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Abstract Deoxynivalenol (DON) is a trichothecene myco-
toxin commonly produced by Fusarium graminearum and
F. culmorum during infection of cereal plants, such as
wheat and barley. This toxin is a fungal virulence factor that
facilitates the development of Fusarium head blight (FHB)
disease. Wheat cultivar (cv.) Remus is susceptible to DON;
the toxin causes premature bleaching of spikelets and
inhibits root growth. This study used custom-made wheat
cDNA arrays to analyse the effect of DON on the
transcriptome of heads of the toxin-sensitive wheat cv.
Remus at both 4 and 24 h post-toxin treatment. DON-
induced transcripts encoded an array of proteins collective-
ly associated with a range of cellular functions, such as
metabolite transformation and detoxification, the ubiquitin-
proteasome proteolytic pathway, jasmonate biosynthesis
and signalling, carbohydrate metabolism, and phenylpropa-
noid biosynthesis. This study is the first to demonstrate that
the fungal virulence factor DON modulates jasmonate
biosynthesis and signalling. It also highlights the fact that

the toxin-mediated accumulation of transcripts associated
with metabolite transformation and detoxification, proteol-
ysis and phenylpropanoid accumulation is not unique to
DON-resistant wheat genotypes. Therefore, the respective
encoded proteins are likely part of the general wheat
defence against DON. Comparative analysis of the results
of this and other studies suggests that it is likely to be the
rapidity and magnitude rather than the components of the
response that are critical in determining resistance to DON
and thus the spread of FHB disease in wheat heads.

Keywords Trichothecene . Detoxification . Fusarium head
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Introduction

Fusarium graminearum and F. culmorum cause Fusarium
head blight (FHB) disease epidemics on small-grain cereals
(Walter et al. 2010). Although FHB has been the focus of
much research, this disease continues to cause serious yield
losses (Brown et al. 2010; Goswami and Kistler 2004) and
to threaten human and animal health via the contamination
of food and feed with Fusarium mycotoxins—most
commonly, deoxynivalenol (DON) (Parry et al. 1995;
Pestka 2007). DON inhibits eukaryotic protein synthesis
(Rocha et al. 2005; Pestka 2007) and is toxic to humans,
animals and plants (Rocha et al. 2005). In cereal plants,
DON acts as a disease virulence factor that aids the spread
of the fungus within wheat heads and thus increases the
severity of FHB disease symptoms (Bai et al. 2001). Barley
and certain wheat genotypes are resistant to the phytotoxic
effects of DON and some of the genetic factors associated
with this resistance have been identified (Lemmens et al.
2005; Ansari et al. 2007; Walter et al. 2008).
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In DON-susceptible wheat, phytotoxicity phenotypically
manifests as bleaching of leaves and green spikelets as well
as inhibition of seed germination, root generation, and
shoot, root and callus growth (Ansari et al. 2007; Lemmens
et al. 2005; Rocha et al. 2005). At the cellular level, DON
inhibits protein synthesis (Miller and Ewen 1997) and
causes degenerative changes in cellular membranes; dam-
age to the plasma membrane can result in electrolyte
leakage and cell death (Bushnell et al. 2004; Wojciechow-
ski et al. 1995). Transcriptome studies in wheat and barley
indicated that drug efflux, metabolite transformation and
detoxification, the oxidative stress response and mainte-
nance of cell survival are critical components of a host
response to DON (Ansari et al. 2007; Walter et al. 2008;
Doohan et al. 2008; Gardiner et al. 2010). Boddu et al.
(2007) investigated the transcriptome response of a FHB-
susceptible barley genotype to a DON-producing F.
graminearum strain in comparison with a DON-minus
mutant derivative of this fungus. Their results indicated that
an FHB-susceptible barley cultivar (cv.) responds to tricho-
thecene accumulation with at least two, albeit contrasting,
responses; namely, (1) activation of trichothecene detoxifica-
tion and transport, which would reduce the impact of
trichothecenes, and (2) activation of protein ubiquitination
and cell death, which would promote successful establishment
of the disease. The impact of these with regard to the effects of
DON probably depends on the timing of induction and the
concentration of the toxin.

The objective of this research was to examine the toxin
responses in heads of a wheat genotype that is distinct from
other wheat genotypes and barley in not exhibiting inherited
DON resistance traits. DON was applied to spikelets of the
toxin-susceptible cv. Remus and the quantitative and temporal
transcriptomic changes within treated tissue were assayed
using custom-made wheat cDNA microarrays that were
enriched for wheat transcripts differentially expressed in the
presence of DON (Walter et al. 2008). The observed gene
expression changes in wheat heads confirm previous findings
that relate the transcriptional activation of toxin biotransfor-
mation and transport pathways, as well as ubiquitin-mediated
protein degradation, to the wheat response to DON (Walter et
al. 2008; Gardiner et al. 2010). More importantly, it showed
that defence responses to the pathogen (as summarised by
Walter et al. 2010) can also be transcriptionally activated by
the fungal virulence factor, DON.

Materials and methods

Plant material

Seeds of Triticum aestivum cv. Remus were kindly supplied
by Dr. Hermann Buerstmayr (IFA-Tulln, Austria). The cv.

Remus is susceptible to FHB and DON-induced bleaching
(Buerstmayr et al. 2003; Lemmens et al. 2005).

Adult plant toxin trials

Plants were grown (two per pot) as described by Doohan
et al. (1999) with a 16-h photoperiod, 75% relative
humidity and a day/night temperature of 20/12°C. At
mid-anthesis, each of the three florets of four central
spikelets per wheat head were treated with 15 μl of either
5 mg ml-1 0.2% (v/v) Tween20 DON (Sigma-Aldrich,
USA) or 0.2% (v/v) Tween20 (controls). DON was
applied between the palea and the lemma, as described
by Lemmens et al. (2005) and Ansari et al. (2007). Treated
spikelets were harvested at 4 or 24 h post-treatment, flash-
frozen in liquid N2, freeze-dried and stored at −70°C prior
to RNA extraction (Ansari et al. 2007). Each experiment
included four heads (one per plant) per treatment per
wheat cultivar and was conducted twice.

Microarray analysis

Microarray analysis was conducted to compare transcript
accumulation in DON-treated versus control (0.2%
Tween20-treated) spikelets of cv. Remus at 4 and 24 h
post-treatment. The minimum information about a micro-
array experiment (MIAME) and the experimental design of
this study are respectively outlined in the Supplemental
Information and Supplemental Table S1. Each microarray
comparison comprised two biological samples (each repre-
senting a bulked RNA from two independent plants) per
treatment, time point and experiment, whereby each
biological sample was subjected to dye swap (i.e. labelling
of control and treatment target cDNA with Cy-3 and Cy-5
were reversed: total=four hybridisations per treatment, time
point and experiment).

A custom-made wheat microarray was used as a platform
for the described microarray studies. This spotted glass array
was constructed by ARC Seibersdorf (Seibersdorf, Austria)
and comprised 3,066 clones with expressed sequence tags
(ESTs) inserts from a differential display cDNA library
derived after DON-treatment of wheat roots (Ansari et al.
2007), 297 EST clones from a suppression subtractive
hybridization cDNA library, which were up-regulated in
callus of the wheat double-haploid line E2-24 T (a progeny
of cv. CM82036 × cv. Remus carrying Fhb1 from
CM82036) in response to F. graminearum culture filtrate
(Walter et al. 2008), as well as positive and negative
controls, all of which were spotted in triplicate. The
construction of microarrays, target amplification, hybrid-
isation and data analysis were as previously described
(Walter et al. 2008) and is outlined in the Supplemental
Information.
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Sequencing, sequence processing and sequence annotation

ESTs of interest were sequenced by either the Austrian
Research Centre (Seibersdorf, Austria) or by MWG Biotech
(Ebersberg, Germany). Sequences were trimmed, assem-
bled and annotated as described by Walter et al. (2008).
Protein functions were ascribed based on those described
for the respective wheat homologues in the database and/or
based on those described for homologues identified by
BLASTX analyses against the UniProt Knowledgebase
using the WU BLAST tool (release 2.0MP-WashU) of the
European Bioinformatics Institute (http://www.ebi.ac.uk/
blast2/index.html). Transcripts were allocated to functional
categories according to their predicted protein function by
using the Munich Information Centre for Protein Sequences
(MIPS) Functional Catalogue (FunCat) scheme (release
2.1) (http://mips.gsf.de).

Real-time RT-PCR analysis

Real-time RT-PCR analysis was used to verify the micro-
array results for a selected subset of transcripts and was
conducted using the oligonucleotide primers and conditions
previously described (Walter et al. 2008). Real-time
quantification of the expression of target transcripts and of
the control RNA helicase gene in wheat heads of cv. Remus
was performed in separate reactions. Analysis was con-
ducted twice for each of two replicate samples per treatment
from each of two independent experiments. The threshold
cycle (CT) values obtained by real-time RT-PCR were used
to calculate the fold change in transcript accumulation with
the formula 2-(CT target transcript – CT RNA helicase) (Livak and
Schmittgen 2001). Data were not normally distributed (as
determined using the Kolmogorov-Smirnov normality test
within SPSS; SPSS release 15.0.1, SPSS, USA) and were
analysed using the Mann-Whitney Rank sum test within
SPSS.

Results and discussion

A custom-made wheat microarray was used to determine
the temporal effect of DON on the transcriptome of a toxin-
susceptible (and FHB-susceptible) wheat genotype (4 and
24 h post-treatment). Although this array contained fewer
transcript probes than the wheat Affymetrix genechip, it
was specifically designed to represent the DON-responsive
wheat transcriptome and was successfully exploited to
identify wheat genes associated with the DON resistance
innate to the wheat cv. CM82036 (Walter et al. 2008;
Doohan et al. 2008). Correlations of data from the two
independent experiments were statistically significant (P≤
0.01) (Supplemental Fig. S1 and Table S3). Transcripts

discussed hereafter were expressed ≥fourfold higher
or≤0.25-fold lower in DON-treated relative to control
(Tween20-treated) samples [i.e. the normalised expression
(M) values were ≥2 or ≤−2, respectively; P ≤ 0.05]
(Tables 1 and 2). Across both time points analysed, DON
treatment resulted in the up-regulated transcription of ESTs
representing 66 singletons/contigs and the down-regulation
of seven singletons/contigs (Tables 1 and 2). Although
differential transcript accumulation was only confirmed for
three genes by RT-PCR (see Supplemental Fig. S2) the
DON-induced expression of many of the ESTs (indicated in
bold in Table 1) has previously been confirmed (Walter
et al. 2008).

Generally, the effect of DON was more pronounced at
24 h compared with at 4 h post-treatment, indicating that
despite the application of a high concentration of toxin (i.e.
5 mg ml-1), the response of wheat cv. Remus was not very
rapid and was slower than in heads of the DON-resistant cv.
CM82036, in which the greatest effect of DON on the
transcriptome occurred at 4 h post-DON treatment (Doohan
et al. 2008; Walter et al. 2008). This suggests that the
swiftness with which wheat mounts defence against the
toxin is critical in determining resistance to DON and thus
the spread of FHB disease in wheat heads. In heads of
wheat cv. Remus, a 24-h DON treatment resulted in the
≥fourfold up-regulation of ESTs, representing 66 single-
tons/contigs; ten of which were also up-regulated ≥fourfold
at 4 h post DON-treatment (Table 1). Only one transcript
was DON-up-regulated ≥fourfold at 4 h but not at 24 h
post-treatment (Table 1). DON inhibits protein synthesis
(Miller and Ewen 1997), and presumably the genotype-
associated temporal differences in transcriptome responses
to DON occur because the translational machinery of cv.
Remus is more susceptible to DON than that of cv.
CM82036.

Results provide evidence that there is commonality
between DON-resistant and susceptible wheat genotypes
with respect to defence pathways activated in response
to toxin treatment

The majority of the DON-responsive transcripts are
‘unclassified proteins’, according to the MIPS functional
catalogue (Tables 1 and 2). This indicates that much
remains to be learned with respect to the plant cellular
cascades that are activated in response to DON. However,
the recent release of a shotgun assembly of wheat cv.
Chinese Spring genome (http://www.cerealsdb.uk.net/) and
the anticipated annotation of this genomic information over
the next few years are likely to associate many uncharac-
terised DON-responsive transcripts with cellular functions.
Ten of the 66 transcripts up-regulated >fourfold by DON
encode metabolism-related proteins, indicating that signif-
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icant metabolic re-programming is taking place following
DON-toxin treatment (Table 1). Other DON-upregulated
transcripts were associated with cellular transport, cell
rescue and defence, reaffirming previous findings which
showed that DON and DON production by F. graminearum
induce the up-regulation of cereal transcripts associated
with the biotransformation and transport of toxic metabo-
lites (Boddu et al. 2007; Walter et al. 2008). These include
a transcript encoding multidrug resistance protein 3
(MRP3), which was among the cellular transport-
associated transcripts previously shown to be DON-
induced in a toxin-resistant wheat and to be linked to the
DON tolerance and FHB resistance quantitative-trait locus
Fhb1 (Walter et al. 2008). The up-regulation of MRP3 in
the DON-susceptible wheat cv. Remus reaffirms the
hypothesis of Walter et al. (2008) that this and the DON-
induced cytochrome P450 (CYP) enzyme encoding
transcripts most likely play a role in cellular defence
rather than DON detoxification. DON-induced CYPs
(Table 1; Walter et al. 2008) could function in the
biosynthesis/transformation of hormones and defence
metabolites (Werck-Reichhart et al. 2002) or could
activate other DON-induced metabolites for subsequent
detoxification via glutathione-S-transferases (GSTs) and/or
ABC transporters (Coleman et al. 1997). Gardiner et al.
(2010) observed DON-induced up-regulation of six barley
GSTs and non-enzymatic formation of DON-glutathione
conjugates in vitro, but stated that this does not preclude
the enzymatic formation of these products in vivo. The up-
regulation of tau class GSTs in wheat cv. Remus in response to
DON (Table 1) is likely to reflect their involvement in the
oxidative stress response that is triggered by DON (Walter
et al. 2008). DON is known to damage plant cell
membranes (Bushnell and Seeland 2006), which would
subsequently increase the level of reactive oxygen species
(Desmond et al. 2008). The DON-induced induction of a
transcript encoding the integral plasma membrane protein
ligand effect modulator 3 (LEM3) might indicate that
DON has indeed permeabilised the plasma membrane in
DON-susceptible wheat cv. Remus heads. In yeast, LEM3
is required for transport of the membrane phospholipid
phosphatidylcholine across the plasma membrane (Graham
2004) and wheat LEM3 might be required to repair the cell
membrane following toxin damage.

Ubiquitin conjugation targets proteins for degradation
via the proteasome and is an important protein modification
that allows rapid adjustment of several phytohormone
signalling pathways in response to external and internal
stimuli (McSteen and Zhao 2008; Dreher and Callis 2007).
DON-induced accumulation of a ubiquitin carrier protein
transcript (Table 1) contributes to the increasing amount of
evidence that ubiquitin-proteasome components play an
important role in the plant response to DON. Accordingly,

wheat cDNAs encoding a putative ubiquitin ligase, ubiquitin-
specific protease and proteasome subunit enhanced DON-
resistance upon transgenic expression in a DON-sensitive
yeast strain (Lucyshyn et al. 2008). The Arabidopsis
AtNFXL1 gene, which potentially encodes a ubiquitin ligase,
is induced by the trichothecene T2-toxin (Masuda et al.
2007) and its barley homologue is induced by DON
(Gardiner et al. 2010). AtNFXL1 acts as a negative regulator
of salicylic acid-associated defence reactions in response to
T2-toxin (Asano et al. 2008). While deletion of the AtNFXL1
gene results in Arabidopsis being hypersensitive to T-2 toxin
(Asano et al. 2008), deletion of its yeast homologue, FAP1,
significantly increased yeast resistance to T-2 toxin (Jossé et
al. 2011). FAP1 is a TORC1 (target of rapamycin complex 1)
pathway-related gene (Kunz et al. 2000). The TOR pathway
is a central regulator of cell growth, cell death, nutrition,
starvation, hormone and stress responses in diverse eukar-
yotes (Smeekens et al. 2010; Stanfel et al. 2009). There is
further evidence that the TOR pathway is involved, possibly
even differentially regulated, as part of the wheat response to
DON. Translationally controlled tumour protein (TCTP)
is an upstream regulator of TOR (Brioudes et al. 2010)
and this, as well as previous research, showed that DON
up-regulated the transcription of a TCTP homologue in
both DON-resistant and DON-susceptible wheat [see
Supplemental Table S1 in Walter et al. (2008)].

Phenylalanine ammonia lyase (PAL) catalyses the first
step in the phenylpropanoid pathway, i.e. the conversion
of phenylalanine to trans-cinnamic acid (Rhodes 1985). A
number of transcriptome studies support the idea that PAL
and the phenylpropanoid pathway play a role in the
resistance of wheat to F. graminearum. DON and FHB
resistance was associated with enhanced PAL transcription
in wheat head tissue infected with F. graminearum
(Steiner et al. 2009). In barley, the production of the
phenylpropanoid-derived flavonoids was correlated with
resistance to Fusarium infection (Skadhauge et al. 1997).
Three PAL transcripts were up-regulated in heads of cv.
Remus in response to 4-h and/or 24-h DON treatment
(Table 1). Hence, the role of PAL in FHB resistance might
be quantitative or dependent on additional phenylpropa-
noid pathway components not activated in a DON- and
FHB-susceptible wheat genotype.

DON induces the accumulation of wheat transcripts
involved in the production of the key plant regulator
jasmonic acid and the mobilisation of fructan

We recently reviewed the systemic response of wheat to
FHB, including the role of hormones and defence-
associated pathways in disease resistance (Walter et al.
2010). Transcriptional responses to both DON treatment
and trichothecene accumulation in wheat or barley, respec-
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tively, indicate that jasmonic acid (JA) production and
signalling are manipulated by DON in susceptible wheat. In
both FHB-susceptible barley and wheat, trichothecene
accumulation or -treatment induced up-regulation of tran-
scripts encoding 12-oxophytodienoic acid reductase (Boddu
et al. 2007; this study). The 12-oxophytodienoic acid
reductase enzyme catalyses the transformation of 12-oxo-
phytodienoic acid into JA (Howe and Browse 2007),
accumulated in response to F. graminearum infection (Zhou
et al. 2006) and its expression is enhanced by the Fusarium
toxin DON; thus indicating that this enzyme might be part
of a jasmonic-acid-related wheat defense response to
Fusarium pathogens and their toxin DON, as previously
suggested by Li and Yen (2008) and Walter et al. (2010).
However, JA is also a central regulator of plant develop-
ment and physiology, and therefore it might as well serve
functions other than defence to DON. Another protein
encoded by a DON-induced transcript contains a ZIM-motif
(Table 1), which is characteristic of JAZ transcriptional
repressor proteins that repress the JA signalling pathway
via interaction with MYC2 (Chini et al. 2007). It is possible
that the DON-mediated up-regulation of this transcript
leads to suppression of MYC2-induced JA signalling.

Fructans are increasingly recognised as important
components of the stress response in plants, due to their
action as sugar reserves and protective agents against
abiotic stress (Valluru and Van den Ende 2008). DON
treatment up-regulated a transcript encoding fructan-1-
exohydrolase (FEH) >40-fold. Even as early as 4 h post-
DON treatment, it was up-regulated by >tenfold (Table 1).
This suggests that toxin treatment causes the hydrolysis of
fructans, and according to the hypothesis by Valluru and
Van den Ende (2008), FEH hydrolysis of fructan could
generate an optimal mixture of higher and lower degree
polymerized (DP) fructans, sucrose and hexoses, that
would provide superior membrane protection. It would
be a logical cellular response to a toxin that permeabilises
the cell membrane (Bushnell et al. 2004; Wojciechowski et
al. 1995), or it could be that wheat is mobilising its
carbohydrate reserves as a response to the depletion of
nutrient reserves in toxin-stressed tissue. Another enzyme
that leads to increased fructan (sucrose:fructan 6-
fructosyltransferase) accumulated in spikes of the FHB
resistant wheat cv. Wangshuibai in response to inoculation
with F. graminearum (Wang et al. 2005).

Conclusions

This research helps us to understand how a susceptible host
responds to DON and such studies are a critical requirement
for targeted breeding programmes that aim to develop
wheat with durable type II resistance to FHB. They tell us

that it is not a simplistic story—as in all aspects of life,
timing of responses is a critical determinant of the outcome
of the wheat–Fusarium interaction. It remains to be
determined as to how JA biosynthesis and signalling affect
FHB resistance. One suspects that it is not a simplistic
signalling cascade, but future studies should examine the
effect of DON on JA levels in both resistance and
susceptible plants. It is certain that sugar signalling and
partitioning are worthy of further analysis in FHB resis-
tance research. The fate of mobilised fructans should be
determined. Membrane instability may contribute to the
deleterious effects of the toxin on wheat and it may be
possible to manipulate it to improve FHB resistance.
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