
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tfac20

Food Additives & Contaminants: Part A

ISSN: 1944-0049 (Print) 1944-0057 (Online) Journal homepage: http://www.tandfonline.com/loi/tfac20

Can plant phenolic compounds reduce Fusarium
growth and mycotoxin production in cereals?

Torsten Schöneberg, Karin Kibler, Michael Sulyok, Tomke Musa, Thomas
D. Bucheli, Fabio Mascher, Mario Bertossa, Ralf T. Voegele & Susanne
Vogelgsang

To cite this article: Torsten Schöneberg, Karin Kibler, Michael Sulyok, Tomke Musa, Thomas
D. Bucheli, Fabio Mascher, Mario Bertossa, Ralf T. Voegele & Susanne Vogelgsang (2018): Can
plant phenolic compounds reduce Fusarium growth and mycotoxin production in cereals?, Food
Additives & Contaminants: Part A, DOI: 10.1080/19440049.2018.1538570

To link to this article:  https://doi.org/10.1080/19440049.2018.1538570

© 2018 The Author(s). Published by Taylor &
Francis.

View supplementary material 

Published online: 30 Nov 2018.

Submit your article to this journal 

View Crossmark data

http://www.tandfonline.com/action/journalInformation?journalCode=tfac20
http://www.tandfonline.com/loi/tfac20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/19440049.2018.1538570
https://doi.org/10.1080/19440049.2018.1538570
http://www.tandfonline.com/doi/suppl/10.1080/19440049.2018.1538570
http://www.tandfonline.com/doi/suppl/10.1080/19440049.2018.1538570
http://www.tandfonline.com/action/authorSubmission?journalCode=tfac20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tfac20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/19440049.2018.1538570&domain=pdf&date_stamp=2018-11-30
http://crossmark.crossref.org/dialog/?doi=10.1080/19440049.2018.1538570&domain=pdf&date_stamp=2018-11-30


Can plant phenolic compounds reduce Fusarium growth and mycotoxin
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Torsten Schöneberg a, Karin Kiblera,b, Michael Sulyokc, Tomke Musaa, Thomas D. Bucheli d, Fabio Maschere,
Mario Bertossaa, Ralf T. Voegeleb and Susanne Vogelgsang a
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Austria; dAgroscope, Competence Division Methods Development and Analysis, Zurich, Switzerland; eAgroscope, Research Division Plant
Breeding, Nyon, Switzerland

ABSTRACT
To assess the in vitro activity of three phenolic acids (ferulic acid, p-hydroxybenzoic acid, vanillic
acid) and two flavonols (quercetin, rutin) on mycelial growth and mycotoxin accumulation of
Fusarium graminearum (FG), F. langsethiae (FL) and F. poae (FP), two different approaches were
chosen. First, grains from oat varieties were inoculated with a suspension of three FL isolates to
determine the influence of phenolic compounds on the accumulation of mycotoxins. The oat
variety Zorro showed a tendency for lower accumulation of T-2/HT-2, diacetoxyscirpenol and
neosolaniol. Second, a mycelium growth assay was conducted to follow FG, FL and FP growth on
cereal based media supplemented with phenolic compounds. Increasing concentrations of ferulic
acid substantially inhibited growth of FG and FL, while FP growth was reduced to 57%. In
contrast, p-hydroxybenzoic acid, vanillic acid, quercetin, and rutin slightly stimulated mycelium
growth. Results about mycotoxin production in cereal based media were less conclusive.
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Introduction

One of the most noxious cereal diseases is caused by
a complex of toxigenic species from the genus
Fusarium (Osborne and Stein 2007). Depending on
the cereal type, the species spectrum differs.
However, F. graminearum (FG) was shown to be
the main species occurring in barley and wheat
(Osborne and Stein 2007; Schöneberg et al. 2016),
while F. poae (FP) and F. langsethiae (FL) frequently
occur in oats (Hofgaard et al. 2016; Schöneberg et al.
2018a). Furthermore, an infection with Fusarium
species results in the contamination of cereals with
health-threatening mycotoxins. These are mainly
type A and type B trichothecenes such as T-2 and
HT-2, or nivalenol (NIV) and deoxynivalenol
(DON) (Desjardins 2006).

As part of a daily diet, oats can reduce the risk
of cardiovascular diseases, diabetes and some
forms of cancer due to the rich content of
beta-glucans and soluble dietary fibres
(Clemens and van Klinken 2014). Moreover,

the phytochemical profile of oats includes phe-
nolic compounds with antioxidant properties
such as ferulic acid (Emmons et al. 1999;
Adom and Liu 2002). These compounds can
bind free radicals and thus lower the risk of
chronic diseases (Dykes and Rooney 2007).
Phenolic compounds are secondary metabolites
with various purposes such as pigmentation and
resistance to pathogens in plants (Lattanzio et al.
2006). The abundance and composition of these
compounds in cereal grains is contributed to by
both constitutive or induced synthesis and is
highly variable depending on the species, variety
and environmental conditions (Adom and Liu
2002; Lattanzio et al. 2006). The majority of
phenolic compounds are bound to the cell wall
(Adom and Liu 2002), indicating that they are a
part of the preformed general defense system
against potential pathogens (Stuper-Szablewska
et al. 2017). However, the exact mechanism of
their antifungal activity is not fully understood.
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With respect to toxigenic species, it has been
hypothesised that reactive oxygen radicals reduce
peroxide stress, which was in turn shown to
enhance DON accumulation (Ponts et al. 2007;
Gauthier et al. 2015).

Phenolic acids are predominant in cereal grain
extracts and are derivatives of either cinnamic acid
or benzoic acid. They include, in descending
quantity, ferulic acid, p-hydroxybenzoic acid and
vanillic acid (Dykes and Rooney 2007; Van Hung
2016). The objectives of this study were i) to
elucidate the in vitro effect of endogenous pheno-
lic acids and flavonols in oat grains on the poten-
tial reduction of mycotoxins produced by FL and
ii) to examine the dose dependent effect of these
substances incorporated into agar medium on the
growth and mycotoxin production of FG, FP
and FL.

Materials & methods

Origin of fungal material

All Fusarium strains were isolated from barley or
oat samples collected in Switzerland and known to
produce DON (FG), NIV (FP) or T-2/HT-2 (FL).
The geographic origin, year and host from which
the strains were isolated are indicated in Table 1.
Isolates were stored as single conidia isolates in
50% glycerol at −70°C.

Preparation of conidia suspensions

The inoculum used for the inoculation of different
oat varieties was prepared as described by
Vogelgsang et al. (2008) with modifications
described by Schöneberg et al. (2018b). In brief,
seven day old FL cultures were grown on potato
dextrose agar (PDA; Oxoid, Basingstoke, UK) and
conidia were washed from the plates with 0.0125%

Tween® 20 (Sigma-Aldrich, Darmstadt, Germany)
and adjusted to a final concentration of 2 × 106

conidia ml−1. The final conidia suspension used
for the inoculation of the different oat grain vari-
eties consisted of a mixture of the three FL strains
(Table 1) in equal proportions to mimic a
population.

Inoculation and incubation of oat grains

Seeds of four commercially available and recom-
mended spring oat varieties were chosen: Canyon,
Gaillette, Husky and Zorro. Gaillette and Zorro are
black hulled varieties, whereas Canyon and Husky
are white and yellow hulled varieties, respectively.

Grain samples of 25 g of each variety were
transferred to 175 ml flat-based polycarbonate
Erlenmeyer flasks (FalconTM, Becton Dickinson,
Franklin Lakes, NJ, USA). Prior to autoclaving
for 20 min at 121°C, 20 ml of deionised water
were added into each flask. After cooling down
to room temperature, 2.5 ml of the FL spore
suspension was added under sterile conditions.
For control treatments, 2.5 ml of 0.0125%
Tween® 20 were added. Subsequently, the flasks
were placed in an incubator (RUMED, Rubarth
Apparate GmbH, Laatzen, Germany) at 18°C in
the dark, in a randomised complete block design,
consisting of four blocks (replicates).

After three weeks, the colonised oat kernels
were placed in 10 × 15 cm plastic trays under a
laminar flow to dry for 24 h. Subsequently, all
samples were gradually freeze dried from −40°C
to −25°C at 0.2 mbar in an Ultra Low
Temperature Upright Freezer (FormaTM 981/982,
Thermo Fisher Scientific, Waltham, MA, USA).
Dried samples were milled (sieve size 0.25 mm)
in an Ultra Centrifugal Mill (ZM 200, Retsch,
Haan, Germany) and stored at −20°C. The experi-
ment was conducted twice.

Table 1. Fusarium strains used in this study.
Fusarium species Strain number Host / variety Geographic origin (community/canton) Year of isolation Used for experiment*

F. langsethiae FL 13005 Winter oat / Wiland Merishausen / Schaffhausen 2013 1
F. langsethiae FL 13014 Winter oat / Wiland Courtételle / Jura 2013 1
F. langsethiae FL 14001 Winter oat / Wiland Nyon / Waadt 2014 1; 2
F. poae FP 13045 Winter oat / Wiland Raperswilen / Thurgau 2013 2
F. graminearum FG 13192 Winter barley / Landi Heitenried / Fribourg 2013 2

* 1: Inoculation of oat grains; 2: Mycelium growth on cereal based media
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Mycelium growth and mycotoxin content on cereal-
based media

In order to assess the response of FG, FL and FP to
three phenolic acids and two flavonoids, a mycelium
growth assay was performed. All compounds, ferulic
acid, p-hydroxybenzoic acid, vanillic acid, quercetin
and rutin (Sigma Aldrich Chemie GmbH, Buchs,
Switzerland), were tested at three concentrations
against each fungal species (Table 2). The intermedi-
ate concentration roughly represents the average con-
tent of total phenolic acids and flavonoids in cereals
reported in the literature (Mattila et al. 2005),
although contents listed in publications vary consid-
erably as phytochemical compositions are strongly
influenced by environmental factors, genotype, agri-
cultural practice and milling method (e.g. Dykes and
Rooney 2007; Atanasova-Penichon et al. 2016;
Stuper-Szablewska et al. 2017).

As a basis medium, cereal flour agar (Kokkonen
et al. 2012) was used and modified depending on
the host from which the respective Fusarium spe-
cies was isolated. For FL and FP, 40 g milled oats
(variety Wiland) and for FG, 40 g milled barley
(variety Cassia) were used instead of 40 g milled
wheat. Prior to incorporating the different com-
pounds, media were autoclaved for 15 min at 121°
C and subsequently cooled to 50°C.

Stock solutions were prepared for the different
compounds. P-hydroxybenzoic acid and vanillic
acid were dissolved in 95% ethanol to a concentra-
tion of 20 g l−1. Quercetin and rutin were dissolved
in 95% dimethyl sulfoxide (DMSO) (Sigma Aldrich

Chemie GmbH) to a concentration of 20 g l−1. Forty
µl of stock solutions were added to 800 ml agar to
achieve a final concentration of 1 mg kg−1, and
stirred for 2 min at 40°C. To achieve an end con-
centration of 10 mg kg−1 and 100 mg kg−1, the
process was executed with a 10 times and 100
times higher volume of the stock solution, respec-
tively. Solid ferulic acid was added directly to the
autoclaved, liquid cereal agar: For a final concentra-
tion of 100 mg kg−1, 0.08 g ferulic acid was dissolved
in 800 ml agar by stirring for 5 min at 40°C. Ten
times and 50 times higher amounts of ferulic acid
were added to obtain a final concentration of
1000 mg kg−1 and 5000 mg kg−1, respectively. For
ferulic acid, due to the limited aqueous solubi-
lity, only a 50 times higher amount compared with
the lowest concentration was used. The ethanol sol-
vent control for the vanillic acid and p-hydroxyben-
zoic acid had a final concentration of 0.48%, whereas
the solvent control of DMSO for quercetin and rutin
treatments contained 0.5% DMSO. In addition, a
control treatment without solvent was included.
Each Petri dish (Ø 94 mm, without vents; Greiner
Bio-One GmbH, Frickenhausen, Germany) was
filled with 20 ml liquid agar, left to solidify and
stored at 5°C in the dark.

Mycelial plugs were obtained from seven day old
Fusarium cultures grown on PDA (18°C 12h near
ultraviolet (NUV)/12h darkness), using a sterile cork
borer (ø 5 mm). The plugs were placed in the centre
of a fresh plate with the mycelial side facing the agar.
Incubation was for seven days at 18°C in the dark.
The assay consisted of a randomised, complete block

Table 2. Concentrations of phenolic acids and flavonoids incorporated in cereal based agar in an in
vitro experiment and their average content ranges (± standard error) in cereals according to a
review by Mattila et al. (2005).

Compound
Concentration in assay

[µg kg−1] Average content in whole wheat flour [µg kg−1 FW*]

Ferulic acid 100’000 890’000 ± 40’000
1’000’000
5’000’000

P-hydroxybenzoic acid 1’000 7’400 ± 60
10’000
100’000

Vanillic acid 1’000 15’000 ± 830
10’000
100’000

Quercetin 1’000 NA**
10’000
100’000

Rutin 1’000 NA**
10’000
100’000

*FW = fresh weight; **NA = not available
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design, with blocks representing the tested fungi and
three repetitions of each factor combination. The
experiment was repeated three times.

Mycelial growth was assessed on a daily basis
for seven days starting at day one post inoculation.
All plates were photographed with a digital cam-
era (EOS 700D, Canon, Tokyo, Japan) and the
daily growth area (mm2) was calculated using
image processing software (ImageJ). Diameters
were used to determine the mean growth area
in mm2.

The growth increase in mm2 (ΔA) was deter-
mined as the difference between the average
growth area measured at the estimated beginning
of the linear phase of fungal growth (two days post
inoculation) and the end point of the assay (seven
days post inoculation). Inhibition of fungal growth
was expressed as percent growth reduction and
calculated as follows:

Growth reduction %½ � ¼
ΔA control� ΔA treatmentð Þ � ΔA controlð Þ � 100

A stimulation of growth is therefore expressed as
negative percentage.

The percentage of mycotoxin (M) reduction by
treatments was calculated using the following
equation:

Mycotoxin reduction %½ � ¼
M control� M treatmentð Þ �M controlð Þ � 100

Sample preparation for mycotoxin analysis and
phenolic compounds

Oat grain varietal experiment: For the extraction
of mycotoxins and phenolic compounds from oat
grains, five gram milled sample was transferred in
50 ml self-standing centrifuge tubes (SARSTEDT
AG & Co. KG, Nümbrecht, Germany). About 20
ml extraction solvent (acetonitrile/water/acetic
acid (v/v/v), 79:20:1) were added to the tubes
and shaken for 90 min on an orbital shaker at
120 rpm. Subsequently, the samples were placed
upright for sedimentation. All extracts were
diluted 1:10 in chromatography vials with the aid

of the extraction solvent and adjusted to a total
volume of 1 ml per vial.

Mycelium growth and mycotoxin content on
cereal-based media: seven days post inoculation,
a sterile cork borer was used to randomly sample
six mycelial plugs from actively growing myce-
lium. Plugs were weighed and stored at –20°C in
sterile 2 ml Eppendorf tubes. A volume of 1 ml
extraction solvent was pipetted directly onto the
mycelial plugs and tubes were placed in an orbital
shaker (Typ LSR-V, Adolf Kühner AG, Birsfelden,
Switzerland) for 2 h at 180 rpm. Samples were
transferred to chromatography vials and diluted
1:10 with extraction solvent.

Liquid chromatography-tandem mass spectrometry
analysis

LC-MS/MS used in this work was validated for the
simultaneous quantitative determination of multiple
analytes from various types of matrices with high
starch or water contents (Malachova et al. 2014).

All analytes were detected and quantified using
a QTrap 5500 LC-MS/MS System (Applied
Biosystems, Foster City, CA, USA) equipped with
a TurboV ion source for electrospray ionisation
(ESI). Chromatographic separation was performed
at 25°C on a Gemini®C18-column, 150 × 4.6 mm,
5 μm particle size, equipped with a C18 security
guard cartridge, 4×3 mm (Phenomenex, Torrance,
CA, USA) in gradient elution mode. For quantifi-
cation, mycotoxin and phenolic compound stan-
dards served as external calibrators. The limits of
detection (LOD) were determined as three times
the baseline noise. To evaluate the performance of
the multi toxin method, blank agar and oat meal
control samples were spiked with defined target
toxins and phenolic compounds and analysed
together with the inoculated treatment samples.
The recovery values of the spiked samples ranged
between 80% and 112%. The performance of the
method is verified by regular participation in pro-
ficiency tests organised by BIPEA (Gennevilliers,
France). All 12 results submitted for oats were in
the satisfactory range of −2 < z < 2.
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Statistical analysis

Statistical analysis was performed with R Studio,
version 3.3.0 (R Core Team 2015). Linear mixed
effects regression analyses were performed with the
packages nlme (Pinheiro et al. 2016) and lme4 (Bates
et al. 2015). To assess potential violation of linear
modelling assumptions, the data were visually
inspected for normality and homoscedasticity by
creating diagnostic residual plots and Q-Q plots.
To meet linear assumptions for data transformation,
the boxcox function of the package MASS (Ripley
et al. 2013) based on a test of Box and Cox (1964)
was used. The chosen transformations of the differ-
ent response variables for the respective experiments
are shown in Table 3.

Several analyses of variance (ANOVA) were
carried out after performing linear mixed effects
analyses on the relationship between various
transformed response variables. For the oat grain
varietal experiment, the response variable was the
respective detected mycotoxin and two categorical
variables, treatment (FL inoculated vs. control)
and oat variety as well as the interaction between
them. For the mycelium growth experiment, the

response variables were growth increase (ΔA),
detected mycotoxins and the two categorical vari-
ables, phenolic compound concentration and
treatment (phenolic compound vs. control) as
well as the interaction, separately for each fungal
species. The variables treatment (inoculated vs.
control), variety and the respective interaction
for the oat grain varietal experiment, as well as
phenolic compound concentration and treatment
(different fungal species) including the respective
interaction for the mycelium growth experiment
were set as fixed effects in the linear mixed effects
model. Block and experiment repetition which
account for the variation of the response variables
were set as random effects.

For the oat grain varietal experiment, the effect of
the variety on the mycotoxin contents was assessed
using a covariance analysis (ANCOVA) with the
covariates ferulic acid, p-hydroxybenzoic acid and
quercetin. The covariates were selected with forward
variable selection. If significant effects were detected
in both ANOVA and ANCOVA, post-hoc analysis
was performed with the package lsmeans (Lenth
2016) according to the multiple comparison proce-
dure of Tukey (1949) (significance value α = 0.05).

Table 3. Transformations for mycotoxins and phenolic compounds to meet linearity assumptions. Data from an experiment with
grains of four oat varieties (Canyon, Husky, Gaillette and Zorro) inoculated with Fusarium langsethiae under controlled environment
and from an in vitro mycelial growth experiment on cereal based agar supplemented with different phenolic compounds inoculated
with F. graminearum, F. langsethiae and F. poae. Y = measured response variable.

Experiment
Fusarium
species Y Unit

Transformation
(Y)

Inoculation of oat grains F. langsethiae apicidin, p-hydroxybenzoic acid µg kg−1 log (Y)
F. langsethiae deacetylneosolaniol, culmorin,

enniatin B, T-2, HT-2, bikaverin,
ferulic acid, vanillic acid

µg kg−1 sqrt (Y)

F. langsethiae diacetoxyscirpenol, neosolaniol µg kg−1 Y2

F. langsethiae quercetin µg kg−1 Y
Mycelium growth on cereal based media with
ferulic acid

F. graminearum,
F. langsethiae,
F. poae

growth area mm2 sqrt (Y)

F. graminearum aurofusarin µg l−1 1/sqrt (Y)
F. graminearum acetamidoi-butenolid, zearalenone µg l−1 log (Y)
F. langsethiae acetamidoi-butenolid,

diacetoxyscirpenol, T-2, HT-2,
neosolaniol

µg l−1 log (Y)

F. poae aurofusarin, acetamidoi-butenolid µg l−1 log (Y)
F. poae diacetoxyscirpenol µg l−1 sqrt (Y)

Mycelium growth on cereal based media with
p-hydroxybenzoic acid, vanillic acid, quercetin and
rutin

F. graminearum,
F. poae

growth area mm2 log (Y)

F. langsethiae growth area mm2 1/sqrt (Y)
F. graminearum aurofusarin µg l−1 sqrt (Y)
F. graminearum zearalenone µg l−1 log (Y)
F. langsethiae diacetoxyscirpenol, neosolaniol µg l−1 1/sqrt (Y)
F. langsethiae T-2, HT-2 µg l−1 log (Y)
F. poae aurofusarin, diacetoxyscirpenol,

nivalenol
µg l−1 log (Y)
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For figures, SigmaPlot© Version 13.0.0.83 (Systat
Software Inc., San Jose, CA) was used and untrans-
formed data were plotted.

Results

Oat grain varietal experiment

A total of 16 mycotoxins were detected in oat grain
samples from the inoculated treatments. Only those
associated with FL were considered in the statistical
analysis, resulting in 13 detected mycotoxins. These
were grouped into type A trichothecenes and ‘other’
Fusarium mycotoxins according to Desjardins
(2006). Additionally, four phenolic compounds
were identified in the control and three in the inocu-
lated treatment, respectively. Six samples (four con-
trol and two inoculated treatments) were excluded
from the analysis due to severe contamination with
unidentified fungal species.

The studied oat varieties revealed significant
differences in their phenolic compound content
(p < 0.001), except for p-hydroxybenzoic acid in
the controls (Figure 1). Significantly, up to two

times higher concentrations of ferulic acid were
measured in the control treatment in kernels of
the black oat varieties Gaillette and Zorro com-
pared with the yellow or white varieties Canyon
and Husky (both p < 0.001) (Figure 1). The inocu-
lation with FL caused a reduction of all com-
pounds in all varieties (Figure 1). The reduction
relative to the control ranged from 96 to 100% for
ferulic acid, and from 97 to 100% for p-hydroxy-
benzoic acid. A complete reduction following FL
inoculation was observed for vanillic acid in all
varieties. The lowest reduction was observed for
quercetin, ranging from 67 to 90%.

Despite the overall reduction, FL inoculated
grains of the black hulled oat variety Zorro had a
significantly higher concentration of ferulic acid
compared with the white hulled variety Canyon
(p = 0.004) and the yellow hulled variety Husky
(p < 0.001). Furthermore, FL inoculated grains of
the black-hulled variety Gaillette showed a signifi-
cantly higher ferulic acid concentration compared
with the variety Husky (p = 0.007) (Figure 1).

In the control treatment, vanillic acid concen-
trations were significantly higher in grains from

Figure 1. Amounts of ferulic acid, p-hydroxybenzoic acid, vanillic acid and quercetin in grains from four oat varieties (Canyon,
Gaillette, Husky and Zorro) in the non-inoculated control (n = 28) and after inoculation with Fusarium langsethiae (FL) (n = 30).
Measurements were conducted after three weeks incubation at 18°C in the dark. Pooled data of two experiments were used. Error
bars represent the standard error of the means. Comparisons of the phenolic compounds were made between values of the
different oat grain varieties within the same treatment groups (Control, FL inoculated). Values of oat grain varieties with the same
letters are not significantly different (α = 0.05).
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black oat varieties (36ʹ300 µg kg−1 Gaillette
[p < 0.001] and 28ʹ700 µg kg−1 Zorro
[p < 0.001]) compared with the varieties Canyon
and Husky. In contrast, grains from the oat vari-
eties Canyon and Husky contained higher concen-
trations of p-hydroxybenzoic acid (6ʹ400 µg kg−1

and 5ʹ700 µg kg−1) than grains from the black oat
varieties (Figure 1). However, this effect was only
significant between the varieties Zorro and
Canyon (p = 0.012) and Zorro and Husky
(p = 0.008) and only in grains from the inoculated
treatment. Grains from the black oat variety Zorro
contained the highest amount of quercetin both in
the inoculated (140 µg kg−1; p < 0.001) as well as
in the control treatment (420 µg kg−1; p < 0.001),
compared with grains from all other varieties
(Figure 1).

ANCOVA showed that the oat variety had a
significant effect on the content of all mycotoxins
except for diacetoxyscirpenol (DAS) (Table 4).
The covariates ferulic acid and p-hydroxybenzoic
acid had no significant effect on any mycotoxin,

whereas quercetin had a minor but significant
decreasing effect on neosolaniol (NEO)
(p = 0.03) and DAS (p = 0.02) (Table 4).

Data on acetamidobutenolide (BUT) content
were omitted from further analysis since the resi-
duals were not normally distributed despite differ-
ent transformation procedures. Following artificial
inoculation, the content of every detected myco-
toxin varied significantly between oat varieties
(p < 0.001). Grains from the black oat variety
Zorro revealed the lowest amount of deacetylneo-
solaniol (mean: 16ʹ700 µg kg−1) compared with
grains from the oat varieties Canyon (p = 0.004),
Gaillette and Husky (both p < 0.001) which accu-
mulated deacetylneosolaniol in a range from
42ʹ600 to 52ʹ500 µg kg−1 (Table 5). The same
was observed for T2/HT-2, showing the lowest
contamination in variety Zorro (90ʹ300 µg kg−1)
(Table 5). Furthermore, for enniatin B, signifi-
cantly (p < 0.001) higher values were measured
in the non-inoculated grains of the variety Zorro
compared with all other varieties (data not
shown).

In the group ‘other Fusarium toxins’, apicidin
was the toxin with the highest concentration. In
FL inoculated grains from the black oat variety
Zorro, the lowest apicidin content was measured
(55ʹ700 µg kg−1), compared with grains from the
varieties Canyon, Gaillette and Husky, ranging
from 75ʹ650 to 78ʹ000 µg kg−1. Differences, how-
ever, were not significant. Concentrations of
enniatin B were overall very low, but in contrast
to apicidin, the highest amount was detected in
grains from the variety Zorro. Significantly
lower amounts (p < 0.001) were detected in
grains from Canyon, Gaillette and Husky
(Table 5). For culmorin, the lowest amounts

Table 4. P-values from hypothesis testing through a covariance
analysis (ANCOVA) of the mycotoxins T-2/HT-2 (sum), neosola-
niol, diacetoxyscirpenol and bikaverin under controlled envir-
onment conditions in grains across four different oat varieties
(Canyon, Husky, Gaillette and Zorro) artificially inoculated with
F. langsethiae.

Mycotoxin

Covariates
(compounds and
variety)

T-2 /
HT-2 Neosolaniol

Diacetoxy-
scirpenol Bikaverin

Ferulic acid 0.28 0.30 0.12 0.89
P-hydroxybenzoic
acid

0.43 0.88 0.52 0.16

Quercetin 0.07 0.03 0.02 0.29
Oat variety 0.03 0.005 0.19 0.002

The p-value for each term tests the null hypothesis that the coefficient is
equal to zero; p values < 0.05 express a significant relationship between
the selected mycotoxins and the phenolic compound or oat variety.

Table 5. Mean mycotoxin concentrations (µg kg−1) in grains from the four oat varieties Canyon, Gaillette, Husky and Zorro,
inoculated with Fusarium langsethiae (n = 30) under controlled environmental conditions. Mean values in rows with different letters
indicate significant differences between the oat varieties for the respective mycotoxin according to a Tukey test (α = 0.05).

Oat variety

Mycotoxin Canyon Gaillette Husky Zorro

Type A trichothecenes
T-2/HT-2 102ʹ600 ab 124ʹ000 ab 130ʹ500 a 90ʹ300 b
Neosolaniol 27ʹ000 b 39’200 ab 40’000 a 25’700 ab
Deacetylneosolaniol 42ʹ600 a 52’500 a 50’400 a 16’700 b

Other Fusarium mycotoxins
Apicidin 78ʹ000 a 75ʹ800 a 75ʹ600 a 55ʹ700 a
Bikaverin 8ʹ200 a 9ʹ600 b 15ʹ300 b 12ʹ500 ab
Culmorin 444 b 578 a 310 b 345 b
Enniatin B 2 b 8 b 6 b 63 a
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were observed in grains from the varieties
Husky (p = 0.004) and Zorro (p = 0.033), fol-
lowed by Canyon (p = 0.017), compared with
the highest measured amount in grains from
Gaillette (Table 5).

Influence of ferulic acid on mycelium growth and
mycotoxin content on cereal based media

Ferulic acid had a significant influence on the
growth of all Fusarium species compared with
the control treatment (p < 0.001). For FG, increas-
ing concentrations of ferulic acid significantly
decreased fungal growth relative to the control
treatment ranging from 3% (100ʹ000 µg kg−1,

p > 0.05), 64% (1ʹ000ʹ000 µg kg−1, p < 0.001) to
88% (5ʹ000ʹ000 µg kg−1, p < 0.001). The same
trend was observed for FL, with growth reductions
of 2% (p > 0.05), 63% (p < 0.001) and 97%
(p < 0.001), respectively (Figure 2). In contrast,
growth of FP increased by 28% (p < 0.001) with
the lowest concentration of ferulic acid but sig-
nificantly decreased with increasing concentra-
tions, showing a 47% (p < 0.001) and 57%
(p < 0.001) reduction at concentrations of
1ʹ000ʹ000 and 5ʹ000ʹ000 µg kg−1, respectively
(Figure 2). Furthermore, the morphology of FP
colonies was visibly affected by this treatment,
showing irregular growth and very dense aerial
mycelium (Figure 3).

Figure 2. Impact of ferulic acid supplemented to cereal based agar at different concentrations on the in vitro growth change (%)
relative to the control of Fusarium graminearum, F. langsethiae and F. poae (n = 27 for each Fusarium species). Bars with negative
values represent increased growth compared with the untreated control. Bars with an asterisk indicate significant differences to the
control (Tukey Test α = 0.05).

Figure 3. Mycelium growth of Fusarium poae on oat meal agar without (control) and with ferulic acid at 100ʹ000, 100ʹ000ʹ000 and
5ʹ000ʹ000 µg kg−1 after seven days post inoculation at 18°C, 12h NUV/12h darkness.
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Influence of p-hydroxybenzoic acid, quercetin, rutin
and vanillic acid on mycelium growth
All these phenolic compound concentrations had a
significant influence on fungal growth (p < 0.001).
Overall and in contrast to ferulic acid, FG and FP

showed an increase in growth when exposed to
p-hydroxybenzoic acid, quercetin, rutin and vanillic
acid, whereas FL showed mostly a decrease in growth
(Figure 4). For FG, p-hydroxybenzoic acid, quercetin,
rutin and vanillic acid only had minor and not

Figure 4. Impact of p-hydroxybenzoic acid, quercetin, rutin and vanillic acid supplemented to cereal based agar at different concentra-
tions on the in vitro growth change (%) relative to the control of Fusarium graminearum, F. langsethiae and F. poae (n = 27 for each
combination of Fusarium species and phenolic compound). Bars with negative percentage values represent increased growth compared
with the untreated control. Bars with an asterisk show significant differences to the control treatment (Tukey Test α = 0.05).
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significant growth increasing effects, ranging from 1
to 8%. In contrast, all concentrations of phenolic
compounds, except for the highest concentration
(100ʹ000 µg kg−1) of rutin and vanillic acid, resulted
in a significant growthdecrease of FL ranging between
6 and 10% (p = 0.028 – < 0.001) (Figure 4).

For FP, the selected phenolic compounds
increased growth in all treatments. P-hydroxybenzoic
acid and the vanillic acid treatments enhanced growth
by 6 to 10% and by 6 to 17%, respectively. For
quercetin and rutin at 10ʹ000 µg kg−1 growth
increased by 38 and 29%, respectively (Figure 4).

Influence of ferulic acid on mycotoxin content

For FG, ferulic acid at concentrations of 1ʹ000ʹ000
and 5ʹ000ʹ000 µg kg−1 was associated with up to 85%
lower aurofusarin (AUF) and up to 90% lower zear-
alenone (ZEA) contents. Even the lowest concentra-
tion (100ʹ000 µg kg−1) resulted in lower toxin
contents of 28 and 6%, respectively (Table 6).

For FL, almost no accumulation (98% reduc-
tion) of T-2/HT-2, DAS and NEO was associated
with the highest concentration of ferulic acid. The
lowest concentration resulted in a reduction of
DAS, NEO and T-2/HT-2 by 50%, 43% and 44%,
respectively (Table 6).

For FP, ferulic acid resulted in a reduced AUF
accumulation (up to 99%), but in higher NIV
contents, ranging from 33 to more than 1700%.
Results for DAS were inconclusive as the lowest
concentration of ferulic acid resulted in a 65%
reduction, whereas higher concentrations resulted

in a significant increase (Table 6). For all
Fusarium species, but in particular for FP, an
exceptional higher content of BUT was associated
with the highest ferulic acid concentration
(Table 6).

Influence of p-hydroxybenzoic acid, quercetin, rutin
and vanillic acid on mycotoxin content
For FG, p-hydroxybenzoic acid and vanillic acid
resulted in a significant (p < 0.001) reduction of
AUF and ZEA (more than 75% relative to the con-
trol) (Supplementary Table 1 & Supplementary
Table 4). However, no clear concentration response
of these two phenolic compounds on mycotoxins
was found. Quercetin and rutin were associated
with a lower ZEA content, ranging between 40
and 65%. With regard to AUF, the highest concen-
trations (100ʹ000 µg kg−1 for each compound)
resulted in a reduction of more than 50%, while
the lower concentrations (1ʹ000 and 10ʹ000 µg
kg−1) significantly stimulated AUF by more than
250% (p < 0.001) (Supplementary Table 2 &
Supplementary Table 3).

For FL, p-hydroxybenzoic acid and vanillic acid
resulted in significantly lower (p < 0.001) DAS, NEO
andT-2/HT-2 contents (≥ 75%) at all concentrations
(Supplementary Table 1 & Supplementary Table 4).
Quercetin and rutin were associated with lower
mycotoxin contents between 30 and 70%.
However, significant lower amounts (p < 0.001)
were only measured with the highest quercetin con-
centration for DAS and NEO (Supplementary
Table 2 & Supplementary Table 3).

Table 6. Influence of different ferulic acid concentrations supplemented to cereal based agar on the mean in vitro contents of
aurofusarin (AUF), zearalenone (ZEA), acetamido-butenolid (BUT), diacetoxyscirpenol (DAS), neosolaniol (NEO), T-2/HT-2 toxins (T-2/
HT-2) and nivalenol (NIV) in µg kg−1 and percent reduction relative to the untreated control (%) of Fusarium graminearum, F.
langsethiae and F. poae (n = 675). Negative values represent increased toxin production compared with the untreated control. Mean
values in rows with different letters indicate significant differences between concentrations according to a Tukey test (α = 0.05).

Ferulic acid concentration (µg kg−1)

Species Mycotoxin Control 100ʹ000 1ʹ000ʹ000 5ʹ000ʹ000
F. graminearum AUF 71ʹ200 a 51ʹ400(28%) a 10ʹ400(85%) a 2ʹ400(97%) b

ZEA 12 a 11(6%) ab 0.7(94%) bc 0.28(98%) c
BUT 260 b 30(88%) b 30(88%) b 12ʹ300(−4ʹ646%) a

F. langsethiae DAS 920 a 460(50%) a 50(95%) b 10(99%) c
NEO 1ʹ400 a 810(43%) a 120(91%) b 20(98%) c

T-2/HT-2 12ʹ300 a 6ʹ800(44%) ab 880(93%) bc 250(98%) c
BUT 390 b 6ʹ300(−1ʹ513%) a 250(36%) b 16ʹ200(−4ʹ046%) a

F. poae AUF 20ʹ100 a 7ʹ100(65%) ab 1ʹ100(94%) b 90(99%) c
DAS 260 c 90(65%) c 680(−162%) b 3ʹ500(−1ʹ235%) a
NIV 3 c 4(−33%) c 21(−600%) b 56(−1ʹ767%) a
BUT 80 c 70(13%) c 2ʹ650(−3ʹ213%) b 55ʹ000(−68ʹ588%) a
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For FP, all concentrations of p-hydroxybenzoic
acid and vanillic acid resulted in a significant
reduction (p < 0.001) of AUF, DAS and NIV
(≥ 75%). However, there was no linear reduction
with increasing concentrations (Supplementary
Table 1 & Supplementary Table 4). Quercetin
and rutin showed different effects. Quercetin was
associated with significantly higher DAS contents
(> 200%) in the lowest (p = 0.004) and highest
(p < 0.001) concentrations, whereas rutin revealed
a strong inhibitory effect (p < 0.001) at all con-
centrations (> 90%). Both compounds resulted in
> 75% reduced AUF content at the highest con-
centration but increased its content at the middle
and low concentrations (Supplementary Table 2 &
Supplementary Table 3). For NIV, quercetin
resulted in a reduction of ≥ 50% at the lower
concentration but in an increase of 30% at the
highest concentration compared with the non-
inoculated control treatment (Supplementary
Table 2). With rutin, the NIV content was reduced
by 33% under all concentrations (Supplementary
Table 3).

Discussion

The colour of cereal hulls can range from white,
yellow, reddish-brown to black caused by natural
pigments such as anthocyanins in the aleurone
layer of the grain (Abdel-Aal et al. 2006).
Anthocyanins as well as tocopherols and carote-
noids were reported for their antioxidant activity
(Boutigny et al. 2008). With respect to mycotox-
ins, it is known that type A trichothecenes accu-
mulate in the oat hull (Edwards et al. 2009).
Hence, the fact that we observed the lowest con-
tent of deacetylneosolaniol in grains from the
black hulled variety Zorro compared with grains
from white and yellow hulled varieties, could pos-
sibly be a result of the antioxidant pigment com-
position. The antifungal activity of grain
endogenous flavonoids has been assessed by
Skadhauge et al. (1997) in surface sterilised barley
seed. They demonstrated that a dihydroquercetin
accumulating barley mutant (ant 18–159) inhib-
ited hyphal penetration of FP, FG and F. cul-
morum into the grain testa. The resistance was
attributed to the mutants’ excessive production
of dihydroquercetin due to a nonsense mutation

in the gene encoding for dihydroflavonol reduc-
tase. Furthermore, wheat varieties with dark and
purple coloured grains contain high amounts of
ferulic acid and vanillic acid (Masisi et al. 2016),
which is in accordance to our observations in the
dark hulled oat varieties Zorro and Gaillette in the
non-inoculated control treatments. However, a
close negative correlation between the colour of
the variety and mycotoxin accumulation could not
be determined.

We observed significantly different amounts of
phenolic compounds in grains from the four tested
oat varieties. The significantly lower mycotoxin con-
tents in grains from the variety Zorro compared with
grains from the other varieties could be a result of the
endogenous content of ferulic acid, p-hydroxyben-
zoic acid, vanillic acid and quercetin. For the experi-
ment, it was necessary to autoclave oat grains before
the treatments, hence, the initial content in each
variety was not known because thermal processing
can lead to a degradation of flavonoids (Buchner et al.
2006). Both, decreasing and increasing effects, were
observed for phenolic acids as recently reviewed by
Kadiri (2017). Nevertheless, it is likely that the fungus
metabolised an extensive amount of the endogenous
phenolic compounds leading to the observed differ-
ences between the control and the inoculated treat-
ment, which was also reported by Bilska et al. (2018).

Quercetin had a minor but significantly
decreasing effect on the content of T-2/HT-2,
DAS and NEO compared with the other measured
phenolic compounds and was highest in grains
from the black oat variety Zorro. However, the
influence of the oat variety itself on mycotoxin
content was substantially higher than the effect
of the phenolic compounds since lower amounts
were observed in grains from the black oat variety
Zorro. Antioxidant properties of flavonoids such
as quercetin can interfere with mycotoxin produc-
tion as has been reviewed by Atanasova-Penichon
et al. (2016). This finding could explain our obser-
vation of reduced T-2/HT-2, DAS and NEO levels
in grains from oat varieties with higher quercetin
concentrations. The effect of quercetin to inhibit
mycotoxin accumulation is to some extent in
accordance with the results of Bollina and
Kushalappa (2011). They showed that quercetin
added at a concentration of 2.95 mM reduced
DON production of FG in vitro. However,
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2.95 mM equals 892ʹ000 µg kg−1, hence, the
growth-inhibiting concentration exceeded by far
the quercetin content measured in our inoculated
treatment. Recently, Bilska et al. (2018) observed
the influence of yeast media supplemented with
400 or 800 µg kg−1 quercetin, which was below the
lowest tested amount in our study, on mycotoxin
production of FG and F. culmorum. Thereby, a
reduction of trichothecene accumulation in media
exposed to quercetin was found, which is in accor-
dance with our results.

Further research is needed to elucidate the
endogenous activity of a wide spectrum of pheno-
lic compounds against Fusarium spp. both in har-
vested grains and in planta. In addition, it would
be advantageous to develop a protocol where
grains would not have to be autoclaved, e.g. irra-
diation of grains to determine the exact amount of
phenolic compounds initially present.

The effect of different phenolic acids and flavo-
noids on growth and mycotoxin content in the
mycelium growth assay using cereal based media
varied largely depending on the Fusarium species
and the concentration levels tested. There are a
few studies available on the in vitro effect of these
antioxidants on Fusarium species, however, the
majority focused on FG and utilised highly differ-
ent conditions and methods such as liquid cul-
tures (Boutigny et al. 2009; Bollina and
Kushalappa 2011) or suspensions instead of PDA
plugs (Ponts et al. 2011). To our knowledge, there
is no study about the effect of a FL inoculation on
the phenolic compound content in oat varieties.

As reviewed by Atanasova-Penichon et al.
(2016), ferulic acid is considered to be the most
potent phenolic acid with antifungal activity
against Fusarium species, which is in accordance
to our results. In fact, the most consistent overall
inhibition of mycelial growth was observed with
ferulic acid treatments. A stronger inhibition of
mycelial growth compared with the untreated
control was observed for FG and FL with increas-
ing concentrations, whereas growth reduction of
FP was less pronounced. Although FP seemed to
be less susceptible to ferulic acid, colony morphol-
ogy was visibly affected by the treatment, showing
irregular growth and low to no colony elevation
compared with the control. Although the medium
ferulic acid concentration was based on published

information on contents common to wheat grains,
our concentration levels exceeded those applied in
other in vitro assays. Ponts et al. (2011) observed a
50% growth inhibition of FG at much lower con-
centrations of 0.7 mM (136ʹ000 µg kg−1).
However, a concentration of 0.515 mM
(100ʹ000 µg kg−1) resulted only in a 3% reduction,
which is in line with our results for the lowest
concentration. Ferruz et al. (2016) found that
ferulic acid inhibited FL growth at 1 mM, whereas
at 0.5 mM, fungal biomass increased. The authors
assumed that this increase was due to a sub-lethal
dosage and possible depletion of ferulic acid by
the fungus over time. Although we did not
observe an increase of FL after exposure to ferulic
acid, this phenomenon could be an explanation
for the lower inhibitory effect of ferulic acid on FP
mycelium growth.

In contrast to ferulic acid, p-hydroxybenzoic
acid showed only minor growth inhibition on
FG, FL and FP. Similarly, Ponts et al. (2011)
considered p-hydroxybenzoic acid as the least
toxic substance in their experiment and sug-
gested values of > 15 mM (2ʹ072ʹ000 µg kg−1)
to cause a 50% inhibition (IC50) for FG.
Likewise, minor growth reductions of FG were
observed with low concentrations of p-hydroxy-
benzoic acid (200 to 800 mg l−1), which
increased to > 60% with higher concentrations
(1ʹ600 mg l−1) (Wu et al. 2010).

Bollina and Kushalappa (2011) examined the
effect of quercetin on FG growth and found an
IC 50 value of 2.95 mM (1ʹ000ʹ000 µg kg−1), which
surpassed the highest concentration of the current
study by a factor of 10. Hence, we assume that the
dosage in our investigation may have been insuffi-
cient to result in an inhibition of FG.

The influence of vanillic acid and rutin, show-
ing either slight growth inhibition or increase
depending on the substance and fungal species
remains undisclosed and needs to be investigated
in more detail. So far, the effects of these sub-
stances were mainly tested against soil-borne
Fusarium species such as F. oxysporum
(Mohamed et al. 2017; Zhao et al. 2018) and F.
solani (Kalinova and Radova 2009). Both phenolic
compounds were able to reduce growth of these
fungal species, however, an increase of fusaric acid
was also reported.
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Regarding the effect of phenolic acids and
flavonoids on the mycotoxin production, it
has to be taken into account that the investiga-
tion solely allowed a brief insight into the
situation seven days past inoculation.
However, a potential long-term effect either
suppressing or enhancing mycotoxin produc-
tion cannot be excluded and should be investi-
gated. For FG and, more profoundly, for FL,
increased concentrations of ferulic acid sub-
stantially reduced most mycotoxins. For FP,
and similar to the observations on mycelial
growth, high concentrations of ferulic acid
showed variable effects on mycotoxin accumu-
lation, such as a reduction of AUF content, but
an increase in DAS and NIV contents. This
implies that FP might be more resilient to the
respective phenolic compounds. While the bio-
logical activity of antioxidant phenolic acids
such as ferulic acid was postulated to be inhi-
bitory towards type A and type B trichothe-
cenes (Boutigny et al. 2010; Ferruz et al.
2016), contradictory results reporting increas-
ing toxin contents have also been published
(Ponts et al. 2011).

In the current study, FP produced higher con-
tents of type A and type B trichothecenes when
exposed to increasing concentrations of ferulic
acid. In contrast, the addition of p-hydroxyben-
zoic acid resulted in a decrease in type A and B
trichothecenes, which is in line with the results
reported by Ponts et al. (2011). However, in our
study, this effect was only observed for FP, but
not for FG and FL. This indicates that FP is not
as sensitive to p-hydroxybenzoic acid as FG and
FL which could be due to a transformation of
the acid into a less affecting substance, as
observed by Kulik et al. (2017). Also, a potential
interference with trichothecene biosynthesis at
the transcriptional level (Pani et al. 2016)
which occurs in FG and FL, but not in FP,
should be investigated. Stimulation of trichothe-
cene biosynthesis by FG in vitro has mostly been
associated with oxidative stress due to H2O2

treatment (Ponts et al. 2006) and with sub-lethal
doses of triazole fungicides (Magan et al. 2002;
Becher et al. 2010). Nevertheless, BUT was the
only mycotoxin that showed a consistent pattern
across all Fusarium species, with higher

accumulations following exposure to increased
concentrations of ferulic acid. BUT is a lactone
synthesised from amino acids by trichothecene
producing Fusarium species (Desjardins 2006). It
has been subject to a very limited amount of
studies and an accelerated production in relation
to supplemented antioxidants has not yet been
described.

With respect to quercetin and rutin and
depending on the concentrations employed,
increased mycotoxin production occurred in all
Fusarium species. For FG and FP with quercetin
and rutin treatments, the observed increase of
toxin accumulations seemed to be limited to low
concentrations. As the effect varied highly
depending on the mycotoxin and the phenolic
compound concentration, their possible role in
the biochemical pathway of toxigenic fungal spe-
cies is not clear but might be due to depletion of
the phenolic compound or due to the induction of
stress through sub-lethal concentrations.

Interestingly, FG and FP produced high
amounts of AUF in all control treatments. The
mycelial pigment AUF is a mycotoxin of the
naphthoquinones family and amongst others
responsible for the colour of Fusarium cultures
(Desjardins 2006). Inhibition of mycelial growth
leads to an accelerated production of naphthoqui-
nones (reviewed in Medentsev and Akimenko
1998). High ferulic acid concentrations inhibited
mycelial growth of FG and FP, however, instead of
seeing an increase in AUF production it was sub-
stantially decreased with increasing concentrations
of ferulic acid.

With the exception of BUT and DAS produced
by FL, an inhibitory effect on mycotoxin produc-
tion was observed from p-hydroxybenzoic acid
and vanillic acid treatments for all Fusarium spe-
cies although mycelial growth was not impaired.
Indeed, a dose dependent deviation between the
phenolic acid effect on growth on the one hand
and the mycotoxin production on the other hand
was also described by Ferruz et al. (2016) and
Ferrochio et al. (2013). Both authors suggested
that inhibitory mechanisms on mycelial growth
might be independent from mechanisms that inhi-
bit mycotoxin production.

The incubation temperature (18°C) used in
our experiment was rather low, which is
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adequate for mycelium growth but maybe not
sufficient for the production of DON and NIV
by FG and FP, respectively (Hope et al. 2005).
However, the branching point intermediate of
the type B trichothecene pathway decalonectrin
was measured from samples colonised with FG
and FP, suggesting that DON and NIV produc-
tion was possibly delayed. Hence, incubation at
a range of temperatures up to 25°C and mea-
surements after 10 or 14 days post inoculation
could disclose if the inhibition of growth and
mycotoxin synthesis is temperature and/or time
dependent.

Most phenolic compounds tested in this
study showed highly differential effects
depending on the class of mycotoxin and the
fungal species. As the majority of available
reports focus on the effect of phenolic com-
pounds on trichothecene biosynthesis, further
investigations are needed to assess the pro-
posed mycotoxigenesis modulating effect in
other toxin pathways in vitro and in planta.
More importantly, research should be extended
to further Fusarium species. Following up on
this study, monitoring kinetic gene expression
by RT-qPCR would allow a more detailed
insight into the dynamics of inhibition by phe-
nolic compounds, especially for those exhibit-
ing diverse effects. Furthermore, possible
degradation of supplemented phenolic com-
pounds should be controlled throughout the
course of the experiment. In addition, interac-
tions between different phenolic compounds
which frequently co-occur in cereal grains
deserve further investigation. For example,
McKeehen et al. (1999) studied the phenolic
profile of six wheat varieties from heading to
maturity and concluded that the accumulation
of ferulic acid was positively correlated to
Fusarium resistance of the variety. Moreover,
the effect of induced resistance due to either a
high endogenous concentration in the plant or
application of a phenolic compound in low
doses could be a valuable input for future
breeding programmes. The clear inhibitory
effect of ferulic acid on mycelial growth and
mycotoxin production in this work implies its
potential as a biomarker metabolite for the
screening of Fusarium resistant cereal cultivars.
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