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The aim of this study was to determine the profile of fungal metabolites and antioxidant
substances from plants on a representative population of wheat cultivars grown in Poland.
Tests were conducted on grain of 23 wheat cultivars in three experimental variants: natural
infection (control), chemical crop protection, and artificial inoculation with the fungi
F graminearum and F. culmorum. Grains were analysed in terms of infection rate, myco-
toxin, ergosterol, free and bound phenolic acid content, as well as antioxidant capacity.
Calculated Fusarium head blight index (FHB index) ranged from 0% to 24% in the control,
from 0% to 95% after inoculation and from 0 to 3% following chemical crop protection
treatments. The highest concentration of ergosterol was detected in seeds from inoculated
plots, with a mean value of 26.69 mg/kg. The highest mean concentration calculated for total
toxin content was recorded after inoculation (7.833 mg/kg). The mean value for ferulic acid
for inoculated samples resulted 2574 mg/kg, while for chemically protected samples 1158
mg/kg was obtained.

Based on of discriminant analysis genotypes can be separated for inoculation 100%, for
chemical crop protection 95%, and for natural infection 90%. Amongst 12 analysed phe-
nolic acids the highest discrimination power was found for gallic acid, 4-hydroxybenzoic
acid and vanillic acid.
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Introduction

Fusarium head blight in cereals is a disease caused by fungi from the genus Fusarium. In
Poland, fusarium head blight in wheat is caused mainly by F. culmorum, F. graminearum
and F. avenaceum (Bottalico 1998). Fungi causing fusarium head blight (FHB) produce
numerous metabolites called mycotoxins. The most important and most frequent myco-
toxins found in Polish cereal grain are trichothecenes: primarily deoxynivalenol (DON)
and nivalenol (NIV) (Bottalico 1998; Perkowski 1999). Since processes of mycotoxin
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inactivation and elimination are costly, time- and labour-consuming, it is most desirable
to focus on preventing their formation. It comprises three stages: the first is selection of
appropriate cultivars, the second includes cultivation factors, and the third is related to
proper grain storage. The most effective methods to reduce losses caused by fusarium
head blight in wheat are focusing on application of crop rotation as well as chemical and
biological control of disease. Colla et al. (2012) suggest that current EU regulation can
lead to further and significant reductions of the available crop protection portfolio, result-
ing in the loss of active ingredients, having additional impact on the registration of novel
products. In this situation the most desirable approach is to grow cultivars resistant to
Fusarium, characterised by low DON accumulation in grain (Bartok and Lamper 2003;
Chrpova et al. 2010). The resistance to fusarium head blight is influenced by many fac-
tors, such as climatic conditions and defence mechanisms in plants. Schaafsma and
Hooker (2007) stated, that environment effects accounted for 48% of the variation in
deoxynivalenol (DON) across all fields, followed by variety (27%), and previous crop
(14 to 28%). Additionally, mycotoxin contamination can be divided into that occurring in
the developing crop and after maturation which correspond approximately to pre- and
post-harvest, respectively (Paterson and Lima 2010).

Head infection, yield, yield components and the percentage of Fusarium-infected
grains were determined in many studies connected with FHB (Homdork et al. 2000). With
the development of chemical methods, the assessment of plant resistance to fusarium
head blight started to be supplemented with chemical analyses, which facilitated the de-
termination of mycotoxin concentrations in grain (Kubo et al. 2014).

Because FHB symptoms and Fusarium trichothecenes levels are not always correlat-
ed, breeding for FHB-resistant wheat varieties with lower grain mycotoxin levels is not
straightforward and presents some difficulties. This is due to the fact that the mechanisms
of plant resistance may also be influenced by other factors such as phenolic acids and
other substances with antioxidant properties (Boutigny et al. 2008). In infested cells of
plant tissues, the enzymes of biosynthesis of phenolic compounds are activated. In the
period preceding pathogen sporulation, the nucleic acid metabolism of the host also
changes. The formed phenolic compounds accumulate around the sites of pathogen pen-
etration. As a consequence this process leads to parasite toxication and to necrosis of in-
fested tissues. It is a typical defense response of plants to a pathogen infection.

For this reason it was decided to investigate contents of metabolites, not only fungal,
but also those formed in plants as a result of the action of different stressors. In order to
collect adequate testing material, model studies were conducted consisting in the natural
infestation, full chemical crop protection and inoculation with fungi from the genus
Fusarium (F. culmorum and F. graminearum). The construction of a model based on a
comprehensive statistical analysis may provide grounds for a description of susceptibility
or resistance in individual wheat cultivars.

The aim of this study was to analyse the profile of fungal and plant metabolites, as well
as antioxidant capacity of wheat cultivars. The analysis of ergosterol (ERG) as chemical
fungal level indicator, mycotoxins from the group of trichothecenes and plant metabo-
lites: 12 phenolic acids and free phenolic acids were conducted.
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Materials and Methods
Plant material

Twenty-three genotypes of winter wheat (7riticum aestivum L.) have been included in the
study on the base of their resistance to Fusarium. A total of 13 wheat genotypes presented
in Table S1* were provided by Polish plant breeding companies. Three lines were
(82/2011, 83/2011 and 91/2011) selected at the Department of Genetics and Plant Breed-
ing, Poznan University of Life Sciences. The other seven genotypes are cultivars and
lines originated from Germany, the Czech Republic, Austria, Holland, Hungary, and Swe-
den, which are used in breeding of winter wheat as sources of resistance to Fusarium.

Field trial

The field experiment was randomized block system with 23 wheat genotypes and had 2

factors the variant of protection and the wheat genotype. All wheat genotypes were sown

into 3 m? plots in 3 replications in three different variants of protection:

1. natural infection (control) — (K);

2. chemical crop protection by fungicide application Duet Ultra 497 SC 0.6 1/ha, and
Capalo 337.5 SE 2 I/ha (OCH);

3. inoculation with fungi from the genus Fusarium (I).

The inoculum was produced from 6 Fusarium isolates exhibiting high pathogenicity, i.e.
3 isolates each obtained from F. graminearum and F. culmorum, with the isolates being
preliminarily tested in field experiments. Spore concentration was established at approx.
109 spores per ml. Next suspensions of all isolates were mixed.

Wheat heads were sprayed with the spore suspension at anthesis phonological stage at
a rate of 100 ml/m?. Inoculations were performed individually on each plot at anthesis
emergence, and repeated 3 days later at full anthesis stage. Plot disease severity for a
population of approximately 200 spikes per plot was estimated for both incidence (per-
centage of infected spikes) and severity (percentage of infected spikelets of the diseased
spikes). An FHB index (incidence X severity)/100 was calculated to assess plot severity
(Groth et al. 1999).

From all genotypes 200 g bulk samples were collected, from which a subsample of
100 g grain was used in further analysis.

Analytical methods

Ergosterol was determined by high-performance liquid chromatography (HPLC).
A detailed evaluation of the method was given in a study by Perkowski et al. (2008).

Grain samples were analysed for the presence of trichothecenes according to Perkow-
ski et al. (2003).

*Further details about the Electronic Supplementary Material (ESM) can be found at the end of the article.
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For analysis of free phenolic acids samples of 50 g were collected. Samples were
ground using a laboratory mill (WZ-1) and phenolic compounds were extracted with 80%
MeOH. Samples of 10 g after flooding with 100 ml MeOH were placed in an ultrasound
bath for 30 min, then the precipitate was collected to distillation flasks and the extraction
process was repeated three times. Next the combined extracts were evaporated to dryness
in an evaporator. Phenolic compounds were transferred quantitatively to a vial using
MeOH and dried in a stream of nitrogen. Total content of polyphenols was assayed ac-
cording to Heimler et al. (2010). The amounts of 0.5 ml of deionized water and 0.125 ml
of Folin-Ciocalteu reagent (Fluka) (Singleton and Rossi 1965) were added to 0.125 ml of
extract, and after 6 min the mixture was supplemented with 1.25 ml of 7% aqueous
Na,CO; solution and 1 ml of deionized water. After 90 min, absorbance was read at a
wavelength of 760 nm in relation to water (Helios spectrophotometer Thermo Electron
Corp., MA, USA). Results were expressed in mg gallic acid/100 g d.m. sample.

Phenolic acid content was determined as described by Stuper-Szablewska et al. (2014).
Briefly phenolic acids were assayed following basic and next acid hydrolyses. Phenolic
acids were extracted from the inorganic phase using diethyl ether. Analysis of phenolic
acid contents was conducted with a high performance liquid chromatograph (Waters SDS
501) coupled with a Waters 486 Tunable Absorbance Detector. Chromatographic separa-
tion was performed using a RP C18 column, 2504 mmx5 pm. A mixture of acetonitrile:
2% acetic acid in water was applied as the eluting phase (pH = 2) (gradient). Concentra-
tions of 12 phenolic acids were measured using the reference standard at the wavelengths
of 320 nm and 280 nm. The compounds were identified based on a comparison of reten-
tion times of the tested peaks with the retention times of the standard and by adding a
specific amount of the standard to the tested samples, after which the analysis was re-
peated. The limit of detection was 1 pg/g.

Total antioxidant capacity

The method for measuring the FRAP, i.e. “antioxidant power”, was modified for grain
samples according to Gliszczynska-Swigto (2007).

Statistical analysis

Results recorded in the course of the conducted chemical analyses of twenty-three geno-
types of winter wheat (7riticum aestivum L.) were subjected to statistical analysis using
STATISTICA v 8.0 software. In order to compare contents of individual metabolites in
samples, Tukey’s multiple comparison procedure was used, with identical letters in rows
or columns denoting a lack of differences at the significance level o = 0.05. Moreover, a
stepwise linear discriminant analysis (SLDA) was performed in order to separate groups
in the analysed populations and prepare a mathematical model (method used in statistics,
pattern recognition and machine learning to find a linear combination of features that
characterizes or separates two or more classes of objects or events). In this model Estima-
tion of Discriminant Function Coefficients and determination the statistical significance
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and validity were prepared. The aim of discriminant analysis was to separate the experi-
mental group (control, chemical protection and inoculation) based on the data of chemical
analysis. The discriminant equation: F = 0+ p1X1 + p2X2 + ... + fpXp + ¢, where, F is
a latent variable formed by the linear combination of the dependent variable, X1, X2 ,...
Xp are the p independent variables, ¢ is the error term and B0, B1, B2, ..., Bp are the dis-
criminant coefficients.

Results

The experimental model comprised three variants: natural infestation (K), natural infesta-
tion at the application of chemical crop protection (OCH) and inoculation with Fusarium
(I) in order to determine the effect of mass-scale infection on the development of fusa-
rium head blight. Besides the traditional methods, the level of grain contamination was
investigated using the analysis of ergosterol concentration (ERG). Moreover, the contents
of mycotoxins from the group of trichothecenes were analysed quantitatively and quali-
tatively. Apart from these methods considered to be standard for such studies, a quantita-
tive analysis was also conducted for 12 phenolic acids and free phenolic acids, while
additionally the total antioxidant capacity was assessed. It was also decided to subject the
recorded results to comprehensive statistical analysis in order to indicate the effect of
inoculation on the concentration of produced metabolites and to determine their effect on
the resistance response in plants.

Based on the results it was found that the fusarium head blight index (FHB index)
ranged from 0% to 24% in the control, from 0% to 3% following chemical crop protection
treatments and from 0% to 95% in case of inoculation (Table S1). Irrespective of the ex-
perimental variant, the lowest FHB index was recorded for genotypes Ertus, Praag 8,
UNG 136.6.1.1, 20818 and 20816. Three of them are derived from genotype Sumai 3, a
highly resistant spring wheat from China. Most registered Polish cultivars had low FHB
index values at the application of chemical crop protection, while artificial inoculation
caused a very high increase in the infestation rate, ranging from 50 to 95% FHB index.

The highest concentration of ergosterol was detected in seeds from inoculated plots,
with a mean value of 26.69 mg/kg (Table 1). Approximately 3 times less ergosterol con-
tent was detected in the samples from control and chemically protected plants, with mean
concentrations of this metabolite of 7.03 mg/kg and 9.93 mg/kg. No significant differ-
ences were found between after the control and chemical crop protection treatments.
However, highly significant differences were observed between the concentrations of this
fungal metabolite after inoculation in relation to the two other groups. Similar differences
between variants of the experiment were observed for the mean concentration of total
trichothecenes. The highest mean concentration calculated for total toxin content was
recorded at Fusarium inoculation treatment (7.833 mg/kg), while approx. 11 times lower
amounts of mycotoxins were detected in the control and chemically protected plots
(Table 1). There were significant differences in mean contents of DON and 3-AcDON
between the inoculated group, and the control and the chemically protected group. In the
case of the other toxins detected at slight concentrations, i.e. FUS-X, 15-AcDON and
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Figure 1. Percentage comparison of ferulic acid contents (mg/kg)

NIV, no statistically significant differences were recorded between mean concentrations
of these toxins.

Significant differences in the contents of individual phenolic acids between cultivars
within each experimental variant were observed (Fig. S1). The highest concentrations
were recorded for ferulic acid in all samples, the mean value for inoculated samples was
2574 mg/kg, while for chemically protected samples it was lower (1158 mg/kg). The low-
est concentration of this compound was recorded for the control (780 mg/kg).

In grain the content of ferulic acid was on average 377.8 ug/g for the control that
proved lower in comparison to the chemical protection treatments (Table 2, Fig. 1). Con-

100%
m I
K

Figure 2. Percentage comparison of antioxidant capacity determined by ABTS (umol TROLOX/100g d.m.) in
the control, inoculated and chemically protected samples for 23 wheat genotypes
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E
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Figure 3. Canonical analysis of antioxidant capacity, free phenolic acids and phenolic acids in the control (K),

chemically protected samples (OCH) and inoculated (I). (gallic acid Wilk’s lambda: 0.0246, 4-hydroxybenzoic

acid Wilk’s lambda: 0.0217, vanillic acid Wilk’s lambda: 0.0205, syringic acid Wilk’s lambda: 0.0200, ¢-cin-
namic acid Wilk’s lambda: 0.0273 and benzoic acid Wilk’s lambda: 0.0212)

tents of phenolic acids and ergosterol were also lower compared to the chemical protec-
tion treatment samples. Contents of ferulic acid, total phenolic acids and ergosterol (ERG)
in grain for inoculation treatment increased in relation to chemically treated plants. Reac-
tion to inoculation was related to genotypes of wheat and its resistance to infection by
Fusarium. Many genotypes highly infected by Fusarium such as Muszelka, SMH and
KBP. These lines were characterized by a very high increase of ferulic acid content after
inoculation (Table S1). On the other hand, many resistant genotypes (Ertus, Fregate,
UNG 136.6.1.1) reacted to a lower increase in the synthesis of ferulic acid after inocula-
tion. Accordingly, the correlations for three and six genotypes with the largest and small-
est FHB index were calculated (Table S2). In 3 genotypes with the highest FHB index the
increase of ferulic acid was 326.6%, and the total phenolic acids was 307%; while in 3 the
most resistant genotypes it was 121.7% for ferulic acid and 121.7% for total phenolic
acids (Table S2).

Analyses of free phenolic acids (FPA) (Table 2) also showed significant differences in
their contents between the tested populations of samples. The highest levels of free phe-
nolic acids, similarly to bound phenolic acids, were recorded in samples of inoculated
grain. This is probably due to the anti-stress effect caused in plants subjected to inocula-
tion. In the case of antioxidant capacity analysed using three methods, its highest level
was recorded in inoculated samples (I), while it was respectively lower for the control
populations K and chemically protected populations OCH. Only ABTS showed statisti-
cally significant differences between all the groups (Fig. 2). The other methods differenti-
ated significantly only groups K and OCH from group I (Table 2).

In all the experimental combinations, highly significant correlation was observed be-
tween contents of ferulic acid and total phenolic acids and between spike infestation pa-
rameters at o = 0.05.

Comparing acid profiles analysed, different behaviour was found to the stressor, which
is the inoculation itself. In order to reflect changes in the content of individual fatty acids
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mathematical operation was performed. This operation involved the subtraction of the
average content of each fatty acid in control and inoculated samples. On the basis of the
resulting graph (Fig. 3) showed that the phenolic acids, with the exception of the new
syringic acid, vanillin and p-coumaric are produced by the plant when fungal infection in
a higher concentration than in its growth-free natural stressor (differential negative) as
proposed by Wojcieszynska et al. (2013). Caffeic acid concentration in plant tissues was
not affected by infection.

In order to investigate the interrelations between results of chemical assays, they were
analysed statistically to construct a mathematical model in order to determine which of
the investigated and assayed chemical compounds have the greatest discrimination power
resulting in the separation of the three analysed populations: K, I and OCH. The assumed
mathematical model was based on the step-wise discrimination analysis. The model was
supplemented successively with all the metabolites. Firstly the level of contamination
with fungi (ERG) and mycotoxins (concentration of trichothecenes) was analysed. Phe-
nolic acids, free phenolic acids and antioxidant capacity were combined in the canonical
analysis (Fig. 2). The obtained separation of the analysed genotypes between the tested
populations was high; for samples I it was 100%, for OCH it was 95%, and for K it was
90%. Amongst 12 analyzed phenolic acids the highest discrimination power was found
for gallic acid, 4-hydroxybenzoic acid and vanillic acid (Fig. 3).

Discussion

The mean concentration of group B trichothecenes and some phenolic acids, including
ferulic acid was higher after OCH treatment than in natural infection. It is very difficult to
refer to this fact in view of the results collected so far. The observed differences between
contents of fungal metabolites and phenolic acids between the population of K and OCH
samples may be explained by the fact that sublethal concentrations of fungicides trigger
trichothecene biosynthesis (Ochiai et al. 2007; Miillenborn et al. 2008). On the other
hand, all fungicides (prothioconazole, tebuconazole, metconazole and prothioconazole +
tebuconazole) used in the study reduced FHB index and deoxynivalenol (DON) levels
according to Amarasinghe et al. (2013).

Some authors stated that although some of the fungicides are ineffective against FHB,
some have been shown to stimulate DON and NIV production particularly at sub-optimal
fungal growth conditions and low fungicide dosage (Jennings et al. 2000; Magan et al.
2002). Magan et al. (2002) suggested that environmental stress factors, particularly water
availability and temperature, and low fungicide doses, may stimulate mycotoxin produc-
tion by fusaria in vitro and in wheat grain. Mesterhazy et al. (2003) found that fungicide
efficacy in controlling FHB and DON accumulation was greater in more resistant than in
more susceptible winter wheat cultivars.

Resistance mechanisms in plants may be influenced by different factors connected
with plant immunity. In this respect the greatest role is played by antioxidant compounds.
Other authors also indicated the resistance aspect when stressing the role of phenolic
compounds in pathogenesis (Lattanzio et al. 2006). Among these compounds we need to
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focus on ferulic acid, which is found in cereals at the highest concentration. Based on
these observations it was found that phenols have the most significant effect on defence
mechanisms in plants against induced stress occurring during inoculation or chemical
crop protection treatment.

Ferulic acid is a component of non-enzymatic resistance mechanism of the plant. Use
of two stressors which are inoculation and chemical protection caused the plant reaction
to stress factors — higher synthesis of ferulic acid. There were not stressors during the
growing season in the control plots so the plants did not produce big amounts of ferulic
acid.

Considerable differences in contents of ferulic acid, observed in the conducted experi-
ment, may be reflected in genotype differences in resistance to Fusarium. Siranidou et al.
(2002) found that contents of ferulic acid in glumes of cv. ‘Frontana’ resistant to Fusa-
rium was over 2-fold higher than in the sensitive cv. ‘Agent’. These authors stated than
definitely phenolic acids play a role in the resistance of cv. ‘Frontana’ to F. culmorum. In
our study an increase of ferulic acid synthesis after inoculation, compared to control was
related to genotypes of wheat. Increase in ferulic acid between inoculation and control
was more strongly associated with genotypic differences than just the amount of ferulic
acid in grains. Bily et al. (2003) stated that ferulic acid influences the pathway of synthe-
sis for mycotoxins produced by Fusarium. It was concluded that ferulic acid in resistance
reactions of wheat to infections caused by Fusarium sp. influences the amount of Fusar-
ium toxins produced in grain (Engelhardt et al. 2006). Numerous in vitro experiments
confirmed the inhibitory effect of selected phenolic acids on the production of mycotox-
ins produced, e.g. by Fusarium culmorum or Fusarium verticillioides (Beekrum et al.
2003; Boutigny et al. 2010).

FHB index is the highest in inoculation treatment, lower in control treatment and the
lowest in OCH treatment due to chemical protection of that plots. Reaction to inoculation
was related to genotypes of wheat and its resistance to infection by Fusarium. Phenolic
acids, with the exception of the new syryngic acid, vanillin and p-coumaric are produced
by the plant in bigger amount after fungal infection. Amongst 12 analysed phenolic acids
the highest discrimination power was found for gallic acid, 4-hydroxybenzoic acid and
vanillic acid. Based on the results it was found that the use of two stressors which are
inoculation and chemical protection caused the plant reaction — higher synthesis of group
B trichothecenes and some phenolic acids, including ferulic acid. Results of this study
indicate a significant effect of mass infection with fungi from the genus Fusarium not
only on the content of ferulic acid, but also other derivatives of cinnamic acid.
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