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Abstract

In the case of biotic and abiotic stresses, natural defence mechanisms are triggered in plants. The mechanisms are based
mainly on enzymatic or non-enzymatic intracellular reactions. Changes in the quantitative profile of 12 phenolic acids, total
bound phenolic acids, total free phenolic acids and antioxidant activity in grain of 23 winter wheat genotypes exposed to
stress (artificial inoculation with spores of fungi from the genus Fusarium or chemical protection) were analysed. Concentra-
tions of ergosterol confirm significantly higher levels of contamination with microscopic fungi in inoculated wheat samples
in comparison to the control and chemically protected samples. The highest concentrations of bound phenolic acids were
recorded in inoculated samples while the control and chemically protected samples did not differ significantly. Chromato-
graphic analysis of contents of 12 bound phenolic acids showed that significant differences were found for contents of ferulic,
synapic, t-cinnamic and 4-hydroxybenzoic acids in experimental variants. Stepwise discriminatory analysis based on the
contents of selected bound phenolic acids antioxidant activity and free phenolic acids led to a complete separation of the
investigated populations of the experimental groups. The statistical analysis confirmed that free phenolic acids are the most
significant factors in resistance mechanisms as the first line of defence together with their antioxidant action, followed by
the synergistic effect of exogenous bound phenolic acids: ferulic, synapic, t-cinnamic and 4-hydroxybenzoic acids.
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Introduction

Crop plants during the vegetation period are exposed to the
action of biotic and abiotic stresses. The easiest and cheaper
method to prevent losses caused by both biotic and abiotic
stresses is to grow cultivars resistant to diseases and tol-
erating diverse environmental factors [1]. Fusarium head
blight is observed in all cereals grown in central and east-
ern Europe; however, it is the greatest threat for wheat and
maize cultivation [2, 3]. In Poland, fusarium head blight in
wheat is caused mainly by F. culmorum, F. graminearum
and F. avenaceum [4]. Fungal diseases cause direct reduction
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of yields, while deterioration in grain quality results from
the formation of various types of fungal metabolites [5].
The most important and most frequent mycotoxins found in
Poland in cereal grain include type B trichothecenes, primar-
ily deoxynivalenol and nivalenol [4].

In conventional farming systems, wheat is exposed to
fungal infections inducing stress caused both by the pres-
ence of the pathogen and mycotoxins it secretes to plant
tissues. However, to avoid or reduce infection, chemical
pesticides are applied, also leading to stress in plants, even
healthy ones. As a result in the case of fungal infection and
the application of fungicides, we deal with a double stress:
abiotic (fungicide, mycotoxins) and biotic (the presence of
a pathogen).

In such a situation, natural defence mechanisms are trig-
gered in plants. Investigations conducted by the authors
along with a literature review showed that in the case of
abiotic factors the mechanism is based mainly on enzymatic
intracellular reactions. In turn, non-enzymatic mechanisms
are induced in the case of biotic stressors. However, earlier
studies showed that this division is not absolutely clear cut.

@ Springer


http://orcid.org/0000-0002-2214-406X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00217-019-03262-8&domain=pdf

1596

European Food Research and Technology (2019) 245:1595-1603

For this reason, the authors suggest that both these mech-
anisms in the case of the above-mentioned stress factors,
particularly chemical protection, are triggered simultane-
ously, although to a different degree. An additional stress
factor inducing biosynthesis of phenolic acids is connected
with variable atmospheric conditions. In this study, the field
experiment was conducted in a 3-year cycle.

The aim of this study was to determine changes in the
quantitative profile of 12 phenolic acids, total bound phe-
nolic acids, total free phenolic acids and antioxidant activ-
ity in grain of 23 winter wheat genotypes exposed to stress
during cultivation. Stress was caused in two ways: the first
experimental variant consisted in the induction of ear blight
by artificial inoculation with spores of fungi from the genus
Fusarium, while in the other variant chemical protection was
provided by spraying fungicides.

Materials and methods
Location

The field experiment conducted in the years 2011-2013 was
established in Poland, at the Mikulice Breeding and Pro-
duction Station belonging to Matopolska Hodowla Roslin
50°0026.7"N, 22°26"25.2"E and 117 m a.s.L.

Plant material

Twenty-three genotypes of winter wheat (Triticum aestivum
L.) were selected on the basis of their resistance to Fusar-
ium [7]. A total of 13 wheat forms came from Polish plant
breeding companies. Three lines of winter wheat (82/2011,
83/2011 and 91/2011) were selected out at the Department
of Genetics and Plant Breeding, the Poznan University of
Life Sciences. The other seven genotypes are cultivars and
lines coming from six European countries (Germany, the
Czech Republic, Austria, Holland, Hungary and Sweden),
which are used in breeding of winter wheat as sources of
resistance to Fusarium.

Field trial

The experimental designs were randomized blocks with 23
wheat genotypes in the years 2011-2013. The experiment
had two factors: one was the variant of protection and the
other was the wheat genotype. All wheat genotypes were
sown onto 3 m? plots in three replications in three different
variants of protection:

1) control—no chemical crop protection, natural infestation
(K);
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2) no chemical crop protection, inoculation with fungi from
the genus Fusarium (1);

3) full chemical crop protection—fungicides: Duet Ultra
497 SC (epoxyconazole, thiophanate methyl) at a con-
centration of 0.6 l/ha, and Capalo 337.5 SE (fenpropi-
morph, epoxyconazole, metrafenone) at 2 1/ha (POCH).

The inoculum used in inoculation was produced from six
isolates of Fusarium fungi exhibiting high pathogenicity, i.e.
three isolates each obtained from F. graminearum and F. cul-
morum, with the isolates being preliminarily tested in field
experiments. Spore concentration was established at approx.
10° ml. Next suspensions of all isolates were mixed.

Wheat heads at anthesis were sprayed with the spore sus-
pension at a rate of 100 ml/m?. Inoculations were performed
individually on each plot at the beginning of anthesis and
repeated about 3 days later at full anthesis.

From all genotypes, bulk samples of 200 g were collected
at harvest, from which a sample of 100 g grain each was used
in further analyses.

Analytical methods
Analysis of type A and B trichothecenes

Grain samples were analysed for the presence of trichothecenes
according to Stuper-Szablewska and Perkowski [6]. The type
A trichothecenes (H-2 toxin, T-2 toxin, T-2 tetraol) were
analysed as TFAA derivatives. The type B trichothecenes
(DON, NIV, 3-AcDON, 15-AcDON) were analysed as TMS
(trimethylsilylsilyl ethers) derivatives. The analyses were run
on a gas chromatograph (Hewlett Packard GC 6890) hyphen-
ated to a mass spectrometer (Hewlett Packard 5972 A, Wald-
bronn, Germany) using an HP-5SMS, 0.25 mm X 30 m capillary
column.

Analysis of ergosterol

Ergosterol was determined by UPLC as described by Stuper-
Szablewska and Perkowski [6] with some modifications.
The samples were analysed by Aquity H class UPLC system
equipped with a Waters Acquity PDA detector (Waters, USA).
Chromatographic separation was performed on a Acquity
UPLC® BEH C18 column (100mm x 2.1 mm,particle size
1.7 um) (Waters, Ireland) and eluted with methanol/acetoni-
trile/water (85:10:5) at a flow rate of 0.4 ml/min. Ergosterol
was detected with a Waters Acquity PDA detector (Waters,
USA) set at 282 nm.
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Analysis of free phenolic acids

Analysis of phenolic acids. Contents of 12 phenolic acids
were determined as described by Stuper-Szablewska et al.

[7].
Analysis of bound phenolic acids

Analysis of bound phenolic acids was made after alkaline
hydrolysis and acid hydrolysis as described in Stuper-Sza-
blewska et al. [8]. Analysis was performed using an Aquity
H class UPLC system equipped with an Waters Acquity
PDA detector (Waters, USA). Chromatographic separation
was performed on a Acquity UPLC® BEH C18 column
(100 mm X 2.1 mm,particle size 1.7 um) (Waters, Ireland).
A gradient elution was used, following mobile phase compo-
sition: A: acetonitryl with 0.1% formic acid, B: 1% aqueous
formic acid mixture (pH=2). Concentrations of phenolic
compounds were determined using an internal standard at
wavelengths 4=320 nm and 280 nm.

Total antioxidant capacity

The automated method to measure ABTS, i.e. “antioxidant
power”, was modified by Stuper-Szablewska et al. [8].

Statistical analysis

Results recorded in the course of the conducted chemical
analyses were subjected to statistical analysis with the use
of STATISTICA ver. 8.0 software. To compare the contents
of individual metabolites in samples, Tukey’s multiple com-
parison procedure was used. Moreover, a stepwise linear
discriminatory analysis (SLDA) was performed to separate
groups in the analysed populations.

Results and discussion

The experiments on 23 winter wheat genotypes exhibiting
varying resistance [8] were conducted in two aspects. One
consisted in analyses of chemical parameters to determine
the extent of fungal infection. The other line of experiments
comprised analyses of bioactive compounds constituting the
first line of plant response to the action of a stressor. The
experiments were conducted in a 3-year cycle.

In the first stage, the degree of infestation and the level
of mycotoxin contamination in the grain were verified.
Wheat was grown in three experimental variants: the control
(K), inoculation (I) and full chemical protection (POCH).
Experimental conditions were described in “Materials and
Methods”. Thus, the collected grain was analysed chemi-
cally to determine the level of mycotoxin contamination

with type B trichothecenes. Statistically significant differ-
ences were found between the concentrations of all analysed
mycotoxins for the inoculated variant, while no differences
were observed in the control variants and those subjected to
chemical protection (Table 1). At the same time, recorded
results showed that inoculation with Fusarium fungi was
progressing in a typical manner, resulting in a significant
increase in trichothecene concentrations in wheat grain. This
trend was repeated in a 3-year cycle. A significantly higher
mycotoxin level was recorded in samples of inoculated grain
in 2011. This was caused by the weather conditions promot-
ing the development of late ear blight.

The mean annual precipitation levels ranged from
441 mm in 2012 to 595 mm in 2011. Climate data referring
to the productive period are shown in Fig. 1. The period
from April to July was characterized by high precipitation
total in 2011 (415 mm), drought in 2012 (189 mm) and opti-
mal precipitation total in 2013 (235 mm). In all the years
of the study, temperatures in the period from April to July
were comparable.

Concentrations of ergosterol (ERG) presented in Table 1
also confirm significantly higher levels of contamination
with microscopic fungi in inoculated wheat samples in com-
parison to the control and chemically protected samples. In
the case of this chemical marker for the infestation level, sta-
tistically significant differences were also observed between
chemically protected and control samples. ERG is a marker
both for dead and live mycelium; thus, these results indicate
that fungal infection may have been developing prior to fun-
gicide application and the administration of chemical protec-
tion inhibited the development of infection and biosynthe-
sis of mycotoxins. When comparing the results between the
years of the study 2011 was found to differ significantly from
the other 2 years in terms of contamination with microscopic
fungi. Knowing the degree of infestation and mycotoxin con-
tamination, the levels of selected bioactive compounds and
antioxidant activity were analysed.

Literature data and earlier studies indicated a signifi-
cant share of phenolic acids in the non-enzymatic resist-
ance mechanism in plants exposed to biotic stressors. To
date, it has been postulated that antioxidative reactions are
activated in the case of plant infection [9-13]. Concen-
trations of bound and free phenolic acids were analysed
(Fig. 2a, b). Comparable trends were observed in each year
of the experiments. The highest concentrations of bound
phenolic acids were recorded in inoculated samples. The
control and chemically protected samples did not differ
significantly. In 2011, contents of bound phenolic acids
were 1.5-fold higher in inoculated samples in comparison
to K and POCH samples. In the following years, that dif-
ference was on average 2.3-fold. The trends for the con-
centrations of free phenolic acids analysed next were dif-
ferent (Fig. 2b). In 2011, the highest concentrations were
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Table 1 Mean concentrations of ergosterol (ERG) (mg/kg) and type B trichothecenes (mg/kg) (TRICH B) (mg/kg) in samples of 23 winter
wheat genotypes for three experimental variants in the years 2011-2013

1
1 Mar Vay Juy SL;MIJ b o | HJt

an

(mg/kg)
Variant ~ ERG DON FUS-X 3AcDON 15AcDON NIV Suma TRICH B
2011
K 1.68-8.67 0.01-0.06 0.005-0.012 0.000-0.014 0.001-0.018 0.010-0.255 0.025-0.314
497a+1.235 0.0432+0.0981 0.010a+0.0013  0.008a+0.0028 0.09a+0.0086  0.105a+0.0967  0.256a=+0.0264
I 6.69-102.95 0.74-20.33 0.027-0.040 0.014-0.534 0.014-0.065 0.029-0.615 0.882-20.83
30.00c+21.519 10.07b+4.8993 0.031b+0.0042  0.156c+0.1203  0.032¢+0.0135  0.259b+0.1275 10.548c +4.9601
POCH 3.10-10.66 0.034-1.442 0.000-0.049 0.000-0.095 0.001-0.033 0.012-0.455 0.051-2.566
8.04b+0.140 0.62a+0.1185 0.024b+0.0105 0.052b+0.0170  0.019b+0.0206  0.108a+0.0373  0.823b+0.5212
2012
K 1.38-30.70 0.03-1.65 0.00-0.034 0.00-0.17 0.008-0.049 0.008-0.563 0.078-1.681
7.03a+5.725 0.25a+0.361 0.015a+0.0146  0.054a+0.0514 0.021a+0.012  0.085a+0.1257  0.433a+0.4167
I 5.91-90.24 1.48-18.27 0.024-0.036 0.013-0.485 0.013-0.059 0.026-0.559 1.610-18.71
26.69b+19.602 7.54b+4.129 0.028b+0.0037  0.141b+0.1091  0.029b+0.0125 0.138b+0.1165  7.876b+4.1812
POCH 4.88-19.90 0.04-1.16 0.000-0.032 0.001-0.140 0.010-0.049 0.024-0.735 0.103-1.327
9.9a+3.797 0.48a+0.314 0.0182+0.0133  0.058a+0.0305  0.027b+£0.0098 0.098a+0.1456  0.681a+0.3523
2013
K 1.69-11.54 0.06-1.56 0.002-0.003 0.001-0.041 0.001-0.005 0.002-0.048 0.071-1.60
4.95a+2.866 0.63a+0.385 0.002a+0.0012  0.012a+0.0092  0.002a+0.0014  0.008a+0.013 0.654a+0.3854
I 9.85-22.4 0.49-16.35 0.01-0.05 0.01-0.58 0.01-0.068 0.030-0.644 0.99-17.091
20.51c+2.02 7.93b+4.367 0.020b+0.0132  0.177b+0.1653  0.028b+0.0173  0.113b+0.0175  8.27b+4.4013
POCH 7.39-13.54 0.44-1.88 0.003-0.004 0.001-0.080 0.002-0.03 0.003-0.058 0.527-1.979
9.98b+1.461 0.88a+0.343 0.003a+0.0031 0.02a+0.0194  0.006a+0.0071  0.016a+0.0167  0.92a+0.3521
a, b, c—Identical letters in the column denote a lack of significant differences at the significance level 0.05
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recorded in inoculated and chemically protected samples
with no significant differences found between them. In
the control samples, the amounts of free phenolic acids
assayed in the grain were two times lower. In the years
2012-2013, significant differences were observed in terms
of contents of free phenolic acids in grain between all the
three experimental variants. However, this trend was simi-
lar to that for bound phenolic acids, i.e. inoculated samples

2011

contained the greatest amounts of free phenolic acids.
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The next stage in the study was to determine antioxidant
activity of wheat grain extracts coming from the three inves-
tigated experimental variants. The results (Fig. 2c) showed
similar trends comparable to those for bound phenolic acids.
In the case of K and POCH samples, they showed signifi-
cantly higher activities than extracts from I samples, while
additionally the two former did not differ statistically.

Finally, the chromatographic analysis of contents

of 12 bound phenolic acids was carried out. As it was
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(a), free phenolic acids FPA (mg GAE /kg) (b) and ABTS (umol
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shown earlier [8], these acids are essential for resistance
responses of wheat. It was not only ferulic acid, as it had
been postulated before, but also the synergistic effect of
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the years. a, b, c identical letters denote a lack of significant differ-
ences at the significance level of 0.05

ferulic, synapic, t-cinnamic and 4-hydroxybenzoic acids.
Based on the results (Table 2), significant differences
were found for contents of these acids in all the three
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Table 2 Contents of
phenylcarboxylic acids (mg/kg)
in samples of 23 winter wheat
genotypes for 3 experimental
variants in the years 2011-2013

experimental variants. The other analysed acids showed
no quantitative differences between the K, I and POCH

(mg/kg)
Variant Gallic 4-Hydroxybenzoic Vanillic Syringic Vanillin Benzoic
2011
K 41-147 10-314 6-61 19-95 16-36 39-119
86b+21.7 1670 +47.3 28a+13.8 29a+10.2 19a+8.1 78b+31.7
I 33-111 36-219 0-59 0-28 0-19 20-88
80a+20.5 128a+50.3 19a+18.7 7a+9.3 6a+7.7 55a+20.3
POCH  24-96 21-107 14-73 9-24 14-26 34-79
72a+169  99a+31.8 34a+21.4 12a+6.7 10a+4.3 40a+19.2
2012
K 0-51 0-308 0-64 0-67 29-129 0-81
2la+14.7 54a+60.9 28a+20.0 37a+18.2 50a+224  38a+27.1
I 30-92 0-212 0-77 0-83 10-49 26-83
70b+18.1 113b+£65.8 39a+26.4 15a+24.2 32a+9.5 56ab+16.9
POCH  0-128 0-99 0-89 0-67 16-96 0-69
43a+36.6  46a+28.2 42a+30.5 25a+17.0  33a+182  28a+224
2013
K 10-130 7-89 0-65 045 0-61 7-80
64b+358  41la+225 24a+15.7 26a+13.9 33a+147  40a+18.7
I 48-101 7-272 6-100 6-97 37-100 30-100
82c+14.3 130b+71.3 53b+29.1 47c+264  60b+15.8  60b+18.0
POCH  0-47 0-171 0-44 0-76 33-97 13-97
20a+14.3 38a+42.0 19a+13.8 39b+23.2  46a+18.0  48a+18.6

a, b, c—identical letters in the column denote a lack of significant differences at the significance level

samples (Tables 2, 3). Variant I showed on average a four-

fold greater content of ferulic acid in comparison to K

Table 3 Contents of
phenylacrylic acids (mg/kg)

in samples of 23 winter wheat
genotypes for 3 experimental
variants in the years 2011-2013

@ Springer

samples. In the case of POCH samples, this difference was
on average twofold.

The experimental variants have been based for comprised

statistical analysis of the results in order to identify among

Variant Chlorogenic  Caffeic p-Coumaric  Ferulic Sinapic t-Cinnamic
2011
K 49-73 15-79 26-180 546-1043 147-387 130-526
50a+24.0 59a+284  73a+29.3 844a+191.2 295a+79.0 297a+100.7
I 30-64 1-91 15-160 478-3091 152-843 192-611
42a+8.1 43a+24.6  54a+37.0 2248c+673.1  365B+191.6  340b+101.6
POCH 26-70 14-82 36-172 1041-1835 136-725 110434
52a+10.1 53a+17.3  68a+26.5 1792b+144.5  285a+88.7 277a+149.0
2012
K 0-75 0-105 0-67 461-1184 0-69 0-79
35a+19.1 38a+313 4la+164 780a+187.5 40a+24.9 35a+25.0
I 27-51 0-82 3141 1749-3935 108-815 159-516
37a+6.4 38a+22.1 36a+3.0 2574c+712.2  326b+189.8  310b+89.5
POCH 0-93 0-70 0-49 678-1942 0-99 0-47
47a+28.8 30a+23.6  27a+14.9 1158b+285.1  36a+26.7 24a+17.6
2013
K 0-73 0-67 042 455-1170 42-104 12-76
29a+15.0 23a+194  23a+11.2 771a+176.5 73a+18.3 49a+17.4
I 18-65 10-104 33-54 21234776 162-928 272-500
38a+13.8 59b+25.0 42b+5.3 3145¢+869.2  389b+204.9  380b+70.5
POCH 10-71 0-75 0-55 1036-2354 29-89 29-109
34a+15.1 30a+23.1  33a+14.0 1452b+338.0  64a+16.6 56a+18.0

a, b, c—identical letters in the column denote a lack of significant differences at the significance level 0.05
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Fig.3 Canonical analysis of
trichothecenes and ergosterol
(a), free phenolic acids FPA and
total bound phenolic acids (mg/
kg) (b) and selected phenolic
acids, free phenolic acids and
ABTS (umol TROLOX/kg) (¢)
for three experimental variants
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Fig.4 Diverse abiotic and biotic
stresses and strategic defense
mechanisms adopted by wheat
based on chemical and statisti-
cal analyses

biotic
Fusarium infection

the investigated chemical parameters the one exhibiting the
greatest discriminatory power. The determined parameters
should provide the best division of the investigated popula-
tion into the experimental variants. Summing up, the factor
of greatest importance during both biotic and abiotic stress
was searched for. Stepwise discriminatory analysis was con-
ducted (Fig. 3). The first stage of the analysis concerned
parameters connected with fungal infection (Fig. 3a). The
population of inoculated samples was significantly separated
from the joint set of the control and POCH samples. The
second variant included (Fig. 3b) 12 phenolic acids, total
free and bound phenolic acids. The resulting separation
was significantly greater than the previous one, but it was
unsatisfactory, as no complete separation of the control and
POCH samples was obtained. Nevertheless, statistical analy-
sis showed that the sum of free phenolic acids and ferulic,
synapic, t-cinnamic and 4-hydroxybenzoic acids exhibits the
greatest discriminatory power. Only the third SLDA analy-
sis based on the contents of selected bound phenolic acids
(Fig. 3c¢), antioxidant activity and free phenolic acids led to
a complete separation of the investigated populations of the
experimental groups.

Conclusion

The statistical analysis confirmed earlier observations of
the authors based on the results of chemical analyses, indi-
cating that free phenolic acids are the most significant fac-
tors in resistance mechanisms as the first line of defence
together with their antioxidant action, followed by the syn-
ergistic effect of exogenous bound phenolic acids: ferulic,
synapic, t-cinnamic and 4-hydroxybenzoic acids (Fig. 4).
Hypotheses presented in earlier literature sources concern-
ing plant defence mechanisms were verified based on this
study and supplemented with the data presented here. The
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antioxidant capavity abiotic

chemical prevention

4-hydroxybenzoic acid

% ferulic acid \\
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antioxidative mechanism serves a significant role during
plant exposure both to biotic and abiotic stressors. However,
it is only one element of the plant defence system against
stress. Bound phenolic acids serve other functions in plant
cells [14] and so far their antifungal action has not been
fully clarified. Free phenolic acids play a significant role
in plant resistance mechanisms irrespective of the type of
stress factors.
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