± 
0.02 

0.08 ± 
0.02 

0.07 ± 
0.01 

0.07 ± 
0.01 

GA1 
0.20 ± 
0.01 

0.32 ± 
0.02 

0.16 ± 
0.01 

0.13 ± 
0.01 

0.15 ± 
0.03 

0.17 ± 
0.01 

0.05 ± 
0.02 

0.09 ± 
0.03 

0.05 ± 
0.01 

0.06 ± 
0.03 

0.03 ± 
0.01 

0.04 ± 
0.01 

GA29 
0.03 ± 
0.01 

0.03 ± 
0.01 

0.04 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.04 ± 
0.00 

0.11 ± 
0.01 

0.04 ± 
0.01 

0.06 ± 
0.01 

0.10 ± 
0.02 

0.06 ± 
0.01 

GA8 
0.71 ± 
0.00 

0.84 ± 
0.04 

0.63 ± 
0.02 

0.61 ± 
0.01 

0.98 ± 
0.06 

0.71 ± 
0.05 

0.97 ± 
0.05 

1.01 ± 
0.04 

0.76 ± 
0.04 

1.09 ± 
0.02 

1.02 ± 
0.00 

0.75 ± 
0.03 

GA3 
0.23 ± 
0.01 

0.19 ± 
0.01 

0.33 ± 
0.01 

0.11 ± 
0.01 

0.13 ± 
0.01 

0.12 ± 
0.02 

0.25 ± 
0.00 

0.19 ± 
0.00 

0.17 ± 
0.01 

0.18 ± 
0.01 

0.23 ± 
0.02 

0.29 ± 
0.00 

  

130:72518



 131 

 

 
  

Table S15 Jasmonates. salicylic acid. and abscisic content in roots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

JAs + ABA 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

JA 
0.04 ± 
0.01 

0.03 ± 
0.01 

0.13 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.04 ± 
0.00 

0.04 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.00 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.04 ± 
0.01 

9.10-DHJA 
0.32 ± 
0.19 

0.19 ± 
0.15 

0.57 ± 
0.11 

0.09 ± 
0.00 

0.08 ± 
0.00 

0.22 ± 
0.01 

0.07 ± 
0.05 

0.06 ± 
0.05 

0.05 ± 
0.03 

nd. nd. nd. 

SA 
9.55 ± 
1.74 

10.29 ± 
2.60 

4.59 ± 
1.72 

4.49 ± 
0.67 

10.78 ± 
2.17 

6.74 ± 
0.35 

13.86 ± 
0.38 

10.80 ± 
3.07 

18.95 ± 
0.85 

5.69 ± 
0.05 

20.59 ± 
0.87 

14.22 ± 
0.23 

cisOPDA 
653.78 ± 

85.33 
1622.32 ± 

25.64 
1538.73 ± 

265.67 
813.85 ± 
158.01 

1002.57 ± 
267.54 

1985.30 ± 
224.44 

787.58 ± 
175.74 

597.59 ± 
99.31 

479.89 ± 
67.52 

456.49 ± 
78.42 

1471.65 ± 
140.20 

1172.79 ± 
163.24 

ABA 
0.32 ± 
0.05 

0.43 ± 
0.04 

0.41 ± 
0.04 

0.34 ± 
0.03 

0.39 ± 
0.03 

0.50 ± 
0.04 

0.12 ± 
0.01 

0.31 ± 
0.02 

0.55 ± 
0.03 

0.47 ± 
0.09 

0.28 ± 
0.04 

0.55 ± 
0.01 

nd. not detected  

Table S16 Jasmonates, salicylic acid and abscisic content in shoots of non-infected control flax plants and plants treated with Spd (10 mM and 100 mM) 
 

JAs + ABA 
[pmol/g FW] 

3d 4d 8d 15d 

Ctr 10 100 Ctr 10 100 Ctr 10 100 Ctr 10 100 

JA-Ile nd. nd. nd. nd. nd. nd. nd. nd. nd. 
0.12 ± 
0.02 

0.10 ± 
0.00 

0.17 ± 
0.04 

JA 
0.13 ± 
0.01 

0.09 ± 
0.01 

0.26 ± 
0.03 

0.07 ± 
0.01 

0.12 ± 
0.01 

0.14 ± 
0.04 

0.07 ± 
0.02 

0.06 ± 
0.00 

0.09 ± 
0.02 

0.18 ± 
0.00 

0.09 ± 
0.01 

0.02 ± 
0.00 

9.10-DHJA 
0.18 ± 
0.01 

0.30 ± 
0.01 

0.03 ± 
0.01 

0.07 ± 
0.02 

0.09 ± 
0.00 

0.14 ± 
0.02 

0.04 ± 
0.00 

0.07 ± 
0.01 

0.08 ± 
0.03 

nd. nd. nd. 

12-OH-JA 
2.92 ± 
0.35 

1.86 ± 
0.79 

1.30 ± 
0.00 

2.44 ± 
0.25 

3.08 ± 
0.50 

2.41 ± 
1.57 

3.46 ± 
0.13 

20.70 ± 
0.01 

1.30 ± 
0.00 

5.50 ± 
1.02 

1.30 ± 
0.00 

1.30 ± 
0.00 

SA 
3.27 ± 
0.59 

4.35 ± 
0.71 

5.83 ± 
0.51 

1.05 ± 
0.23 

1.19 ± 
0.11 

3.90 ± 
0.33 

1.22 ± 
0.11 

2.69 ± 
0.62 

1.68 ± 
0.50 

1.89 ± 
0.15 

0.59 ± 
0.57 

2.25 ± 
0.16 

cisOPDA 
1898.71 ± 

194.04 
1529.41 ± 

229.16 
3022.37 ± 

163.94 
727.70 ± 

70.77 
1097.39 ± 

28.07 
2412.01 ± 

109.59 
1498.62 ± 

94.10 
2708.47 ± 

116.19 
1629.88 ± 

253.36 
1753.69 ± 

171.14 
1709.73 ± 

61.00 
1304.32 ± 

137.00 

ABA 
0.91 ± 
0.35 

0.98 ± 
0.22 

0.92 ± 
0.13 

1.05 ± 
0.06 

1.25 ± 
0.03 

1.07 ± 
0.09 

1.77 ± 
0.11 

1.02 ± 
0.18 

1.13 ± 
0.02 

1.42 ± 
0.03 

1.18 ± 
0.08 

1.12 ± 
0.10 

nd. not detected  

131:77542
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Table S17 Cytokinins content in roots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum  
 

CKs 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

tZR 
0.24 ± 
0.06 

0.24 ± 
0.01 

0.29 ± 
0.03 

0.20 ± 
0.01 

0.20 ± 
0.01 

0.25 ± 
0.01 

0.15 ± 
0.01 

0.20 ± 
0.02 

0.32 ± 
0.04 

0.32 ± 
0.02 

0.42 ± 
0.01 

0.47 ± 
0.02 

cZ 
0.68 ± 
0.05 

0.42 ± 
0.03 

0.58 ± 
0.04 

0.58 ± 
0.09 

0.58 ± 
0.05 

0.32 ± 
0.02 

0.45 ± 
0.01 

0.43 ± 
0.04 

0.25 ± 
0.01 

0.41 ± 
0.02 

0.36 ± 
0.06 

0.34 ± 
0.04 

cZR 
0.40 ± 
0.04 

0.32 ± 
0.02 

0.39 ± 
0.00 

0.33 ± 
0.04 

0.32 ± 
0.05 

0.26 ± 
0.02 

0.42 ± 
0.05 

0.38 ± 
0.04 

0.41 ± 
0.02 

0.89 ± 
0.03 

0.55 ± 
0.00 

0.63 ± 
0.04 

iP 
0.80 ± 
0.02 

0.75 ± 
0.09 

0.65 ± 
0.06 

0.65 ± 
0.18 

0.59 ± 
0.09 

0.48 ± 
0.08 

0.48 ± 
0.01 

0.41 ± 
0.01 

0.38 ± 
0.03 

0.54 ± 
0.02 

0.66 ± 
0.06 

0.45 ± 
0.03 

iPR 
0.22 ± 
0.03 

0.23 ± 
0.04 

0.22 ± 
0.01 

0.17 ± 
0.02 

0.17 ± 
0.05 

0.21 ± 
0.03 

0.25 ± 
0.02 

0.30 ± 
0.02 

0.34 ± 
0.02 

0.85 ± 
0.06 

0.67 ± 
0.05 

0.88 ± 
0.02 

tZROG 
0.16 ± 
0.01 

0.17 ± 
0.01 

0.23 ± 
0.02 

0.19 ± 
0.01 

0.16 ± 
0.02 

0.22 ± 
0.02 

0.18 ± 
0.01 

0.19 ± 
0.01 

0.22 ± 
0.02 

0.28 ± 
0.00 

0.32 ± 
0.01 

0.36 ± 
0.01 

cZOG 
86.57 ± 

6.91 
68.61 ± 

3.88 
9.92 ± 
0.42 

11.56 ± 
0.13 

10.33 ± 
1.16 

8.38 ± 
0.66 

7.57 ± 
0.39 

6.56 ± 
0.03 

7.09 ± 
0.45 

9.41 ± 
0.31 

6.87 ± 
0.99 

7.71 ± 
1.12 

cZROG 
3.70 ± 
0.60 

4.04 ± 
0.30 

3.38 ± 
0.42 

3.90 ± 
0.43 

3.22 ± 
0.14 

3.91 ± 
0.19 

3.95 ± 
0.17 

3.98 ± 
0.41 

4.04 ± 
0.10 

7.18 ± 
0.31 

6.86 ± 
0.13 

8.92 ± 
0.57 

 

DHZROG nd. nd. nd. nd. nd. nd. nd. nd. nd. 
0.36 ± 
0.01 

0.42 ± 
0.03 

0.56 ± 
0.02 

2MeScZR 
0.34 ± 
0.03 

0.20 ± 
0.01 

0.25 ± 
0.01 

0.26 ± 
0.01 

0.27 ± 
0.01 

0.20 ± 
0.02 

0.23 ± 
0.02 

0.21 ± 
0.00 

0.23 ± 
0.01 

0.41 ± 
0.01 

0.32 ± 
0.00 

0.48 ± 
0.05 

nd. not detected  

Table S18 Cytokinins content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum  
 

CKs 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

tZ nd. nd. nd. nd. nd. nd. nd. nd. nd. 
0.14 ± 
0.00 

0.16 ± 
0.01 

0.18 ± 
0.01 

tZR 
0.06 ± 
0.02 

0.11 ± 
0.02 

0.13 ± 
0.02 

0.06 ± 
0.02 

0.08 ± 
0.02 

0.08 ± 
0.02 

0.06 ± 
0.01 

0.06 ± 
0.01 

0.13 ± 
0.00 

0.39 ± 
0.01 

0.35 ± 
0.02 

0.54 ± 
0.17 

cZ 
0.09 ± 
0.02 

0.13 ± 
0.02 

0.09 ± 
0.03 

0.10 ± 
0.00 

0.13 ± 
0.01 

0.08 ± 
0.00 

0.22 ± 
0.01 

0.10 ± 
0.01 

0.10 ± 
0.02 

0.11 ± 
0.01 

0.12 ± 
0.01 

0.11 ± 
0.02 

cZR 
0.26 ± 
0.01 

0.23 ± 
0.01 

0.24 ± 
0.03 

0.17 ± 
0.01 

0.19 ± 
0.02 

0.19 ± 
0.00 

0.15 ± 
0.01 

0.13 ± 
0.02 

0.16 ± 
0.01 

0.19 ± 
0.01 

0.19 ± 
0.01 

0.19 ± 
0.02 

DHZR 
0.01 ± 
0.00 

0.03 ± 
0.02 

0.02 ± 
0.00 

0.01 ± 
0.01 

0.05 ± 
0.00 

0.11 ± 
0.01 

nd. nd. nd. 
0.03 ± 
0.01 

0.03 ± 
0.01 

0.02 ± 
0.00 

iP 
0.09 ± 
0.00 

0.34 ± 
0.01 

0.07 ± 
0.01 

0.07 ± 
0.01 

0.09 ± 
0.00 

0.06 ± 
0.01 

0.07 ± 
0.01 

0.08 ± 
0.01 

0.14 ± 
0.02 

0.16 ± 
0.02 

0.14 ± 
0.01 

0.16 ± 
0.01 

iPR 
0.27 ± 
0.03 

0.32 ± 
0.01 

0.33 ± 
0.02 

0.21 ± 
0.04 

0.26 ± 
0.03 

0.21 ± 
0.02 

0.19 ± 
0.04 

0.14 ± 
0.01 

0.21 ± 
0.03 

0.29 ± 
0.01 

0.61 ± 
0.06 

0.59 ± 
0.04 

tZROG 
0.26 ± 
0.02 

0.32 ± 
0.02 

0.32 ± 
0.03 

0.27 ± 
0.02 

0.25 ± 
0.03 

0.32 ± 
0.02 

0.31 ± 
0.03 

0.26 ± 
0.03 

0.35 ± 
0.03 

0.39 ± 
0.01 

0.35 ± 
0.03 

0.43 ± 
0.04 

cZOG 
6.50 ± 
0.06 

9.70 ± 
0.35 

7.39 ± 
0.39 

6.89 ± 
0.75 

6.68 ± 
0.29 

7.70 ± 
0.81 

7.72 ± 
0.65 

7.01 ± 
0.29 

11.44 ± 
0.49 

10.07 ± 
0.95 

10.22 ± 
0.84 

11.48 ± 
0.34 

cZROG 
7.49 ± 
0.80 

8.77 ± 
0.67 

7.56 ± 
0.69 

9.39 ± 
0.50 

7.96 ± 
0.68 

8.84 ± 
0.40 

8.68 ± 
0.04 

8.28 ± 
0.58 

12.41 ± 
0.14 

12.54 ± 
1.35 

10.06 ± 
1.15 

14.23 ± 
1.19 

DHZOG 
0.54 ± 
0.01 

0.53 ± 
0.04 

0.54 ± 
0.01 

0.54 ± 
0.04 

0.59 ± 
0.03 

0.57 ± 
0.05 

0.51 ± 
0.02 

0.42 ± 
0.04 

0.34 ± 
0.01 

0.56 ± 
0.03 

0.62 ± 
0.04 

0.65 ± 
0.02 

DHZROG 
0.34 ± 
0.03 

0.41 ± 
0.02 

0.37 ± 
0.03 

0.37 ± 
0.05 

0.35 ± 
0.04 

0.36 ± 
0.03 

0.36 ± 
0.03 

0.36 ± 
0.04 

0.57 ± 
0.00 

0.50 ± 
0.01 

0.44 ± 
0.02 

0.62 ± 
0.02 

2MeScZR 
1.75 ± 
0.01 

1.29 ± 
0.13 

1.23 ± 
0.01 

1.03 ± 
0.04 

1.20 ± 
0.03 

1.44 ± 
0.10 

0.73 ± 
0.07 

0.80 ± 
0.04 

0.78 ± 
0.14 

0.75 ± 
0.03 

0.71 ± 
0.03 

0.90 ± 
0.07 

nd. not detected  

132:80772
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Table S19 Auxins and precursors content in roots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. 
oxysporum  
 

AUX 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

TRP 
36308.60 
± 7969.95 

9764.45 
± 199.02 

31010.24 
± 3722.80 

29151.27 
± 126.35 

15056.60 
± 3523.75 

23465.62 
± 762.82 

22636.33 
± 2071.39 

31736.34 
± 610.28 

37123.73 
± 1568.84 

8849.38 ± 
1520.78 

6785.63 ± 
1043.36 

10831.67 ± 
1818.20 

TRA 
1.55 ± 
0.10 

1.16 ± 
0.08 

1.17 ± 
0.02 

1.48 ± 
0.04 

3.88 ± 
0.40 

1.33 ± 
0.01 

2.13 ± 
0.12 

2.30 ± 
0.15 

1.71 ± 
0.28 

2.40 ± 0.44 2.89 ± 0.19 1.92 ± 0.24 

ANT 
0.35 ± 
0.09 

0.33 ± 
0.03 

0.19 ± 
0.02 

0.43 ± 
0.14 

1.11 ± 
0.30 

0.60 ± 
0.02 

3.18 ± 
0.41 

2.29 ± 
0.04 

3.11± 
0.15 

8.99 ± 0.58 12.56 ± 1.09 8.59 ± 1.28 

IAA 
9.30 ± 
0.62 

9.90 ± 
0.45 

10.06 ± 
0.33 

9.73 ± 
0.30 

10.95 ± 
0.66 

9.06 ± 
0.10 

8.60 ± 
0.36 

7.64 ± 
0.40 

10.73 ± 
0.39 

9.71 ± 0.29 8.15 ± 0.32 9.50 ± 0.24 

oxIAA 
4.72 ± 
0.36 

3.68 ± 
0.34 

3.37 ± 
0.30 

4.95 ± 
0.23 

4.55 ± 
0.13 

4.16 ± 
0.30 

4.99 ± 
0.83 

3.28 ± 
0.24 

6.18 ± 
0.57 

3.61 ± 0.13 2.06 ± 0.03 3.11 ± 0.28 

IAAsp 
1.10 ± 
0.12 

0.60 ± 
0.09 

0.56 ± 
0.20 

1.06 ± 
0.20 

0.60 ± 
0.18 

0.90 ± 
0.13 

0.97 ± 
0.13 

0.95 ± 
0.11 

1.36 ± 
0.14 

1.44 ± 0.03 0.67 ± 0.09 1.54 ± 0.09 

Table S20 Auxins and precursors content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. 
oxysporum  
 

AUX 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

TRP 
195882.28 
± 4289.35 

145312.24 
± 

17442.73 

109725.64 
± 8135.20 

116564.96 
± 

11162.50 

157497.21 
± 

10104.93 

145907.05 
± 9442.15 

101224.79 
± 

17294.45 

102356.58 
± 

10611.28 

108707.54 
± 

10507.66 

52577.59 
± 

6272.43 

65550.73 
± 

9391.27 

44597.45 
± 

3281.29 

TRA 
171.76 ± 

10.97 
185.30 ± 

40.15 
333.99 ± 

24.57 
284.44 ± 

6.92 
387.55 ± 

79.27 
291.77 ± 

6.29 
410.24 ± 

61.73 
305.22 ± 

36.87 
209.79 ± 

36.74 
433.81 ± 

27.30 
376.04 ± 

21.02 
401.10 ± 

2.14 

ANT 
3.61 ± 
0.38 

1.60 ± 
0.33 

1.64 ± 
0.24 

0.98 ± 
0.31 

2.66 ± 
0.14 

1.25 ± 
0.01 

3.41 ± 
0.62 

1.43 ± 
0.00 

0.81 ± 
0.01 

4.29 ± 
0.55 

1.71 ± 
0.06 

1.66 ± 
0.44 

IAA 
11.08 ± 

0.17 
14.47 ± 

1.90 
10.37 ± 

1.35 
11.81 ± 

0.45 
15.09 ± 

3.83 
9.11 ± 
0.34 

9.92 ± 
1.15 

9.06 ± 
0.13 

12.83 ± 
0.76 

7.24 ± 
1.39 

7.26 ± 
0.77 

8.07 ± 
0.67 

oxIAA 
11.48 ± 

0.32 
10.32 ± 

0.05 
7.56 ± 
0.88 

9.23 ± 
0.45 

12.08 ± 
0.21 

10.35 ± 
1.68 

7.70 ± 
2.14 

8.15 ± 
0.86 

7.31 ± 
0.77 

3.91 ± 
1.02 

4.66 ± 
0.42 

4.26 ± 
0.81 

IAAsp 
1.26 ± 
0.22 

1.34 ± 
0.20 

1.42 ± 
0.17 

2.55 ± 
0.63 

1.28 ± 
0.18 

1.52 ± 
0.01 

2.25 ± 
0.24 

0.96 ± 
0.12 

1.71 ± 
0.32 

2.66 ± 
0.41 

2.77 ± 
0.05 

1.76 ± 
0.12 

  

133:55543
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Table S21 Gibberelins content in roots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum  
 

GAs 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

GA4 
0.01 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.03 ± 
0.00 

0.02 ± 
0.01 

0.04 ± 
0.01 

0.03 ± 
0.00 

0.02 ± 
0.01 

0.02 ± 
0.01 

0.01 ± 
0.00 

0.02 ± 
0.00 

GA34 
0.05 ± 
0.01 

0.03 ± 
0.00 

0.05 ± 
0.00 

0.08 ± 
0.01 

0.09 ± 
0.01 

0.05 ± 
0.01 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.05 ± 
0.01 

0.07 ± 
0.00 

0.04 ± 
0.00 

0.05 ± 
0.01 

GA53 
0.01 ± 
0.00 

0.04 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.01 

0.04 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.06 ± 
0.01 

0.04 ± 
0.00 

0.05 ± 
0.00 

GA44 
0.04 ± 
0.00 

0.03 ± 
0.00 

0.03 ± 
0.01 

0.04 ± 
0.01 

0.08 ± 
0.01 

0.12 ± 
0.01 

0.15 ± 
0.01 

0.25 ± 
0.03 

0.35 ± 
0.05 

3.89 ± 
0.03 

0.15 ± 
0.03 

0.46 ± 
0.06 

GA19 
0.11 ± 
0.01 

0.12 ± 
0.01 

0.12 ± 
0.01 

0.11 ± 
0.02 

0.12 ± 
0.01 

0.11 ± 
0.01 

0.14 ± 
0.01 

0.14 ± 
0.02 

0.17 ± 
0.01 

0.24 ± 
0.01 

0.20 ± 
0.01 

0.31 ± 
0.01 

GA20 
0.17 ± 
0.02 

0.11 ± 
0.01 

0.07 ± 
0.01 

0.16 ± 
0.01 

0.12 ± 
0.01 

0.11 ± 
0.00 

0.21 ± 
0.02 

0.24 ± 
0.02 

0.17 ± 
0.03 

1.81 ± 
0.21 

1.44 ± 
0.08 

3.52 ± 
0.30 

GA1 
0.03 ± 
0.00 

0.02 ± 
0.00 

0.01 ± 
0.00 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.07 ± 
0.01 

0.05 ± 
0.00 

0.03 ± 
0.01 

0.06 ± 
0.01 

0.09 ± 
0.01 

0.08 ± 
0.01 

0.10 ± 
0.01 

GA29 
0.17 ± 
0.02 

0.12 ± 
0.02 

0.22 ± 
0.03 

0.25 ± 
0.02 

0.30 ± 
0.01 

0.16 ± 
0.02 

0.29 ± 
0.05 

0.31 ± 
0.03 

0.67 ± 
0.06 

0.43 ± 
0.05 

0.26 ± 
0.04 

0.39 ± 
0.06 

GA8 
2.04 ± 
0.03 

2.78 ± 
0.13 

2.09 ± 
0.11 

1.89 ± 
0.24 

1.97 ± 
0.14 

1.97 ± 
0.17 

1.93 ± 
0.06 

2.22 ± 
0.05 

2.17 ± 
0.10 

2.01 ± 
0.14 

1.87 ± 
0.07 

1.69 ± 
0.05 

GA3 
0.11 ± 
0.01 

0.11 ± 
0.02 

0.09 ± 
0.01 

0.16 ± 
0.00 

0.15 ± 
0.01 

0.23 ± 
0.01 

0.17 ± 
0.02 

0.18 ± 
0.02 

0.16 ± 
0.00 

0.12 ± 
0.01 

0.09 ± 
0.01 

0.10 ± 
0.02 

  

Table S22 Gibberelins content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected with F. oxysporum  
 

GAs 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

GA4 
0.03 ± 
0.01 

0.02 ± 
0.01 

0.03 ± 
0.01 

0.02 ± 
0.01 

0.03 ± 
0.00 

0.02 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.02 ± 
0.00 

0.02 ± 
0.00 

0.02 ± 
0.01 

GA34 
0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

0.01 ± 
0.00 

GA53 
0.29 ± 
0.04 

1.53 ± 
0.14 

0.08 ± 
0.01 

0.01 ± 
0.01 

0.02 ± 
0.01 

0.02 ± 
0.00 

0.33 ± 
0.04 

0.02 ± 
0.01 

0.03 ± 
0.01 

0.58 ± 
0.06 

0.59 ± 
0.10 

0.31 ± 
0.04 

GA44 
0.03 ± 
0.01 

0.05 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.04 ± 
0.01 

0.03 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.01 

0.09 ± 
0.01 

0.06 ± 
0.02 

0.07 ± 
0.02 

GA19 
0.29 ± 
0.02 

0.30 ± 
0.01 

0.26 ± 
0.01 

0.28 ± 
0.01 

0.28 ± 
0.02 

0.23 ± 
0.01 

0.33 ± 
0.00 

0.25 ± 
0.01 

0.39 ± 
0.01 

0.42 ± 
0.01 

0.45 ± 
0.01 

0.54 ± 
0.03 

GA20 
0.16 ± 
0.01 

0.15 ± 
0.01 

0.11 ± 
0.01 

0.09 ± 
0.01 

0.14 ± 
0.02 

0.12 ± 
0.02 

0.07 ± 
0.01 

0.04 ± 
0.01 

0.14 ± 
0.00 

0.11 ± 
0.01 

0.07 ± 
0.01 

0.08 ± 
0.02 

GA1 
0.16 ± 
0.03 

0.24 ± 
0.03 

0.21 ± 
0.02 

0.18 ± 
0.02 

0.24 ± 
0.01 

0.17 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.02 

0.08 ± 
0.01 

0.06 ± 
0.01 

0.06 ± 
0.02 

0.06 ± 
0.01 

GA29 
0.04 ± 
0.01 

0.03 ± 
0.01 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.05 ± 
0.01 

0.03 ± 
0.01 

0.04 ± 
0.01 

0.06 ± 
0.01 

0.08 ± 
0.01 

0.12 ± 
0.01 

0.09 ± 
0.01 

0.06 ± 
0.01 

GA8 
0.91 ± 
0.01 

0.85 ± 
0.01 

0.51 ± 
0.06 

0.65 ± 
0.07 

0.82 ± 
0.06 

0.68 ± 
0.04 

0.95 ± 
0.05 

0.95 ± 
0.06 

1.18 ± 
0.03 

1.20 ± 
0.02 

0.74 ± 
0.04 

1.15 ± 
0.11 

GA3 
0.31 ± 
0.02 

0.47 ± 
0.01 

0.14 ± 
0.01 

0.11 ± 
0.01 

0.12 ± 
0.02 

0.10 ± 
0.01 

0.19 ± 
0.01 

0.22 ± 
0.02 

0.21 ± 
0.03 

0.25 ± 
0.01 

0.16 ± 
0.03 

0.23 ± 
0.02 
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Table S23 Jasmonates, salicylic acid and abscisic content in roots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and infected 
with F. oxysporum  
 

JAs + ABA 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

JA 
0.07 ± 
0.01 

0.19 ± 
0.01 

0.07 ± 
0.01 

0.04 ± 
0.02 

0.03 ± 
0.01 

0.02 ± 
0.01 

0.04 ± 
0.00 

0.03 ± 
0.01 

0.05 ± 
0.01 

0.19 ± 
0.04 

0.25 ± 
0.01 

0.15 ± 
0.01 

9.10-DHJA 
0.31 ± 
0.17 

0.29 ± 
0.21 

0.06 ± 
0.00 

0.06 ± 
0.02 

0.09 ± 
0.03 

0.05 ± 
0.01 

0.04 ± 
0.02 

0.07 ± 
0.03 

nd. 
0.14 ± 
0.06 

0.16 ± 
0.06 

0.17 ± 
0.08 

SA 
9.63 ± 
1.44 

11.85 ± 
4.10 

6.17 ± 
2.17 

3.18 ± 
0.13 

3.92 ± 
0.66 

7.20 ± 
0.75 

9.43 ± 
0.35 

11.05 ± 
1.20 

20.55 ± 
2.73 

17.66 ± 
1.62 

28.00 ± 
5.20 

49.61 ± 
2.93 

cisOPDA 
1814.15 ± 

59.46 
1913.44 ± 

146.28 
634.11 ± 

89.08 
1086.80 ± 

84.40 
561.42 ± 
201.45 

699.49 ± 
109.07 

1963.90 ± 
185.62 

1878.65 ± 
302.79 

679.48 ± 
183.48 

1003.72 ± 
162.85 

980.75 ± 
268.50 

708.39 ± 
407.12 

ABA 
0.24 ± 
0.00 

0.41 ± 
0.05 

0.36 ± 
0.02 

0.33 ± 
0.04 

0.28 ± 
0.09 

0.42 ± 
0.11 

0.38 ± 
0.05 

0.46 ± 
0.02 

0.20 ± 
0.06 

0.48 ± 
0.09 

0.32 ± 
0.07 

0.49 ± 
0.05 

nd. not detected  

Table S24 Jasmonates, salicylic acid and abscisic content in shoots of infected control flax plants and plants treated with Spd (10 mM and 100 mM) and 
infected with F. oxysporum 
 

JAs + ABA 
[pmol/g FW] 

2d 3d 7d 14d 

Foln 10 100 Foln 10 100 Foln 10 100 Foln 10 100 

JA-Ile nd. nd. nd. nd. nd. nd. 
0.17 ± 
0.00 

0.19 ± 
0.02 

0.16 ± 
0.01 

0.96 ± 
0.02 

1.32 ± 
0.02 

0.83 ± 
0.18 

JA 
0.09 ± 
0.02 

0.06 ± 
0.02 

0.17 ± 
0.01 

0.18 ± 
0.02 

0.17 ± 
0.02 

0.18 ± 
0.03 

0.05 ± 
0.02 

0.04 ± 
0.01 

0.05 ± 
0.01 

0.09 ± 
0.00 

0.21 ± 
0.02 

0.11 ± 
0.01 

9.10-DHJA 
0.28 ± 
0.01 

0.19 ± 
0.09 

0.07 ± 
0.02 

0.09 ± 
0.02 

0.13 ± 
0.02 

0.06 ± 
0.01 

0.07 ± 
0.02 

0.11 ± 
0.01 

0.14 ± 
0.03 

nd. nd. nd. 

12-OH-JA 
6.38 ± 
1.68 

10.67 ± 
0.82 

1.30 ± 
0.00 

2.40 ± 
0.01 

1.30 ± 
0.00 

4.11 ± 
1.12 

6.27 ± 
0.68 

4.44 ± 
0.48 

12.88 ± 
2.05 

1.30 ± 
0.00 

3.52 ± 
0.25 

17.41 ± 
1.88 

SA 
2.36 ± 
0.13 

3.16 ± 
0.52 

6.87 ± 
2.01 

1.07 ± 
0.38 

2.32 ± 
0.42 

1.46 ± 
0.07 

2.26 ± 
0.00 

1.52 ± 
0.70 

1.60 ± 
0.47 

3.04 ± 
0.42 

5.89 ± 
0.40 

3.23 ± 
0.27 

cisOPDA 
1873.39 ± 

41.42 
1553.53 ± 

276.60 
1868.21 ± 

121.01 
1906.53 ± 

420.23 
3402.91 ± 

340.88 
2389.97 ± 

91.42 
1892.36 ± 

67.52 
1628.30 ± 

73.79 
742.97 ± 

99.90 
2173.19 ± 

69.60 
1570.90 ± 

145.23 
993.42 ± 
416.63 

ABA 
0.93 ± 
0.11 

0.87 ± 
0.03 

1.65 ± 
0.07 

0.66 ± 
0.13 

1.39 ± 
0.09 

1.58 ± 
0.18 

0.93 ± 
0.11 

1.42 ± 
0.29 

1.29 ± 
0.04 

1.10 ± 
0.02 

0.95 ± 
0.10 

1.24 ± 
0.13 

nd. not detected 
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10. PODSUMOWANIE  

Niniejsza rozprawa doktorska prezentuje cykl badań, których celem było zrozumienie roli 

poliamin w kształtowaniu odpowiedzi obronnej lnu (Linum usitatissimum L.) na infekcję 

wywoływaną przez patogeniczny grzyb Fusarium oxysporum f. sp. lini. Wcześniejsze badania 

wskazywały, że infekcja roślin przez patogeny grzybowe często wiąże się ze wzrostem 

poziomu poliamin, jednak znaczenie tego zjawiska pozostawało niejednoznaczne. 

Podwyższona zawartość poliamin może sprzyjać aktywacji mechanizmów obronnych rośliny, 

ale jednocześnie potencjalnie wspierać rozwój patogenu. Punktem wyjścia była hipoteza, że 

egzogenna aplikacja wybranych poliamin może modulować wrodzone mechanizmy 

odpornościowe rośliny, prowadząc do zwiększonej ochrony przed fuzariozą. Wyniki uzyskane 

w ramach załączonych publikacji nie tylko potwierdziły tę hipotezę, lecz także rozszerzyły ją 

o nowe aspekty dotyczące integracji metabolizmu poliamin z sygnalizacją hormonalną 

i regulacją stresu oksydacyjnego. 

Jednym z kluczowych wniosków pracy jest wykazanie, że traktowanie lnu poliaminami – 

przede wszystkim spermidyną, a w uzupełnieniu także kadaweryną – w odpowiednio 

dobranych stężeniach może istotnie zwiększać jego odporność na fuzariozę. Rośliny poddane 

„primingowi”, czyli przygotowaniu z wykorzystaniem biostymulatora przed kontaktem 

z patogenem, wykazywały łagodniejsze objawy chorobowe oraz ograniczony rozwój grzyba 

w tkankach. Badania przeprowadzone na dwóch odmianach lnu, Jan i Nike, potwierdziły 

skuteczność spermidyny, jednocześnie ujawniając subtelne, odmianowo-specyficzne różnice 

w dynamice odpowiedzi. Najlepsze efekty uzyskano przy stosowaniu spermidyny w stężeniu 

10 mM, które sprzyjało indukcji odporności bez wywoływania nadmiernego stresu 

oksydacyjnego. Wyższe stężenia (100 mM) okazały się mniej korzystne, co podkreśla 

znaczenie precyzyjnego doboru dawek w kontekście praktycznym. 

Badania nad kadaweryną uzupełniły ten obraz, wskazując, że różne poliaminy mogą 

indukować odporność poprzez odmienne, choć komplementarne, mechanizmy. Kadaweryna 

wykazywała przede wszystkim działanie ograniczające rozwój grzyba w podłożu i jego 

penetrację do korzeni, natomiast spermidyna oddziaływała głównie poprzez modulację 

wewnętrznych szlaków sygnałowych rośliny i indukcję bardziej złożonych mechanizmów 

obronnych w pędach (Rysunek 1). Takie zróżnicowanie efektów sugeruje możliwość 

celowanego wykorzystania poszczególnych poliamin do wzmacniania różnych barier 

ochronnych – fizycznych i fizjologicznych. 

136:17512



 137 

Centralnym elementem mechanizmu działania spermidyny, wyjaśnionym w niniejszej 

pracy, jest indukcja kontrolowanej odpowiedzi obronnej zgodnej z koncepcją primingu. 

W przeciwieństwie do gwałtownej i kosztownej metabolicznie reakcji obserwowanej u roślin 

tylko zakażanych patogenem, priming spermidyną prowadził do szybkiego, lecz precyzyjnie 

regulowanego „wybuchu tlenowego” (zwiększonego wytwarzania H₂O₂) wkrótce po kontakcie 

z patogenem. Ten przejściowy sygnał stresu oksydacyjnego uruchamiał kaskadę dalszych 

reakcji obronnych, pozwalając na terminową i adekwatną aktywację genów takich 

jak chitynaza oraz na oszczędność zasobów energetycznych. Efektem tej strategii była 

skuteczna supresja rozwoju grzyba, potwierdzona istotną redukcją jego DNA w pędach 

w późniejszych etapach infekcji. 

Integracja badań nad poliaminami z profilowaniem hormonalnym ujawniła, że spermidyna 

pełni funkcję globalnego modulatora sieci sygnalizacyjnej. Indukowała wcześniejszą 

i silniejszą aktywację szlaków kwasu salicylowego i jasmonowego, stabilizowała gospodarkę 

auksyn oraz wspierała sygnalizację cytokininową, tworząc korzystne warunki dla 

zrównoważonej odpowiedzi obronnej. Wyniki te po raz pierwszy w interakcji lnu z Foln opisują 

dynamiczny, tkankowo-specyficzny wzorzec odpowiedzi hormonalnej i wskazują na ścisłą 

integrację metabolizmu poliamin ze szlakami odporności.  

W ramach projektu analizowano również inne aspekty odpowiedzi obronnej roślin, w tym 

potencjalny udział zmian w strukturze ściany komórkowej oraz sygnalizacji tlenku azotu, nie 

wykazano jednak ich istotnych zmian a zatem na tym etapie infekcji nie miały one istotnego 

wpływu na ograniczenie rozwoju patogenu (dane nieopublikowane).  Uzyskane dane wskazują, 

że to właśnie modulacja odpowiedzi hormonalnej, wspierana przez precyzyjnie kontrolowany 

wybuch tlenowy, stanowiła główny mechanizm działania poliamin w badanym układzie. 

Podsumowując, cykl publikacji tworzy spójną i wielopoziomową narrację – od obserwacji 

fenotypowych po złożone mechanizmy molekularne i fizjologiczne indukowanej odporności. 

Nowatorstwo pracy polega na zintegrowaniu badań nad metabolizmem poliamin, stresem 

oksydacyjnym i sygnalizacją hormonalną w jeden kompleksowy model odpowiedzi lnu na 

istotny gospodarczo patogen. Wyniki te wnoszą znaczący wkład w podstawową wiedzę 

o interakcjach roślina–patogen i stanowią podstawę do dalszych badań nad zastosowaniem 

poliamin jako elementów biologicznej ochrony lnu. 
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Rysunek 1 Schemat koncepcyjny mechanizmów indukowanej odporności lnu przez 

poliaminy. Przedstawiono dwa odmienne mechanizmy działania poliamin w odpowiedzi lnu 

(Linum usitatissimum L.) na infekcję Fusarium oxysporum. Spermidyna indukuje krótkotrwały 

wybuch tlenowy i moduluje sieć sygnalizacji hormonalnej, prowadząc do zrównoważonej, 

energooszczędnej odpowiedzi obronnej. Kadaweryna natomiast ogranicza rozwój choroby 

głównie poprzez bezpośrednie hamowanie wzrostu patogenu i redukcję jego kolonizacji 

w systemie korzeniowym. Pomimo odmiennych mechanizmów działania, obie poliaminy 

prowadzą do zwiększenia odporności lnu na fuzariozę. 
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Najważniejsze wnioski z przeprowadzonych badań: 

1. Infekcja Fusarium oxysporum prowadzi do istotnych zmian w metabolizmie poliamin 

oraz w sieci sygnalizacji hormonalnej lnu. 

2. Egzogenna aplikacja spermidyny w odpowiednio dobranym stężeniu zwiększa 

odporność lnu poprzez indukcję kontrolowanej, zrównoważonej odpowiedzi obronnej. 

3. Mechanizm działania spermidyny związany jest z krótkotrwałym wybuchem tlenowym 

oraz modulacją szlaków hormonalnych, a nie z długotrwałą aktywacją kosztownych 

reakcji obronnych. 

4. Kadaweryna wykazuje odmienny mechanizm działania, ograniczając rozwój patogenu 

głównie w strefie korzeniowej. 

5. Odpowiedź hormonalna lnu na infekcję ma charakter dynamiczny i tkankowo-

specyficzny, a jej modulacja stanowi kluczowy element indukowanej odporności. 

Uzyskane wyniki otwierają nowe perspektywy badawcze dotyczące roli poliamin 

w ochronie roślin przed patogenami glebowymi. Dalsze prace mogłyby koncentrować się na 

ocenie skuteczności spermidyny i kadaweryny w warunkach półpolowych i polowych, a także 

na analizie ich oddziaływania z innymi elementami sieci regulacyjnych rośliny. Ponadto 

interesującym kierunkiem przyszłych badań byłoby pogłębienie analiz odmianowo-

specyficznych oraz integracja odpowiedzi hormonalnej z innymi poziomami regulacji 

odporności.  
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1.2. Effect of apocarotenoids on growth and metabolism of two Fusarium 

oxysporum strains 

1.3. The metabolism of cyanogenic glycosides in flax (Linum usitatissimum) in response 

to biotic and abiotic stresses 

2. Międzynarodowa konferencja Biotechnology – Research and Industrial Applications 

BRIA 2024 (12-13.09.2024; Wrocław); e-poster pt. The effect of polyamines on flax 

infected with Fusarium oxysporum (aktywny udział w formie krótkiego wystąpienia 

ustnego);  

2.1. współautor e-posteru pt.: Alterations In The Cell Wall Of Flax Induced By Priming 

With A Non-Pathogenic Strain Of Fusarium Oxysporum 

3. XVI Ogólnopolska Konferencja Kultur In Vitro i Biotechnologii Roślin „Biotechnologia i 

kultury in vitro roślin w badaniach podstawowych i aplikacyjnych” (23-25.09.2024; 

Kraków); poster pt. Hormony roślinne u lnu traktowanego spermidyną i infekowanego 

patogennym grzybem (aktywny udział, pierwszy autor posteru); współautor posterów pt.: 

3.1. Dynamika ściany komórkowej wywołana przez uczulanie lnu niepatogennym 

szczepem Fusarium oxysporum 

3.2. Wpływ apokarotenoidów na infekcję Fusarium oxysporum f. sp. lini lnu zwyczajnego 

Działania popularyzujące wiedzę: 

1. Współprowadzenie zajęć dla szkół podczas cyklu „Ciekawa Biochemia” (23.04.2022; 

Wydział Biotechnologii, Uniwersytet Wrocławski) 

2. Organizacja i współprowadzenie zajęć dla młodzieży szkolnej w ramach wydarzenia „Noc 

biologów 2023” (Wydział Biotechnologii, Uniwersytet Wrocławski) 
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Udział w stażach naukowych krajowych i zagranicznych: 

1. Zagraniczny staż naukowy w Republice Czeskiej 

1.1. Jednostka przyjmująca: Uniwersytet Palackiego w Ołomunicu 

1.2. Cel i charakter wyjazdu: staż był elementem projektu Preludium Bis (nr 

2019/35/O/NZ9/00364), którego jestem głównym wykonawcą, wyjazd był 

finansowany przez agencję NAWA. Głównym celem stażu było określenie jakościowej 

i ilościowej zawartości fitohormonów roślinnych w lnie zakażonym przez grzyby 

patogenne i poddanym działaniu spermidyny. 

1.3. Okres pobytu: 1 września 2023 – 1 stycznia 2024 

Działania na rzecz pozyskiwania dodatkowych środków finansowych - otrzymane granty, 

stypendia: 

1. Uzyskanie finansowania na wyjazd opisany w 2.5.1. z agencji NAWA 

1.1. Wniosek nr PPN/STA/2021/1/00071 w ramach programu NAWA Preludium Bis 1\ 

1.2. Czas otrzymywania stypendium: 1 września 2023 – 1 stycznia 2024 

Udział/zaangażowanie w projektach badawczych - wykonawstwo w grantach, realizacja 

zadań badawczych: 

1. Główny wykonawca projektu NCN Preludium Bis nr 2019/35/O/NZ9/00364 „Ustalenie roli 

poliamin w interakcjach lnu z grzybami z rodzaju Fusarium”; kierownik projektu: dr hab. 

Anna Kulma prof. UWr; 2020-10-01 - 2025-09-30 
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