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Abstract
Maize (Zea mays L.) is the most produced field crop all over the world. One of its most critical diseases that results in 
economic loss is ear rot caused by various Fusarium species. Previous researches have shown that polyamines, found in 
all living cells, play crucial role in biotic stress responses. At the same time, biosynthesis of polyamines is of paramount 
importance not only for plants but also for their pathogens to promote stress tolerance and pathogenicity. In our study, we 
investigated the polyamine content changes induced in the seedlings of two maize genotypes of different susceptibility by 
isolates of Fusarium verticillioides and Fusarium graminearum, two Fusarium species of different lifestyles. Apart from that, 
it was examined how infection efficiency and changes in polyamine contents were modified by salicylic acid or putrescine 
seed soaking pre-treatments. Our observations confirmed that initial and stress-induced changes in the polyamine contents 
are not directly related to tolerance in either coleoptile or radicle. However, the two pathogens with different lifestyles 
induced remarkably distinct changes in the polyamine contents. The effect of the seed soaking pre-treatments depended on 
the pathogens and plant resistance as well: both salicylic acid and putrescine seed soaking had positive results against F. 
verticillioides, while in the case of infection with F. graminearum, seed soaking with distilled water alone affected biomass 
parameters positively in the tolerant genotype.
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Introduction

Maize (Zea mays L.) is one of the most important field crops 
grown all over the world. Regarding the extent of economic 
losses, its most critical diseases are ear rot and stalk rot, 
which are caused by toxin-producing Fusarium species 
(Meissle, 2010). In maize, several different Fusarium spe-
cies occur and diseases can break out as a result of simul-
taneous presence of various Fusarium species in the plants 
(Munkvold 2003; Folcher et al. 2009; Mesterházy et al. 
2011). Ear rot (GER) provoked by Fusarium graminearum 

Schwabe [teleomorph = Gibberella zeae (Schwine)] is a fre-
quent pathogen of rainy years, whereas ear rot (FER) caused 
by Fusarium verticillioides (F. moniliforme J. Sheld. tele-
omorph = G. moniliformis Wineland) occurs rather in warm 
and dry seasons (Vigier et al. 1997; Doohan et al. 2003). 
The impact of climate change manifests in the growing 
prevalence of dry and warm weather (Jacob et al. 2014); 
therefore, FER has an increasing role in Fusarium infec-
tions. Fusarium species can infect any parts of the maize 
plant, from germination stage to harvesting. Pathogens may 
infect and damage the seeds and seedlings still in the soil, 
before emergence (Munkvold 2003). Fusarium species can 
overwinter on plant residues (Nyvall and Kommedahl 1970). 
Chlamydospores of F. graminearum are viable in the soil for 
long periods (Sutton 1982); in addition, they even form peri-
thecia, from which they can further infect through ascospore 
discharge (Guenther and Trial, 2005). F. verticillioides pro-
duces thickened hyphae, which also increases its survival 
in the soil (Maiorani et al. 2008). Both species ensure their 
pathogenicity by forming a mass of micro- and macroconidia 
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(Munkvold 2003). While F. graminearum rapidly changes 
to a necrotrophic phase during its life cycle (Quarantin et al. 
2019), F. verticillioides is considered a hemibiotroph, as it 
coexists with maize as an endophyte and can occasionally 
change to a necrotrophic phase and cause disease at any 
stages of the plant's life cycle (Beccaccioli et al. 2021).

Polyamines (PA) are aliphatic amines found in all living 
cells. They play a crucial role in plant development, in the 
regulation of vital plant functions and in stress responses 
(Hasanuzzaman et al. 2019; Wang et al. 2019). The most 
studied and most abundant PAs in plants are putrescine 
(PUT), spermidine (SPD) and spermine (SPM). Higher 
PAs, such as SPD and SPM, are synthesized from PUT. 
During their catabolism, 1, 3 diaminopropane (DAP) forms 
and hydrogen peroxide releases (Pál et al. 2015). The pro-
tective role of PAs during abiotic stresses in various plant 
species and in maize has already been reported in several 
studies (Jiménez-Bremont et al. 2007; Gill and Tuteja 2010; 
Yu et al. 2019; Ramazan et al. 2022). In addition, growing 
evidence indicates that PAs also play a key role in regulating 
plant immune response. Accumulation of H2O2 as a result 
of PA catabolism and of nitric oxide due to induction by 
SPD/SPM play important signalling roles in plant–pathogen 
interactions (Hussain et al. 2011). Increased biosynthesis 
and conversion of PUT to SPD and SPM along with their 
increased catabolism was evident in the resistant maize 
lines compared the susceptible line during Aspergillus fla-
vus infection (Majumdar et al. 2019). Transgenic tobacco 
plants with increased PA oxidase gene expression, exhib-
ited pre-induced resistance towards infections, including 
biotrophic and hemibiotrophic diseases, too (Moschou 
et al. 2009). While increased expression level of PA trans-
porter genes has been also reported during F. graminearum 
infection, as the presence of PAs may be beneficial to both 
the plant host and fungal pathogen (Harris et al. 2016). 
Nevertheless, biotrophic and necrotrophic pathogens may 
induce distinct changes to PAs. Biotrophic pathogens pre-
dominantly induce PA synthesis; therefore, the inhibition 
of PA synthesis and the activation of PA degradation can be 
important in protecting against them. Necrotrophic infec-
tion, however, during the catabolism of the PA accumulated 
in the apoplast, may be accompanied by hydrogen peroxide 
release, which enhances the formation of necrotic lesions 
(Pál and Janda 2017). Although the protective effects of 
PA treatments under abiotic stress conditions have been 
confirmed in several cases (Farooq et al. 2008; Cvikrová 
et al. 2013; Alzahrani and Rady, 2019; Sadeghipour 2019), 
their impact in pathogenic infections is controversial and 
poorly studied. For example, SPD and SPM spray treatment 
in Arabidopsis was effective in promoting long-term resist-
ance against necrotrophic B. cinerea (Janse van Rensburg 
et al. 2021), whereas in tomato, the increased susceptibility 
to B. cinerea was reversible by applying PA biosynthesis 

inhibitors (Handa et al. 2011). There is evidence that effec-
tive immune response to plant pathogens is regulated by 
plant hormones, such as salicylic acid (SA). SA is crucial 
both in local and systemic defence responses. Systemic 
acquired resistance (SAR) is an SA-dependent response 
(Gao et al. 2015). Changes in endogenous SA content and 
the protective effect of externally administered SA have been 
reported in several pathogenic infections (Amborabé et al. 
2002; Szőke et al. 2011; Qi et al. 2012; Ding et al. 2018; 
Radojicic et al. 2018; Li et al. 2022), including Fusarium. 
However, based on the data from literature, there may not 
only be a connection between the quantitative changes of 
SA and PAs, but the existence of a positive feedback loop at 
signal transduction level is becoming more and more evident 
(Canales et al. 2019; Pál et al. 2021; Szepesi et al. 2022).

Since the role of PA metabolism in the interaction 
between plants and pathogens with different lifestyles is still 
not clear, we aimed to study the changes in the PA metabo-
lism induced by the most important ear rot pathogens–the 
hemibiotrophic F. verticillioides and the necrotrophic F. 
graminearum –, causing damages to maize worldwide. In 
addition, we examined whether SA and PUT seed soaking 
pre-treatments had any positive effect on biomass production 
against Fusarium infection. In addition, we investigated the 
effects of the mentioned pre-treatments on the PA levels of 
plants. In the present research, two maize genotypes with 
different levels of susceptibility were tested. Measurements 
were done both in the coleoptile and in the radical as well.

Materials and method

The tested genotypes

The treatments were applied in two different genotypes. Both 
inbred lines were bred in Martonvásár: EXPMV01 with an 
Iodent background is susceptible to ear rot, while EXPMV02 
is an ear rot-tolerant line with an ISSS background. Seeds 
were produced in the experimental nursery of the Agricul-
tural Institute, Centre for Agricultural Research (Marton-
vásár, Hungary, 47◦18' N, 18◦46' E, altitude: 120 m). The 
crops were harvested in ears at an average moisture content 
of 23% and were dried in a box dryer to reach 13% moisture 
content. In the next step, kernels were removed by a maize 
sheller and were stored at 10 °C, in the warehouse of the 
institute.

Preparation of pathogen inoculum

For the artificial inoculation, FVTE and IFA-66 isolates of a 
F. verticillioides (FV) and F. graminearum (FG) were used. 
Pure cultures were stored in a refrigerator at 4 °C, on a 1:1:1 
(v/v/v) mixture of sterilised soil, turf and silica sand. Isolates 
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required for the inoculation were transferred into Petri 
dishes, onto PDA medium (Leslie and Summerell 2006) and 
incubated for 5 days at 25 °C, in a Thermo Fisher—Herath-
erm™ Compact Microbiological Incubator.

Experimental design

The selected genotypes (EXPMV01, EXPMV02) were stud-
ied in a two-factor design, in three replicates. One replicate 
contained 2 × 5 seed samples, which means that one treat-
ment contained 30 samples. Each genotype was character-
ised with data from a total of 360 seed samples. Petri dishes 
of 9 cm diameter were poured with 20 ml PDA medium 
and stored in a laminar box until use. Before treatments, 
seeds were sterilised using modified instructions of Daniels, 
(1983) and Szőke et al. (2018): for the disinfection, seeds 
were soaked for 2 × 5 min in a 50 °C water bath, apply-
ing 5-min cooling period between two soaking treatments. 
Subsequently, seeds were disinfested for 10 min with 10% 
ethanol solution and after that with 1% Neomagnol solution 
for 15 min. Finally, the samples were washed twice with 
distilled water.

After the disinfection, kernels were dried in a laminar 
box. Batches without soaking (absolute control: ABC) 
were used after sterilisation. The remaining batches were 
soaked for 16 h as a pre-treatment with distilled water (DW), 
0.5 mM salicylic acid (SA) or 0.5 mM putrescine (PU) solu-
tion. Pre-treatment concentrations were determined based on 
the results of previous experiments (Szalai et al. 2016; Tajti 
et al. 2018). After drying, batches of 5 kernels were placed 
in the Petri dishes containing PDA medium, and 5-mm discs 
containing Fusarium isolates of the relevant type of infection 
were placed next to the seeds. Altogether, 12 treatments were 
applied (Table 1). Absolute control treatments: 1. no soaking 
without infection (ABC); 2. no soaking, infected with F. ver-
ticillioides (ABFV); 3. no soaking, infected with F. gramine-
arum (ABFG). Control treatments: 4. soaking with distilled 
water without infection (DWC); 5. distilled water + F. ver-
ticillioides (DWFV); 6. distilled water + F. graminearum 
(DWFG). Salicylic acid treatments: 7. Soaking with salicylic 
acid without infection (SAC); 8. salicylic acid + F. verticil-
lioides (SAFV); 9. salicylic acid + F. graminearum (SAFG). 
Putrescine treatments: 10. Soaking with putrescine without 
infection (PUC); 11. putrescine + F. verticillioides (PUFV), 
12. putrescine + F. graminearum (PUFG). Seeds and fungi 
were grown for 7 days in laminar box.

Determination of fresh weight

After 7 days, coleoptiles and radicles were collected for 
each treatment. For each replicate, weights of coleoptiles 
and radicals were measured using a laboratory scale. Until 

the quantitative analysis of PAs, the measured samples were 
stored at −80 °C.

Quantitative analysis of PAs

Extraction and analysis of PAs were carried out using the 
description of Németh et al. (2002). Using liquid nitrogen 
and silica sand, 0.2 g samples of coleoptile and radicle were 
homogenised, then extracted with 2 × 1 ml 0.2 M ice-cold 
perchloric acid. Afterwards, the samples were left on ice for 
20 min and then centrifuged at 10 000 g for 2 min at 4 °C. 
For the derivatisation, dansyl chloride was used. To 100 μl 
supernatant, 200 μl saturated sodium carbonate solution 
and 400 μl dansyl chloride solved in acetone (5 mg ml−1) 
were added. The reaction mixture was incubated in the 
dark for 60 min at 60 °C, then 100 μl of proline solution 
( 100 mg ml−1) was added and it was further incubated in 
the dark at room temperature for 30 min. The reaction mix 
was extracted for 30 s with 500 μl toluene. The top organic 
layer was pipetted into 1.5 ml Eppendorf tubes using Pasteur 
pipettes and evaporated to dryness in vacuum. The residue 
was taken in 1 ml of 100% methanol, then filtered through a 
PTFE membrane filter with 0.2 μm pore size and analysed 
with Waters HPLC system (Waters, Milford, MA USA). The 
HPLC device included an autosampler, a column thermostat 
and a pump system for gradient mixing, to which a W474 
scanning fluorescence detector had been connected. Data 
were evaluated by Millenium 32 software. 2 μl of the deri-
vatised sample was injected into the Kinetex 5u C18 100A 
100 × 2.1 mm column. For gradient separation, two differ-
ent types of solvents were used [A: 44% acetonitrile (ACN) 
B: ACN: methanol (MeOH) = 7:3]. During the analysis, the 

Table 1   Applied treatment combinations. Legends: ABC = no 
soaking and no infection, DWC = soaking with distilled water and 
no infection, SAC = soaking with salicylic acid and no infection, 
PUC = soaking with putrescine and no infection, ABFV = no soaking 
and infection with F. verticillioides, DWFV = soaking with distilled 
water and infection with F verticillioides, SAFV = soaking with sali-
cylic acid and infection with F. verticillioides, PUFV = soaking with 
putrescine and infection with F. verticillioides, ABFG = no soaking 
and infection with F. graminearum, DWFG = soaking with distilled 
water and infection with F. graminearum, SAFG = soaking with sali-
cylic acid and infection with F. graminearum, PUFG = soaking with 
putrescine and infection with F. graminearum 

Soaking treatments Artificial infection

No infection Infection with 
F. verticil-
lioides

Infection with 
F.graminearum

No soaking ABC ABFW ABFG
Soaking with DW DWC DWFV DWFG
Soaking with SA SAC SAFV SAFG
Soaking with PUT PUC PUFV PUFG
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flow rate was 0.5 ml min−1 and the column temperature was 
40 °C. PAs derivatised with dansyl chloride were detected 
with a fluorescence detector at an excitation wavelength of 
340 nm and an emission wavelength of 515 nm.

Statistical analysis

For the statistical analysis of the data obtained, Agrobase 
99® for Microsoft Windows® (Agronomix Inc.), SPSS 16.0 
(IBM Ltd.) and Microsoft Windows® Excel data manage-
ment software were used. Multi-way ANOVA and post-
hoc Duncan test were applied to evaluate the significance 
of treatments. Results obtained from the statistical probes 
were interpreted based on the study of Sváb, (1981). Micro-
soft Windows® Excel data management software was used 
to arrange the available data for statistical analysis. In the 
case of Agrobase 99® for Microsoft Windows® statistical 
software, to organise data, edit diagrams and determine cor-
relation coefficients, built-in modules of MS® Excel data 
management software were used. ANOVA result tables are 
presented in Tables 2, 3 and 4.

Results

Pronounced differences in the biomass parameters 
of the maize genotypes were depended 
on pathogenic strategies of Fusarium spp.

The coleoptile fresh weight (CFW) in the absolute control 
(ABC) was higher in the susceptible (EXPMV01) genotype, 
compared to the tolerant one (EXPMV02) (Fig. 1A). The FV 
treatment (ABFV) slightly increased it, while the FG infec-
tion (ABFG) decreased it in both genotypes compared to the 
control (ABC), which is in accordance with the pathogenic 
strategies of FV and FG. Seed-priming treatments (DWC, 
SAC, PUC) alone (i.e., without any Fusarium infection) 
compared to the control (ABC) did not significantly influ-
ence the CFW in line EXPMV01, but they increased it in 

the tolerant genotype (EXPMV02). Under FV infection the 
seed soaking treatments further increased the CFW, espe-
cially in the susceptible one (EXPMV01), and in the case 
of SA and PUT treatments compared to the DWC, SAC, 
PUC or even to ABFV and DWFV treatments. Following 
the FG infection, the seed pre-treatments (DWFG, SAFG, 
PUFG) did not affect the susceptible genotype but induced 
an increase in the tolerant one (EXPMV02) compared to 
the ABFG treatment alone. However, the greatest increase 
was found for the DWFG, and lower values were measured 
for SAFG or PUFG treatments (Fig. 1A) compared to the 
ABFG. These results showed that the tolerant (EXPMV02) 
line had more positive responses to the seed pre-treatments, 
and that these treatments could increase the biomass even 
under the necrotrophic infection.

The radicle fresh weights (RFW) of the two genotypes 
were similar under absolute control condition (ABC) 
(Fig. 1B). Although the FV treatment decreased the RFW 
in both genotypes compared to the control (ABC), it was 
only statistically significant in the case of the susceptible 
line (EXPMV01). FG infection also caused significant 
decrease of the RFW with pronounced lower value for the 
susceptible (EXPMV01) genotype. Seed soaking treatments 
(DWC, SAC, PUC) had positive effects on the RFW mainly 
in the EXPMV02 genotype under either control condition 
or biotic stress conditions compared to the control (ABC). 
After FV treatment SAFV and PUFV, after FG infection all 
the applied pre-treatments (ABFG, DWFG, SAFG, PUFG) 
had positive effect on the RFW compared to the adequate 
control (ABFV or ABFG) (Fig. 1B).

Weights of coleoptile and radical were significantly influ-
enced by the genotypes, the treatments, and the interaction 
between these two factors (p = 0.1%). According to the two-
way ANOVA table (Table 2), both coleoptile and radical 
fresh weights depended mostly on the genotypes. The treat-
ments had 50% less impact on the weight of the coleoptile 
than the genotype, while in the case of the radicle, the treat-
ments had 20% less influence in comparison to the genotype. 
The lowest impact was exhibited by the genotypes × treat-
ments (Table 2).

Changes in polyamine contents of the maize 
seedlings after seed‑priming, Fusarium infection 
and combined treatments

In the absolute control samples (ABC), the levels of PUT 
and SPM were higher in the tolerant genotypes (EXPMV02) 
than in the susceptible one (EXPMV01), while the SPD con-
tent was slightly higher in the susceptible line both in the 
coleoptile and radicle (Fig. 2–3.). Comparing the PA con-
tent in the coleoptile and radicle, the PUT level was higher 
in the radicle, but the amounts of SPD, SPM, and DAP 
were greater in the coleoptile in both genotypes. While in 

Table 2   Two-way ANOVA for the effects of different treatments on 
the coleoptile fresh weight (CFW) and radicle fresh weight (RFW). 
*** indicates significant differences at p < 0.001 level

Factor df Coleoptile Radicle
CFW RWF

MS

Genotypes 1 1,901,250.00*** 877,812.50***
Treatments 11 845,954.55*** 162,467.05***
Genotypes × Treat-

ments
11 229,840.91*** 56,985.23***

Residual 46 6910.07 5750.48
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the coleoptile, the SPM was the most abundant PA, in the 
radicle PUT showed the greatest values in both genotypes 
(Fig. 2–3.).

Markedly distinct impact of F. graminearum infection 
on the individual polyamine compounds and the effects 
of seed‑priming was found in the coleoptile

The levels of the individual PA compounds were different 
in the investigated two genotypes already in the ABC sam-
ples. The higher DAP level (catabolite product of the higher 
PAs) in the coleoptile in the tolerant genotype (EXPMV02) 
suggests a more intensive terminal catabolism, which can 
be responsible for the overall lower SPD and SPM average 
levels for the tolerant line (EXPMV02).

Despite the described differences, in most cases, Fusar-
ium infections alone induced similar changes in the PA con-
tents of the two genotypes. Although the ABFV infection did 
not influence the PUT (Fig. 2A), SPD (Fig. 2B) and DAP 
(Fig. 2D) levels, it significantly decreased the amount of 
SPM (Fig. 2C) in both lines compared to the control (ABC). 

However, the most remarkable changes were found after 
ABFG infection, namely the PUT and DAP concentrations 
increased, while the SPD and SPM values decreased com-
pared to the adequate ABC samples in both genotypes. It can 
be concluded that the effect of ABFG was more pronounced 
on the PA contents in both genotypes with the highest PUT 
and DAP, but lowest SPD and SPM levels after infection in 
the tolerant genotype (EXPMV02).

PUT content (Fig. 2A) was not influenced significantly 
by the DW, SA or PUT priming without Fusarium infec-
tion (DWC, SAC and PUC) in the susceptible genotype, and 
only SA seed soaking increased it slightly in the tolerant 
genotype (EXPMV02). When seed-soaking treatments was 
followed by the FV infection, the PUT level did not change 
significantly in comparison to the relevant controls (DWC, 
SAC or PUC) in either genotype. Although the FG infec-
tion itself increased the PUT accumulation in both geno-
types compared to ABC ones. Among the combined seed 
soaking and FG treatments, only SAFG treatment could 
further increase it in the case of the susceptible genotype 
(EXPMV01) (Fig. 2A).

Fig. 1   Differences in the 
coleoptile fresh weight A and 
radicle fresh weight B of the 
susceptible (EXPMV01) and 
tolerant (EXPMV02) maize 
genotypes after different 
treatments (C: without infec-
tion, AB: no soaking, DW: 
soaking with distilled water, 
SA: soaking with 0.5 mM 
salicylic acid, PU: soaking with 
0.5 mM putrescine, FV = F. 
verticillioides infection, FG = F. 
graminearum infection.) Values 
are means ± standard error 
(SE). Different letters indicate 
statistically significant differ-
ences compared to each others 
(Duncan, p < 0.05)



150	 Biologia Futura (2023) 74:145–157

1 3

Fig. 2   Changes in the polyam-
ine contents, namely putrescine 
(PUT) A, spermidine (SPD) 
B, spermine (SPM) C and 
1,3-diaminopropane (DAP) D, 
in the coleoptile of the suscep-
tible (EXPMV01) and tolerant 
(EXPMV02) maize genotypes 
after different treatments (C: 
without infection, AB: no soak-
ing, DW: soaking with distilled 
water, SA: soaking with 0.5 mM 
salicylic acid, PU: soaking with 
0.5 mM putrescine, FV = F. 
verticillioides infection, FG = F. 
graminearum infection. Values 
are means ± standard error (SE). 
Different letters indicate statisti-
cally significantly differences to 
each others (Duncan, p < 0.05)
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Fig. 3   Changes in the polyam-
ine contents, namely putrescine 
(PUT) A, spermidine (SPD) 
B spermine (SPM) C and 1,3 
diaminopropane (DAP) D in 
the radicles of susceptible 
(EXPMV01) and tolerant 
(EXPM,V02) maize genotypes 
after different treatments (C: 
without infection, AB: no soak-
ing, DW: soaking with distilled 
water, SA: soaking with 0.5 mM 
salicylic acid, PU: soaking with 
0.5 mM putrescine, FV = F. 
verticillioides infection, FG = F. 
graminearum infection.) Values 
are means ± standard error (SE). 
Different letters indicate statisti-
cally significant differences to 
each others (Duncan, p < 0.05)
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Under control conditions (ABC, DWC, PUC, SAC), with-
out any Fusarium infection, only the PUT priming could 
increase slightly, but statistically significantly the SPD 
content (Fig. 2B) in the susceptible genotype (EXPMV01), 
while in the tolerant one (EXPMV02) all seed soaking pre-
treatments (DWC, SAC and PUC) decreased it compared 
to the ABC one. During the FV treatment all seed soak-
ing treatments decreased the amount of SPD in both geno-
types compared to the ABC or the ABFV-treated samples. 
Although the FG infection alone decreased the SPD concen-
trations in both genotypes compared to the absolute controls, 
they induced different responses in the two lines when the 
SA and PUT seed soaking were followed by FG treatment. 
In the susceptible one SA or PUT priming further decreased 
the SPD level, while in the tolerant one (EXPMV02) the 
pre-treatment with SA or PUT increased it compared to the 
ABFG-treated samples (Fig. 2B).

The seed soaking treatments alone induced different 
changes in the SPM content (Fig. 2C) of the two geno-
types. Except for SA pre-treatment, they did not lead to 
characteristic changes in it in the susceptible genotype 
(EXPMV01), but they dramatically decreased it in the tol-
erant one (EXPMV02). Both Fusarium treatments lowered 
the level of SPM compared to the ABC control. Although 

the seed-priming treatments modified these alterations in the 
SPM content in both genotypes, the responses depended on 
the Fusarium species. Under FV infection SAFV or PUFV 
treatments resulted in the lowest SPM contents among the 
treatments in both genotypes. At the same time, in the case 
of FG, DW and SA did not have influence but PUT pre-
treatment increased the SPM levels compared to the only 
ABFG-treated samples in both genotypes and resulted in 
similar values as found in the ABC samples (Fig. 2C).

Comparing these changes with that of DAP (Fig. 2D), it 
can be concluded that in the susceptible line (EXPMV01), 
no remarkable changes were observed in the DAP amount 
after seed-priming treatment under control conditions (ABC, 
DWC, PUC, SAC) compared to the control (ABC). Althouhg 
after FV treatment (ABFV, DWFV, PUFV, SAFV), the seed 
soaking treatments decreased the levels of SPD and SPM, 
the DAP concentration did not increase. While after FG 
infection, in the susceptible genotype, the DAP level was 
almost doubled (ABFG) compared to the ABC, the DWFG, 
SAFG or PUFG pre-treatments alleviated this accumulation 
up to the lowest extent in the case of PUT priming (where 
the highest SPM accumulation was found). In contrast, in 
the tolerant genotype (EXPMV02), the seed soaking treat-
ments significantly decreased the DAP accumulation after 

Table 3   Two-way ANOVA for the effects of the different treatments 
on 1,3 diaminopropane, putrescine, spermidine, spermine content of 
coleoptiles in the susceptible (EXPMV01) and tolerant (EXPMV02) 
maize genotypes (AB = no soaking, DW = soaking with destilled 

water, SA = soaking with salicylic acid, PU = soaking with putrescine, 
FV = F. verticillioides infection, FG = F. graminearum infection. *** 
and * indicate significant differences at p < 0.001 and p < 0.05 levels, 
respectively

Factor df Coleoptile

DAP PUT SPD SPM

MS

Genotypes 1 1,889,265.40*** 748,222.88*** 792,971.14*** 285,741.54***
Treatments 11 153,083.89*** 102,946.16*** 42,701.69*** 352,079.60***
Genotypes x Treat-

ments
11 19,903.09* 38,007.60*** 46,364.65*** 81,842.54***

Residual 46 9381.76 4737.94 2729.68 4654.42

Table 4   Two-way ANOVA for the effects of different treatments 
on 1,3 diaminopropane, putrescine, spermidine, spermine content 
of radicle in the susceptible (EXPMV01) and tolerant (EXPMV02) 
maize genotypes (AB = no soaking, DW = soaking with destilled 

water, SA = soaking with salicylic acid, PU = soaking with putrescine, 
FV = F. verticillioides infection, FG = F. graminearum infection. *** 
indicates significant differences at p < 0.001 level

Factor df Radicle

DAP PUT SPD SPM

MS

Genotypes 1 101,241.45*** 559,289.02*** 56,822.81*** 157,505.08***
Treatments 11 8943.77*** 287,374.84*** 17,766.22*** 67,414.78***
Genotypes x Treatments 11 7831.97*** 102,306.25*** 5520.35*** 7346.13***
Residual 46 1347.94 9480.47 827.87 732.09
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both Fusarium treatments. In addition, after FG infection, 
despite the observed SPD and SPM accumulation in PUT 
pre-treated samples, no increase was found in the DAP con-
tent compared to adequate control (ABFG) (Fig. 2D).

All three factors significantly influenced (p = 0.1%) the 
amounts of DAP, PUT, SPD and SPM measured in the 
coleoptile, although the results for DAP were affected by the 
genotypes × treatments only at p = 5%. Except for SPM, the 
results were mostly impacted by the genotypes. The amount 
of SPM was mostly influenced by the treatments, while the 
effects of the treatments on the other parameters had only 
secondary relevance. The combined effect of the two fac-
tors (genotypes × treatments) had the lowest influence on the 
measured values (Table 3).

Pathogen lifestyle influenced the polyamine content 
of the radicle more significantly than the genotype 
or seed‑priming

As it was found in the coleoptile, similar general tendency 
in the changes of PA levels was observed in the radicle of 
the two genotypes (Fig. 3). Pronounced differences were 
detected rather between the FV- and FG-induced stress 
responses in both lines.

The FV infection (ABFV) alone increased the level of 
PUT (Fig. 3A) in both genotypes and the level of SPD 
(Fig. 3B) in the tolerant one (EXPMV02), while the con-
centration of SPM (Fig. 3C) decreased especially in the 
tolerant line compared to the absolute control (ABC). The 
DAP content did not change significantly in either genotype 
(Fig. 3D). Similarly, as it was described for the coleoptile, 
the FG infection induced more pronounced changes regard-
less of the degree of tolerance in both genotypes, namely 
high accumulation of PUT, but a decrease in SPD and SPM 
contents. The level of DAP increased only in the tolerant 
genotypes (EXPMV02) after FG infection compared to 
ABC.

Among the seed soaking treatments, under control 
conditions (DWC, SAC and PUC), the DW and PUT pre-
treatments had similar effects, while the SA induced partly 
different changes in both lines. DW and PUT priming 
increased the level of PUT (Fig. 3A) in both genotypes but 
could increase the SPD level (Fig. 3B) only in the toler-
ant one (EXPMV02) compared to the control (ABC). The 
effect of the SA seed soaking was partly opposite: it only 
slightly raised the PUT content in the susceptible genotype 
(EXPMV01) but did not cause any changes in the tolerant 
one, whereas the SPD level lowered in the susceptible geno-
type and the tolerant one (EXPMV02) was not affected by 
the treatment compared to the ABC treatment. The SAC and 
PUC pre-treatments decreased the SPM content in the sus-
ceptible line (EXPMV01), while all the primings resulted in 
a decline for the tolerant line (Fig. 3C). The DAP amount did 

not change after the seed soaking treatments under control 
condition (Fig. 3D).

When seed soaking treatments were followed by FV 
infection, similar levels of PUT were detected to the cor-
responding control samples under control conditions (DWC, 
SAC and PUC), in both genotypes (Fig. 3A). Despite some 
statistically significant changes in the SPD content, the com-
bined seed soaking and FV treatment did not induce remark-
able changes either compared to adequate control (ABFV) 
(Fig. 3B). While the level of SPM was decreased by all the 
pre-treatments in both genotypes, and as the ABFV itself 
lowered the SPM concentration, the seed soaking treatments 
induced further drop in it (Fig. 3C). Among the pre-treat-
ments only the DWFV seed soaking could induce a decrease 
in the DAP level during the FV infection for the tolerant 
genotype (EXPMV02) compared to the FV treatment alone 
(ABFV) (Fig. 3D).

When the FG treatment was followed the seed pre-treat-
ments in the susceptible genotype (EXPMV01), the PUT 
and SPD content did not change, and the SPM content 
increased only in the case of the PUFG priming compared 
to adequte control (ABFG). The DAP content was decreased 
by DWFG and SAFG pre-treatments compared to that of the 
FG treatment alone (ABFG) in the susceptible genotype. In 
the tolerant line, (EXPMV02) SAFG and PUFG decreased 
the PUT level, DWFG increased the SPD level, SAFG and 
PUFG increased the SPM level, and all the pre-treatments 
decreased the DAP content compared to that of the ABFG-
treated one (Fig. 3A–D).

The amounts of DAP, PUT, SPD and SPM measured in 
the radicle were significantly affected by all three factors 
(p = 0.1%). The genotypes had the greatest influence on the 
results followed by the treatments and then the combined 
effect of the genotypes × treatments (Table 4).

Discussion

PAs can have adverse roles: on the one hand, they serve as 
nutrients from the host cell to support fungal growth; on 
the other hand, however, they can limit the fungal spread. 
It can also be concluded that their accumulation and oxida-
tion or even the back-conversion leads to H2O2 production, 
which steps are, not equally intensive during plant responses 
induced by biotrophic or necrotrophic pathogens. These 
responses play a beneficial role in plant defence mecha-
nisms against biotrophic pathogens, while help the spread 
of necrotrophic pathogens (Pál and Janda 2017). Therefore, 
the fungi-induced modulation of host cell PA metabolism 
may lead to significant changes in the host’s susceptibility to 
different pathogens. However, the role of PA metabolism in 
the tolerance of plants to pathogens with different lifestyles 
is still not clear. Based on this, in the present study, our aim 
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was to reveal the influence of the pathogenic lifestyle of 
Fusarium infection on the PA contents in two maize geno-
types with different degree of tolerance. Particular attention 
was paid to investigate the effects of SA and PUT seed-prim-
ing on the tolerance manifested in the biomass parameters of 
the seedlings. In addition, it was also examined how these 
seed soaking pre-treatments influenced the PA metabolism 
related to the putative protective effect.

The infection with the hemibiotrophic FV in itself did 
not induce pronounced changes in the PA pool, except for a 
decrease in the SPM content in both the coleoptile and radi-
cle. As the changes in PUT content were smaller than that of 
the SPD and SPM, the dominant role of the back-conversion 
of SPD/SPM to PUT could be excluded. Thus, the lowered 
level of higher PAs may be explained by their decreased 
synthesis, indicating that the inhibition of PA synthesis can 
be an important element in the defence mechanism against 
the hemibiotrophic fungi in both genotypes. Rodríguez-
Kessler et al. (2008) analysed changes in the polyamine 
metabolism of maize in tumours formed during interaction 
with the biotrophic pathogenic fungus Ustilago maydis. In 
the tumour zone, 2:1 ratio of conjugated to free PUT was 
observed. These data suggest that the accumulation of con-
jugated PUT may play a dual role in the pathosystem of U. 
maydis. On the one hand, it promotes the accumulation of an 
antifungal agent involved in defence responses. On the other 
hand, it serves as a mechanism to reduce the level of free 
PAs that are prevalent in tumour growth. Investigation on 
the infection of tobacco with two biotrophic (Peronospora 
tabacina, Erysiphe cichoracearum) and a saprotrophic fun-
gus (Alternaria tenuis), a bacterium (Pseudomonas tabaci) 
and a virus (TMV) Edreva (1997), revealed a reduction in 
the PA content of the infected tobacco leaves was observed 
compared to the control treatment. It was concluded that 
the extent of the reduction did not depend on the type of 
pathogens, but on the severity of the damage. It was also 
found that the decrease in PA content could be considered 
as a general response of tobacco to pathogen damage. In a 
recent review, it as summarised the role of PAs in plant dis-
ease resistance, with highlighting, among others, the role of 
H2O2 as a signalling molecule produced during the oxidation 
of PAs in addition to DAP accumulation (Takahashi 2016). 
In the present study the FG treatment itself, parallel with the 
decrease in SPD and SPM, induced DAP accumulation and 
a slight increase in PUT contents in both genotypes. These 
results confirmed that FG induced a more intensive terminal 
catabolism during the necrotrophic infection, which in turn 
increased the level of H2O2. Nevertheless, the increment in 
PUT level can be explained by the back-conversion or the 
decreased synthesis of higher polyamines or the induced 
PUT synthesis. Gardiner et al. (2010) also investigated the 
relationship between Fusarium graminearum infection and 
PAs. In their studies, PA content increased in infected plants 

and it was found that the increased PUT content may con-
tribute to DON toxin production. In an investigation of the 
relationship between the also necrotrophic Aspergillus flavus 
infection and PA content, the high SPD/PUT ratio of the 
resistant lines compared to the susceptible ones suggested a 
possible role for host SPD in resistance to A. flavus aflatoxin 
production (Majumdar et al. 2019). Namely, a higher SPD 
content contributes to its greater availability for catabolism, 
conjugation and other regulatory roles. Overall, based on 
our results, it can be concluded that although there were 
some initial differences in the PA contents between the two 
genotypes, the degree of tolerance to Fusarium infection is 
not related to the changes in the PA contents, as FV or FG 
induced similar changes both in the tolerant (EXPMV02) 
and susceptible genotypes (EXPMV01), respectively. Mon-
tilla-Bascón et al. (2014) tested susceptible and resistant oat 
cultivars to biotrophic powdery mildew (Blumeria graminis 
f. sp. avenae) and found higher levels of PUT in susceptible 
cultivars than in resistant cultivars, while SPD content was 
higher in resistant cultivars than in susceptible ones. Among 
susceptible and resistant maize lines infected with necro-
trophic Aspergillus flavus, higher levels of SPD and SPM 
were measured in resistant lines (Majumdar et al. 2019). 
In the present study, however, remarkable difference could 
be detected between the PA metabolism responses induced 
by the two Fusarium pathogens. DAP accumulation was 
induced only under FG infection, which was accompanied 
by a decrease in higher PA contents. This means that during 
the breakdown of SPD and SPM, a large amount of H2O2 
can also accumulate in addition to DAP, which in turn can 
promote the spread of a necrotrophic fungus.

Based on the FW values, seed soaking treatments were 
beneficial against FV infection in both lines, while it had 
positive effects against FG infection only in the case of the 
tolerant genotype (EXPMV02). The biostimulating effect 
of SA and PUT seed soaking was also revealed in maize 
and wheat under normal growth conditions (Szalai et al. 
2016; Tajti et al. 2018). In both cases, the positive effect 
was accompanied by the beneficial increment of PA con-
tents. The two genotypes mostly responded similarly to the 
pre-treatments, but seed-primings with DW, SA or PUT had 
different effects on the PA levels under control condition and 
when it was followed by Fusarium infection. Remarkable 
differences were observed after SA seed soaking during the 
FG infection, as the PUT content increased dramatically in 
the susceptible genotype (EXPMV01) but it did not change 
in the tolerant one (EXPMV02) compared to the adequate 
SAC samples. Interestingly, an opposite tendency was 
observed for the SPD content also after SA pre-treatment 
under FG infection, as in the susceptible line (EXPMV01) 
it was decreased, but in the tolerant one (EXPMV02), it was 
increased. In the tolerant genotype (EXPMV02), under con-
trol condition, the seed soaking treatments already decreased 
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the SPD and SPM content, which was not followed by the 
increase in PUT or DAP content. This means that neither 
the catabolism nor the back-conversion were activated, but 
the synthesis of the higher PAs was inhibited. The FV itself 
decreased the SPM level, and when it was preceded by seed 
soaking, the SPD and SPM contents decreased, but the DAP 
level, too. During the FG infection, the accumulation of DAP 
was reduced by the seed soaking treatments, especially SA 
and PUT pre-treatments most pronouncedly in the coleoptile 
in both genotypes. Moreover, PUT seed soaking increased 
the amount of SPM in the susceptible (EXPMV01) and the 
tolerant lines (EXPMV02). Therefore, the increased total PA 
amount with the decreased catabolism can be responsible for 
the beneficial effect of the seed soaking against the necro-
trophic pathogen. Nevertheless, in the coleoptile of the tol-
erant genotype (EXPMV02), seed soaking treatments were 
also able to reduce DAP accumulation during FV infection, 
even though FV alone did not increase its amount.

Conclusions for future biology

PAs have important role in the biotic stress responses of 
plants. Plant tissues respond rapidly to the infection with 
pathogens, and the responses can depend on the lifestyle of 
the pathogen. Accumulation of PUT with the decrease in the 
SPD/SPM content, and in turn, their decreased catabolism 
may inhibit the necrotrophic pathogen. At the same time, the 
accumulation of PA and their metabolism lead to increased 
H2O2 content, which prevents the spread of biotrophic path-
ogens. Fine-tuning of PA metabolism is important under 
either condition. Therefore, more precise information on the 
timing and location of changes in PA metabolism is needed 
for the understanding of PA-related resistance.

Application of plant hormones, like SA or biostimu-
lants, such as PAs to seeds is an environmental-friendly 
technique in crop protection, and may protect plants from 
an early age. Seed-priming can induce physiological, tran-
scriptional, metabolic, and epigenetic changes and effec-
tively enhance disease resistance. However, before it can 
be commercially used, several aspects should be eluci-
dated. It is justified, among others, to investigate the dura-
tion of the priming effect and the range of biotic stresses.
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