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Inoculated or non-inoculated naked barley and emmer cultivars were investigated with regard to

their influence on phenolic acid profiles and their arabinoxylan content. Two groups of phenolic

compounds were differentiated;methanol-soluble and hydrolyzable covalent-bound phenolic com-

pounds. Chromatographic methods were applied for their analysis. The results showed ferulic acid

as the predominant phenol in both total and covalent-bound fractions. The inoculation significantly

reduced the ferulic acid content within a range of 5.6-6.6% in the two cereals and all their cultivars.

Naked barley cultivars additionally contained the flavonoid catechin in the soluble fraction. The

innoculation led here to a significant increase in the catechin content of about 4.5%. These results

document an induction of the synthesis of catechin in naked barley after artificial Fusarium infection,

whereas the ferulic acid content declined.
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INTRODUCTION

Fusarium graminearum and Fusarium culmorum infection of
cereal grains leads to pathogenic effects on the plant and spike in
wheat, barley, and emmer (1-4). These effects can result in yield
loss and quality reduction (1, 5). Fusarium head blight (FHB) is
the visible effect of this fungal infection, first recorded by
Worthington G. Smith in 1884, and represents a problem known
worldwide (1-4).

The Fusarium species F. graminearum and F. culmorum are
producers of various trichothecene mycotoxins, including deoxy-
nivalenol (DON), its precursors 3- and 15-acetyldeoxynivalenol
(3-Ac-DON and 15-Ac-DON), and other compounds (1). DON
is a potential inhibitor of protein biosynthesis. In mammals,
DON leads to unspecific effects in the intestines, causing diarrhea
with vomiting, a reduced food intake, and raised bleeding
tendency in the intestines. Its specific effects are a reduced leuko-
cyte content connected with a loss of immune function and a rise
in free radicals in the liver (6-9). These negative effects underline
the necessity of reducing the infection-derived effects of Fusarium
spp. on food and feed. This problem has been addressed effec-
tively by limiting the maximum amount of DON by a threshold
value in the European Union for products destined for human
(10) and animal nutrition ((EG) No. 576/2006, 2006).

The main phenol in cereal grains is the cinnamic acid derivate
ferulic acid, whereas other phenolic acids such as caffeic acid and
p-coumaric acid are also found in lower concentrations (10-13).
In monocotyledons, ferulic acid is incorporated into plant cell
wall structures. Ferulic acid provides cross-linkages via ester

bonds between arabinoxylans (AX) and other cell wall compo-
nents such as cellulose, lignin, and proteins (14-18).

For artificially inoculated wheat grains existing data showed a
significant reduction of ferulic and p-cumaric acid. Concentra-
tions of ferulic acid measured during grain development attained
similar values in both resistant and susceptible cultivars (19). In a
further study different wheat cultivars were evaluated on basis of
the distinction in FHB-resistant and FHB-susceptible cultivars
derived from FHB disease incidence and severity data (13).
However, nodifferences in the content of free andboundphenolic
acids in FHB-resistant and FHB-susceptible cultivars were
found (13). Previous studies with artificially inoculated maize
grains showed a negative correlation between the extent of
exposure to F. graminearum and the ferulic acid content in the
pith tissue, but the different genotypes did not show any correla-
tion with regard to their resistance and/or susceptibility to
F. graminearum and the corresponding content of phenolic com-
pounds (12).

Barley grains contain, in addition to cinnamic acid derivates,
phenols of the flavonoid group, especially those belonging to the
proanthocyanidin group (20). Additionally, some colored culti-
vars contain anthocyanidins (21). Catechin is themost commonly
described flavonoid present in barley. All these soluble phenolic
compounds are known to have protective effects against patho-
gen infection, UV irradiation, and oxidative stress and these
effects indirectly reflect the resistance of the plant against stress
(22). Flavan derivates have been described as inducible anti-
microbial metabolites in rice as phytoalexins (23). The proantho-
cyanidins found in barley are oligomers of epicatechin and
gallocatechin. They have antioxidant and radical scavenging*To whom correspondence should be addressed.
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activities and are capable of metal complexation, of exhibiting
antimicrobial properties, and of having an affinity for proteins,
resulting in enzyme inhibition and/or protein precipitation (24).
The combination of these properties of phenolic compounds and
their participation in the strengthening of the cell wall material
therefore illustrates their role in the defense response of the plants
against pathogenic infection.

Emmer (Triticum dicoccum) and naked barley (hull-less barley,
Hordum vulgare var. nudum) cultivars are usually grown in orga-
nic farming systems, and to date, no data exist about their beha-
vior under conventional farming conditions. In addition, not
much data are available on the potential effects of Fusarium
infections on the phenolic compound profile in the grains of these
cereals. More knowledge about the interaction between the
fungus and grain phenolics production could contribute to a
better understanding of the mechanisms involved in the reaction
of the plant hosts and thereby provide criteria for determination
of their susceptibility to pathogenic infection.

The present study focuses on the profiling of phenolics in
emmer and naked barley grains after infection by Fusarium spp.
In an earlier study the total content of phenolics was deter-
mined (19), but in the present investigation it was intended to
fractionate the phenolic compounds into two groups: those that
are free or soluble and those that are AX-bound. Further, our
objective was, in comparison to previous studies, to study fully
developed and harvested grains, reflecting a status after the
complete Fusarium infection period (10). Moreover, we were
interested in characterizing probable modifications of the phe-
nolic compound composition after Fusarium infection as a stress-
induced response of the plant. This response is provoked by
fungal metabolites, including effects on the plant cell wall
structures, where phenolic compounds are incorporated. These
data explain the role of phenolic compounds as a response to the
Fusarium infection and as stress-influenced molecules. We want
to demonstrate the possible defense mechanisms of grains,
showing differences in these defense strategies between the
species. Additionally we will discuss different phenol fractions,
free and cell wall bound, in connection with the fungal infection.

MATERIALS AND METHODS

Chemicals. For toxin analysis all standards were purchased from
Biopure Co. Ltd. (Austria) as certified analytical standards. Reference
compounds used for phenol quantification in the experiment are gallic acid
(SigmaAldrich), protocatechuic acid (Roth), (þ) catechin (Roth); vanillic,
caffeic, ferulic, p-cumaric, and salicylic acids (Roth), phloroglucinol (Fluka),
pyrogallol (Fluka), and quercitin (Riedel-de-H€aen). External standards
for arabinose were D-(-)-arabinose and D-(þ)-xylose (highest purity
available; Sigma-Aldridge, Taufkirchen, Germany).

Experimental Design and Sample Preparation. Three emmer
cultivars and seven naked barley cultivars grown in 2007 with eight
replications were randomized in two field trials (Reinshof (RH) and
Sattenhausen (SH)) in the center of Germany near the city of G€ottingen
and were chosen for the analysis. The location conditions at Reinshof are
152 m above sea level, wind sheltered, and dale area near a river border.
The Nmin content was 145 kg ha-1 recorded at a 90 cm depth of the soil.
At Sattenhausen, the conditions are 260 m above sea level, hilly, and
windy. TheNmin content was 95 kgha

-1 at a 90 cm soil depthwith an addi-
tional fertilization of 40 kg ha-1 2 months after sowing.

In each block, the plants in the second row were artificially inoculated
with a mixed DON-producing Fusarium culmorum and Fusarium grami-
nearum spore suspension (50 mL m-2; 1� 105 spores/mL) three to five
times during flowering by spray inoculation. Three strains of both
F. culmorum (FC34, FC35, FC36) and F. graminearum (FG142, FG143,
FG144) were used for conidiospore production. The DON-producing
strains were isolated from wheat spike in Bavaria and are reference stocks
from the Division of Plant Pathology and Crop Protection at the
Department of Crop Science of the Georg-August-University G€ottingen.

After the harvest, the grains without inoculation (later termed as
natural infection) and those with inoculation (later termed as artificial
infection) from the respective plots (each four replications) in both field
trials were mixed. The grains from the different plots were mixed to create
conditions which are also found under normal harvesting conditions.
Whole grain flour wasmilledwith aRetschRotormill ZM100 to a particle
size of 0.5 mm. These mixed-grain flours were then used three times for
sampling from different regions of the complete sample of each cultivar
and growing region.

HPLC-MS/MS of DON and 3-Ac-DON. Sample Preparation.
Five grams of whole grain flour was extracted with 40 mL of an aceto-
nitrile-water mixture (80:20) overnight on a reciprocal shaker. The
extracts were centrifuged for 12min at 5000g, and 4mLof the supernatant
was used for solid-phase extraction according to themanufacturer’s instruc-
tions (Bond-ElutMycotoxin, VarianGmbH,Darmstadt, Germany). Two
milliliters of the cleaned extract was evaporated to dryness under vacuum,
and the residue was redissolved in 200 μL of methanol-water (50:50)
containing 0.2 mM ammonium acetate and applied for the analysis.

Analysis. ForHPLC-MS/MS, a Varian 1200LMS/MS system (Varian
Inc., PaloAlto,CA) equippedwith a triple-quadrupolemass spectrometer,
two ProStar 210 liquid chromatographic pumps, a 410 autosampler, and a
500 MS Ion Trap mass spectrometer with ESI interface was used. Ten
microliters of the solution prepared as described above was injected onto a
C18 column (100� 2 mm, 3 μm particle size) filled with polar modified
material (Polaris Ether, Varian GmbH, Darmstadt, Germany), and the
analytes were eluted with a methanol-water gradient (15-70% during
20min) containing 0.2mMammoniumacetate at a flow rate of 0.2mL/min.
DON and 3-Ac-DON were detected by tandem mass spectrometry as
described previously (25). The other DON precursor, 15-Ac-DON, was
not found in our samples. The peak intensity was used for the quantitative
and qualitative analysis applying external standards (see Chemicals).

RP-HPLC of Grain Phenols. The analysis of the phenolic com-
pounds was conducted according to a modified method of Kim et al. and
Yu et al. (21, 26).

Sample preparation.The aqueousmethanol soluble phenolic acids were
extracted consecutively three times (15, 15, and 10mL for 12, 3, and 3 h) in
a 50 mL falcon tube from 2 g of whole grain flour with 80% aqueous
methanol containing 1% acetic acid at 20 �C. The sample solutions were
centrifuged three times for 5 min at 4000 rpm. The supernatants were
pooled and freeze-dried. The dried phenolic acids were resuspended in
4mLof 80%aqueousmethanol containing 1%acetic acid andwere stored
at -20 �C until analysis. Just before the HPLC was performed, the cold
samples were centrifuged for 3 min at 6000 rpm and the supernatant was
transferred into a vial for injection (Figure 1).

To compare the extraction using two different methods, this procedure
was altered and the supernatant was divided into two parts: a 20 mL
aliquot of the extract was freeze-dried, and in the case of the other 20 mL
aliquot the methanol was evaporated at 100 �C and 5mL of 0.2MH2SO4,
was added, followed by 1 h of hydrolysis at 100 �C. The rest of the
procedure followed the extraction of insoluble phenolic acids as described
below (Figure 1).

The extraction of the covalently bound phenolic acids was performed for
the pellet remaining from the aqueous methanol extraction (Figure 1) or by
using 2 g of thewhole grain flour directly. The first step involved the addition
of 20 mL of 0.1 M H2SO4 to the samples and 1 h of hydrolysis at 100 �C.
After the extract was cooled to room temperature, 5 mL 1 M Na acetate
solution (pH 5.5) containing 3900 units of R-amylase (product code 10065-
10G, 30 units/mg dry matter; Sigma Aldrich, Switzerland) was added, and
the mixture was incubated for 2 h at 30 �C. This treatment was followed by
addition of 4mLof 0.1MNa acetate solution (pH 5.5) containing 94.4 units
of cellulase (product code 22178-25G, 1.0 unit/mg dry matter; Sigma
Aldrich, Switzerland) and incubation at 30 �C for 18 h. Finally, 6 mL of
25%NaCl solutionwas added and the liberatedphenolswere extracted three
times, eachwith 10mLof ethyl acetate. The ethyl acetate fractionwas pooled
and dried under the extractor hood. The dried extract was resuspended in
4mLof80%aqueousmethanol containing 1%acetic acid andkept at-20 �C
until analysis (Figure 1). Prior to HPLC, the cold samples were centrifuged
for 3min at 6000 rpmand the supernatantwas transferred to a vial, ready for
injection. All samples for phenol analysis were extracted three times for each
location (n=6 extract replication) so that 18 replications for emmer and 42
replications for naked barley were possible.
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Analysis. For the HPLC, a dual pump mode Shimadzu 10A system
(Duisburg, Germany) with an LC18 column (precolumn, K2-02, 20 �
2.0 mm, Prontosil 120-5-C18 ace-EPS, 5 μm; separation column, Prontosil
120-3-C18 ace-EPS COL SC-150; Bischoff Analysentechnik and -Ger€ate
GmbH, Leonberg, Germany) was used. The flow rate was 0.8 mL/min,
and detection was performed by UV detection at 280 and 325 nm with a
column temperature of 40 �C.The eluents were (A) 2%acetic acid, pH1.9,
and (B) methanol. The gradient was applied under the following condi-
tions: 100% eluent A, 0 min; 90% eluent A, 2 min; 70% eluent A, 35 min;
10% eluent A, 50 min; 0% eluent A, 52 min; 0% eluent A, 56 min; 100%
eluentA, 60-75min (regeneration/equilibration). The injection volume of
the samples was 20 μL. The quantification was performed using an exter-
nal calibration with diluted standard solutions (range 12.5-200 μg/mL in
80% aqueous methanol).

HPAEC-PAD of Arabinoxylans (AX). Sample Preparation. For
the analysis of total AX, 25 mg of flour sample and 2 mL of 1 M H2SO4

were incubated for 2 h in a 10 mL screw-capped glass tube in a laboratory
sand bath at 110 �C in a drying oven. The samples were then cooled to
room temperature in awater bath. In a following step, 2mL of 2MNaOH
was added up to pH7 and the pHvalue was checked by a pH test paper (to
confirm neutral conditions). The sample solution was than centrifuged for
5min at 3500 rpm.The supernatant (3mL) was removed,mixedwith 3mL
of yeast suspension (Saccharomyces cervisiae, Type II; Sigma-Aldrich,
Taufkirchen, Germany, at 25 mg/mL, pH 7), and incubated for 2 h at
37 �C, while being gently shaken in a water bath. Yeast was used to digest
as well as to consume the glucose liberated to avoid any interference of
xylose and arabinose detection. This was followed by the addition of 1.5mL
of 2 M barium acetate (Ba(CH3COO)2). The sample was vortexed and
centrifuged for 5 min at 3500 rpm. An aliquot of the supernatant was
diluted 1:100, filtered through a 0.45 μm nylon filter, and analyzed.

Analysis. The subsequent HPLC was performed with a DIONEX
BioLC 500 chromatography system (DIONEX GmbH, Germany);

consisting of an AS 50 autosampler, an ED 50 amperometrical detector
with PAD cell and two GS 50 gradient pumps. The BioLC system was
operated by Chromeleon 6.50 SP 7 chromatography software (DIONEX
GmbH, Germany). A CarboPac PA-1 precolumn, 50 mm � 2 mm
(DIONEX GmbH, Germany) and, for separation, a CarboPac PA-1
column 250 mm�2 mm, 10 μm (DIONEX GmbH, Germany) were used
and operated at 25 �C in a column oven. The mobile phases were H2O
(solvent A) and 0.1 M NaOH (solvent B). A 0.2 mL/min isocratic flow
(A:B 80:20) under helium was applied for 50 min, and 25 μL per sample
was injected. A referenceAg/AgCl electrodewas used in combinationwith
a working gold electrode for detection using the following pulse potential
sequence anddurations:þ0.1V for 0.40 s,-2V for 0.01 s,þ0.6V for 0.01 s,
and -0.1 V for 0.06 s. The detector response for the external standards
D-(-)-arabinose and D-(þ)-xylose (highest available purity; Sigma-Al-
dridge, Taufkirchen, Germany) was linear in the concentration range of
0.5-20.0 mg/L (R2 > 0.95) and was used to determine the concentration
in the samples using the following equation:Carabinoxylans= 0.88[Carabinoseþ
Cxylose ]. To exclude arabinose and xylose from sources other than fromAX,
the factor of 0.88 given in the equation was introduced according to
Hollmann et al. (27). For testing the influence of the AX content from
each species, one emmer (Klein) and one naked barley (ZFS) cultivar were
used as representatives for investigation.

Data Analyses.Data analyses were performed using Microsoft Excel
2003 for mean values and standard deviation. SigmaPlot 10.0 was used for
the correlation (r) and statistical significance (p).

RESULTS AND DISCUSSION

Effects of Fusarium Infection on the Grain Phenolics. The
content of the Fusarium toxins DON and 3-Ac-DON in emmer
and naked barley showed a significant increase in the grains of
artificially infected plants in comparison to the grains of naturally
infected plants (Table 1). The accumulation of these mycotoxins
indicates that both types of cereal and all the tested cultivars are
liable to a certain degree of infection, underlining their suscept-
ibility to Fusarium spp. (4, 5, 28). The obtained data showed in
part high standard deviations for both toxins and phenolics
(Tables 1 and 2) due to the field trials at two separate locations
and the different cultivars investigated within one species.

Phenolic compounds were detected in small amounts in the
hydrolyzed methanol-soluble fraction. They mainly represented
the cinnamic acid derivates caffeic and ferulic acid (Table 3).
These results confirm the literature data, where such hydroxy-
cinnamates were also identified in the methanol-soluble frac-
tion (21, 29).

The flavonoid catechin was the predominant phenol in the
methanol-soluble fraction in naked barley, but it was completely
missing in emmer (Tables 2 and 3). Some flavonoids reported in
other studies as being present in barley besides catechin and
proanthocyanidins (e.g., hesperidin, kaempferol, myricetin, nar-
ingenin, quercetin, and rutin) (20,21,30) could not be detected in
the investigated naked barley cultivars. However, to the best of
our knowledge, this is the first study documenting that artificial
Fusarium infection led to a significant increase of about 4.5% in
the catechin content in the grains in comparison to the content for
natural infection (Tables 2 and 3). We postulate, therefore, that
in naked barley the biosynthesis of catechin can be induced as a

Figure 1. Extraction procedure of grain phenolics and separation proce-
dures for the extraction of methanol-soluble phenolics and covalent bound
phenolics for quantitative RP-HPLC. Aqueous methanol was made of 80%
methanol with 20% distilled H2O (v/v) containing 1% acetic acid, 20 mL of
0.1 M H2SO4 was used for hydrolysis of covalent bound phenolics, 5 mL of
0.2 M H2SO4 was used for hydrolysis of methanol-soluble phenolics, and
the concentration after resuspension for analysis was 0.5 g of flour mL-1.

Table 1. Total Fusarium Toxin Content Based on DON þ 3-Ac-DON
Concentration in Naturally and Artificially Infected Emmer (Three Cultivars)
and Naked Barley (Seven Cultivars) Grains

Fusarium toxin content (mg kg-1)

species natural infection srtificial infection pa

emmer 1.1( 0.75 4.9( 3.5 0.0245

naked barley 0.2( 0.22 2.8( 1.9 0.0002

a Based on paired Student t test (emmer, n = 18; naked barley, n = 42). Data are
presented as mean value ( standard deviation; p = significance.
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reaction to F. graminearum and F. culmorum infection (Figure 2).
We further postulate that catechin may represent a valuable
marker to explain the lower susceptibility of barley to Fusarium
spp. in comparison to emmer (Tables 1 and 2), because the degree
of infection based on the Fusarium toxin content was much lower
in naked barley than in emmer. However, the naked barley
cultivars with the highest catechin content did not show the
lowest susceptibility in all cases (data not shown). Therefore, we
could conclude that catechin could be just one of the factors in
naked barley characterizing its natural plant disease defense
response as described in the literature (23). The induction of
specific enzymes involved in the phenylpropanoid pathway after
Fusarium infection may explain the observed change in catechin
content (31).

In comparison, no catechin was found in the extracted cell-
wall-bound fraction (H2SO4/enzyme hydrolyses) (Tables 2 and 3).
Here, ferulic acid represented the predominant hydroxycinnamate
derivate (13), followed by caffeic acid and p-coumaric acid.
A statistically significant lower content of both ferulic and caffeic
acids was found after artificial infection of naked barley, in
comparison to the naturally infected samples (Table 2). In emmer
only ferulic acid was affected. In general, all the investigated
cultivars of both emmer and naked barley responded with a reduc-
tion in their hydroxycinnamic acid contents (data not shown).
These results are in agreement with those obtained for wheat culti-
vars also showing a reduced total phenol content (19). A reason-
able tentative conclusion can thus be postulated that during
Fusarium infection the synthesis of these substances may be redu-
ced or disturbed. One of the reasons could be the inhibition of
peptidyl transferase as shown in rats, representing an integral part
of the 60S ribosomal subunit, which is ubiquitous in eukaryotes, as

well as the inhibition of DNA and RNA biosynthesis through the
trichothecenes (6, 9). However, other investigations have shown
that the organellewhich ismostly affected byF. graminearum in the
plant cell is the chloroplast, in which the synthesis of the aromatic
amino acids, the precursors of phenolics, occurs (32).

In the present study, an increase of ferulic and caffeic acid
contents in the methanol-soluble fraction was not detected either
in artificial infected or in naturally infected samples. Therefore,
an enzymatic degradation, e.g. by fungal R-N-arabinofuranosi-
dase and feruloyl esterase (33), can be excluded. Innakedbarley, a
reduced production of these substances was observed, probably
due to the catechin synthesis being favored (Figure 1). In grain,
the derivates p-coumaric and caffeic acid are produced in 30 and
20 times lower concentrations than ferulic acid, respectively.
These substances can be considered as being precursors of
ferulic acid (34). It seems that the synthesis of p-coumaric and
caffeic acid in the studied species is based on the amino acid
tyrosine, because we did not find cinnamic acid as a precursor of
p-coumaric acid. Therefore, the synthesis over the precursor
phenylalanine and cinnamic acid may not have taken place in
the grains of emmer and naked barley (Figure 1) (34).

The catechin concentration shown in Table 3 was determined
by a different extraction procedure, and we found its content
doubled in comparison to the extraction without H2SO4/enzyme
hydrolysis aftermethanol extraction (Table 3). The reason for this
doubling could have been the release of catechin out of precursors
after hydrolysis and a more certain signal in the chromato-
gram (20). In the investigated naked barley cultivar ZFS, the
soluble phenol proportion of the total phenol content rose to
35%, whereas the emmer cultivar Klein showed only 5% soluble
phenols. These differences in soluble phenol content between

Table 2. Phenol Content in Grains of Naturally and Artificially Fusarium Infected Emmer (Three Cultivars) and Naked Barley (Seven Cultivars) Samples: Fraction 1,
Methanol Soluble (80% MeOH þ 1% Acetic Acid); Fraction 2, Acid-Enzyme Hydrolyzable (H2SO4/Enzyme)

phenol content (mg kg-1)

emmer naked barley

fraction phenol natural infection artificial infection pb natural infection artificial infection pb

1 catechin n.d.c n.d. 94.7( 34.1 99.3( 33.2 0.046

2 caffeic acid n.d. (3.2)a n.d. (2.6)a 19.6( 2.4 18.6( 2.7 <0.001

ferulic acid 310.4 ( 12.7 292.9 ( 13.9 <0.001 283.6( 32.7 264.9( 32.7 <0.001

p-coumaric acid 10.5 ( 3.6 9.6 ( 2.7 0.093 11.1( 5.5 11.1( 6.3 0.719

aData of cultivar Klein. bBased on paired Student t test (emmer, n = 18; naked barley, n = 42); p = significance. c n.d. = not detectable.

Table 3. Phenolic Compounds in Grains of One Emmer and One Naked Barley Cultivar after Natural and Artificial Fusarium Infection As Determined by Different
Extraction Procedures: Fraction 1, methanol soluble (80% MeOH þ 1% acetic acid); Fraction 2, Acid-Enzyme Hydrolyzable (H2SO4-Enzyme)

phenol content (mg kg-1)

emmer cv. Klein naked barley cv. ZFS

fraction phenol natural infection artificial infection natural infection artificial infection

1 catechin n.d.a n.d. 178.3 183.6

caffeic acid 4.7 4.8 7.5 7.3

ferulic acid 13.2 11.1 9.0 7.8

p-coumaric acid n.d. n.d. n.d. n.d.

2 catechin n.d. n.d. n.d. n.d.

caffeic acid 1.7 1.8 18.4 14.2

ferulic acid 345.5 321.4 336.0 270.5

p-coumaric acid 5.5 5.7 1.6 n.d.

content in fraction 1 þ 2 catechin n.d. n.d. 178.3 183.6

caffeic acid 6.4 6.5 25.9 21.5

ferulic acid 345.5 332.6 345.1 278.3

p-coumaric acid 5.5 5.7 1.6 n.d.

Total phenol content 357.4 344.8 550.9 483.4

a n.d. = not detectable.
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both the two cereals may confirm the higher susceptibility of
emmer to Fusarium infection.

Total AX Content. After artificial Fusarium infection, the
investigated samples showed only marginal changes in their
content of AX sugars, xylose and arabinose, in comparison to
the content in the naturally infected samples (Table 4). There was
no recognizable tendency that Fusarium infection changed the
AX content (Table 4). The variations in emmer and naked barley
were very low and so were not due to the presence of infection.
Overall, AXwas much less influenced by Fusarium infection than
the ferulic acid content (Table 2). Ferulic acids acting as cross-
linking molecules between AX chains showed a reduced content
(Table 2). This reduction in cross-linking can diminish the
function of AX as a barrier against biodegradability by micro-
organisms and reflects a reduced cell wall rigidity (35). Also,
cross-links with other cell wall components bound toAX, such as
lignin (ether bound), protein, cellulose, or other polysaccharides
(ester bound) may also be influenced by the Fusarium-induced

ferulic acid reduction (15,17,18,36). This process thus illustrates
how Fusarium infection may succeed. However, these alterations
in grain cell wall structure and cross-linking may also contribute
to a lower andmodified baking quality (37) as well as provoking a
fragmentation of AX.

Looking at the differences in the content of arabinose, xylose,
andAXbetween the two cereals, a lower content of AX in emmer
of about 20% in comparison to that in naked barley was found.
The literature data showed a wide range for AX in the diffe-
rent cereal species from 21 to 171 g kg-1, for arabinose from 12 to
55 g kg-1, and for xylose from7 to 148 g kg-1 (38). TheAXsugars
in our investigation were not reduced in equal quantities: the
xylose content in emmer was about 10% lower than in naked
barley, and the arabinose concentration was reduced about 30%.
The lower arabinose content in emmer in comparison to that in
naked barley emphasizes a reduced cross-linking potential in the
cell walls of the former species. This result thus provides a further
reason for the lower susceptibility of naked barley to Fusarium
infection, since a more complex network in the cell wall leads to
higher cell wall rigidity and a reduced enzymatic degradation by
Fusarium.

The higher caffeic acid concentration in the grains of naked
barley compared to that in emmer may also be a further relevant
factor in reducing its susceptibility to Fusarium in addition to its
high ss-glucan content of about 5% (39), the latter being 10-15%
higher than in emmer. The participation of these compounds in a
stronger interaction with other cell wall compounds may con-
tribute to barley’s resistance against themycelia growing from the
fungus and thus reduce the degree of infection.

The presented results document that phenolic acid contents in
the grains of both emmer and naked barley were influenced by

Figure 2. Supposed biosynthesis of caffeic, ferulic, and p-coumaric acid as well as catechin in the grains. Preferred ways of synthesis in grain and those
postulated after Fusarium infection in barley are shown with thick arrows. Normal arrows show the steps of synthesis of ferulic acid, the main phenol in grain;
dotted arrows show synthesis of phenolic acids postulated by the literature.

Table 4. Content of Total Arabinoxylan Monosaccharides in Grains of One
Emmer and One Naked Barley Cultivar after Natural and Artificial Fusarium
Infectiona

monosaccharide content (g kg-1)

emmer cv. Klein naked barley cv. ZFS

monosaccharide

natural

infection

artificial

infection

natural

infection

artificial

infection

xylose 23.4( 0.3 23.9( 0.4 25.7( 0.3 25.5( 0.5

arabinose 20.9( 0.2 20.2( 0.2 29.3 ( 0.1 29.4( 0.2

aData are presented as mean value ( standard deviation.
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Fusarium infection, leading to a significant reduction in the total
content of ferulic acid as the predominant phenol in the grains.
The total AX did not change as a result of the Fusarium infection.
However, comparing the two types of cereals, we found higher
AX contents in naked barley than in emmer and also more
arabinose, providing a possible site for phenol-involved cross-
linking. In addition, naked barley grains contained the flavonoid
catechin, which was significantly more highly concentrated after
artificial Fusarium infection in comparison to naturally infected
samples. Catechin is lacking in emmer, and this might be one of
the reasons for the higher susceptibility of this species to the
fungus. Further investigations are necessary to clarify the puta-
tive degradation of AX and to show the influence of fungal
enzymes on structures containing AX. Furthermore, studies with
colored barley cultivars, such as blue, purple, and black cultivars,
should be performed to clarify the influence of flavonoids,
proanthocyanidins, and anthocyans on the extent of Fusarium
infection. Additionally, it is important to clarify and review the
postulated and preferred mechanism of the phenol synthesis in
infected grains described here and to elucidate the factors
determining this modulation.

ABBREVIATIONS USED

AX, arabinoxylan; FHB, Fusarium head blight; DON, deoxy-
nivalenol; 3-Ac-DON, 3-acetyldeoxynivalenol; LC-MS/MS,
liquid chromatography with coupled mass spectrometry; p, signi-
ficance factor; RP-HPLC, reverse-phase high-pressure liquid
chromatography, GC-MS/MS, gas chromatography with coup-
led mass spectrometry.
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