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Abstract This review describes the naturally occur-
ring mechanisms in cereals that lead to a reduction of
Fusarium trichothecene mycotoxin accumulation in
grains. A reduction in mycotoxin contamination in
grains could also limit fungal infection, as trichothe-
cenes have been reported to act as virulence factors.
The mechanisms explaining the low toxin accumula-
tion trait, generally referred to as type V resistance to
Fusarium, can be subdivided into two classes. Class 1
includes mechanisms by which the plants chemically
transform the trichothecenes, leading to their degra-
dation or detoxification. Among the detoxification
strategies, glycosylation of trichothecenes is a natural
process already reported in wheat. According to the
structure and the toxicity of trichothecenes, two other
detoxification processes, acetylation and de-epoxida-
tion, can be expressed, at least in transgenic plants.
Class 2 comprises mechanisms that lead to reduced
mycotoxin accumulation by inhibition of their bio-
synthesis through the action of plant endogenous

compounds. These include both grain constitutive
compounds and compounds induced in response to
pathogen infection. There are already many com-
pounds with antioxidant properties, like phenolic
compounds, peptides or carotenoids, and with pro-
oxidant properties, like hydrogen peroxide or linoleic
acid-derived hydroperoxides, that have been described
as ‘modulators’ of mycotoxin biosynthesis. This
review addresses for the first time different studies
reporting specific in vitro effects of such compounds
on the biosynthesis of Fusarium mycotoxins. A better
understanding of the natural processes limiting accu-
mulation of trichothecenes in the plant will open the
way to the development of novel breeding varieties
with reduced ‘mycotoxin risk’.
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MS mass spectrometry
NIV nivalenol
QTL quantitative trait loci
TCT B trichothecene B
UDP glycosyltrans-
ferase

uridine diphosphate glycosyl-
transferase

Introduction

Fusarium head blight (FHB) or ‘scab’, results from
infection of cereal grains by microscopic fungi of the
genus Fusarium and leads to drastic reductions in crop
yield. Furthermore, various species of this genus can
produce toxic secondary metabolites, referred to as
mycotoxins, which accumulate in the grain. This
causes a reduction in grain quality, leading to important
economic losses. In addition, given the quantities of
cereal-derived food consumed daily, the occurrence of
mycotoxins in grains constitutes an important food
safety issue.

Among Fusarium mycotoxins, trichothecenes are
frequently encountered in cereal crops. As these are
potent inhibitors of eukaryotic protein synthesis (Rocha
et al. 2005), they constitute a toxin family of
considerable concern to human and animal health
(Bennett and Klich 2003). In Europe, trichothecenes
from the type B group (TCT B) produced by Fusarium
graminearum (teleomorph Gibberella zeae) and Fusa-
rium culmorum species are predominant (Bottalico and
Perrone 2002). They include deoxynivalenol (DON)
and its acetylated forms 3-acetyl-4-deoxynivalenol and
15-acetyl-4-deoxynivalenol (3- and 15-ADON) and
nivalenol (NIV) and its acetylated form 4-acetylniva-
lenol or fusarenone X (FX).

In Europe, maximum DON contamination levels
acceptable for cereals and maize-based food were
established in June 2005 (EC No856/2005) and revised
in July 2007 (EC No1126/2007). Grains or derived
products exceeding the established limits will not be
authorised for human consumption. It is of great concern
to reduce DON occurrence in cereals and derived
products generated in Europe. Type-B trichothecenes
are heat-stable molecules and are not eliminated by
current food manufacturing processes (Hazel and Patel
2004). In consequence, the most efficient way to
reduce or prevent trichothecene occurrence in food
today is to limit their biosynthesis by the fungus before

harvest. Since no efficient fungicides are presently
available to fully control Fusarium development and/or
toxin accumulation (Champeil et al. 2004), it is best to
prevent the development of the disease in the crop. It
has been shown that some cultural practices (plough-
ing, tillage, preceding crop and choice of cultivar) can
contribute to the occurrence of FHB (Champeil et al.
2004). As a consequence, appropriate agronomic
practices are generally used to reduce the risk of
contamination of wheat with trichothecenes (Champeil
et al. 2004; Edwards 2004). Among the different
factors that are relevant for that purpose, choice of
cultivar can be a determinant.

One obvious approach against the mycotoxin threat
consists of breeding varieties for resistance to FHB
disease. This strategy could limit mycotoxin contami-
nation in grains. However, a direct relationship between
resistance to FHB and resistance to toxin contamination
of the infected grain remains a subject of controversy. In
fact, some authors claim a correlation between FHB
symptoms and trichothecene level in wheat in contrast
to other literature data that show that infection severity
alone is not enough to predict a potential level of toxin
concentration in wheat grain (Mesterházy et al. 1999;
Snijders 2004). Although there is a general trend
showing that the higher the level of resistance of a
genotype the lower the toxin accumulation, varieties
with low apparent FHB symptom severity and high
DON content, and vice versa, have also been described
(Mesterházy et al. 1999). Because FHB symptoms and
Fusarium trichothecene levels are not always correlat-
ed, breeding for FHB-resistant wheat varieties with
lower mycotoxin levels in the grain is not straightfor-
ward and presents some difficulties.

Besides the resistance mechanisms that modulate
the severity of FHB, there may be additional
mechanisms that lead to a decrease in accumulation
of TCT B in kernels. In addition to quantitative trait
loci (QTL) controlling resistance to FHB, a QTL
linked to the control of trichothecene accumulation
has recently been characterised in wheat (Lemmens
et al. 2005). As trichothecenes have been shown to act
as virulence factors for fungal infection (Proctor et al.
1995), limiting mycotoxin production in the kernel
would consequently reduce fungal infection.

No FHB resistant varieties are yet commercially avai-
lable for durum wheat. In a recent study, the occurrence
of different sensitivities to TCT B accumulation was
demonstrated for a collection of Triticum turgidum
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subsp. durum lines inoculated with a nivalenol-produc-
ing strain of F. culmorum (Favre et al. 2004). While
only slight differences in the levels of fungal biomass
were observed for the different lines, four of the lines
exhibited lower TCT B contamination. The current
hypothesis is that those wheat lines may either contain
endogenous compounds able to inhibit Fusarium
trichothecene biosynthesis or possess biological activ-
ities able to degrade or modify the toxins. Such a var-
iation in TCT B production in different lines of the same
crop suggests that, even for cereal species in which no
resistance to pathogen development can be selected,
varieties accumulating lower toxin can be produced.
The identification of the precise chemical or biological
nature of the factors responsible for the differences in
susceptibility to toxin accumulation among varieties
will help plant geneticists to breed for varieties with
such desirable characteristics. A breeding strategy to
combine both resistance to pathogen development and
to toxin accumulation would probably lead to new
genotypes able to efficiently limit the ‘mycotoxin risk’.

Schroeder and Christensen (1963) distinguished
between two types of resistance to FHB in wheat:
type I resistance that operates against initial infection,
and type II resistance that operates against the spread
of the pathogen within the host. Later, other types of
resistance were defined from characteristics observed
in FHB-resistant wheat: ability to resist kernel infection
(type III), tolerance to infection (type IV), and
resistance to DON accumulation (type V; Miller et al.
1985; Mesterházy 2002).

The aim of this review is to focus on the natural
processes limiting Fusarium trichothecene accumula-
tion in cereals (type V resistance), especially in wheat.
These processes include both chemical transformation
of the toxins by plant metabolic activities and
inhibition of their biosynthesis by natural plant
compounds. We propose to divide the type V
resistance into two components of resistance: (V-1)
resistance to trichothecene accumulation by metabolic
transformation of the toxin and (V-2) resistance via
inhibition of trichothecene biosynthesis.

Metabolic transformation of Fusarium
trichothecenes

The occurrence of chemical transformation of Fusa-
rium trichothecenes in planta has long been suspected

from studies devoted to DON accumulation in
kernels. Miller et al. (1983) observed a decrease of
DON and 15-ADON levels during the growing
season in field maize inoculated with F. graminearum
and hypothesised that this decrease could be
explained by a chemical transformation of the
mycotoxins by plant enzymes. This reduction in toxin
levels was also noticed in wheat either artificially or
naturally infected with F. graminearum (Scott et al.
1984; Miller and Young 1985). Later, different studies
described interactions between plant components and
trichothecenes. For example, during germination of
barley seeds spiked with deoxynivalenol, a 77%
degradation of DON was observed within 5 days
(El-Banna 1987). In sweet potato root tissues, 14C-
labelled deoxynivalenol was rapidly metabolised and
converted into several unknown metabolites (Fujita
and Yoshizawa 1990). Miller et al. (1985) experimen-
tally infected a set of spring cereals (wheat, rye and
triticale; 20 cultivars) with F. graminearum, and
observed that there was proportionally less DON in
the resistant cultivars than in the susceptible ones
when compared with the expected values based on
fungal biomass measurements. Yao et al. (1996)
showed that extracts of leaves from two varieties of
wheat resistant to FHB (Sumaï 3 and Fan 9) trans-
formed DON into an unknown compound while no
transformation was noticed in varieties susceptible to
FHB. Miller et al. (1985) suggested that resistance in
some cultivars might result in part from degradation
or transformation of the toxins.

Such mechanisms would be supported by the
identification of either the bypass products or degra-
dation metabolites, or by the identification of plant
chemical transformation activities on trichothecenes.
Some recent works, described in the following
paragraph, clearly demonstrate that such mechanisms
do exist.

Glycosylation: a natural TCT B detoxification process
for cereals

A detoxification process for plants consists of re-
ducing the toxicity of pollutants by chemical modifi-
cation and sequestering into the vacuole (Coleman et
al. 1997). Chemical transformation may involve
conjugation of the toxic compound to polar substances
such as sugars, amino acids, or sulphates (Berthiller et
al. 2005). So far, conjugation of TCT B to sugars is
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the only modification reported to occur in planta
(Berthiller et al. 2005). In general, glycosylation
transforms toxic metabolites into stable and non-
reactive storage forms with increased water solubility
and the reactive site of the toxin is blocked by the
addition of the sugar residue, leading to a reduced
toxicity for the plant (Jones and Vogt 2001).

Miller and Arnison (1986) observed that the FHB
resistant wheat cv. Frontana was able to metabolise
18% of 14C deoxynivalenol added to suspension
cultures while the FHB susceptible cv. Casavant
converted only a small amount (<5%) of 14C DON.
In the Frontana cultures, three derived products were
formed and one of them was identified as a possible
glycoside of deoxynivalenol based on its molecular
weight. However, this product was not fully charac-
terised at the time of the study. Savard (1991) was the
first to chemically synthesise a glycoside derivative of
deoxynivalenol. Thus, with standards available, ana-
lytical methods could be developed and the presence of
conjugated mycotoxins could be investigated in plant
extracts. First, a glycoside of deoxynivalenol was
isolated from maize cell suspension cultures incubated
with DON (Sewald et al. 1992). Poppenberger et al.
(2003) identified an UDP glycosyltransferase in Arabi-
dopsis thaliana able to catalyse glycosylation of DON
and showed that the glycosylated form had a strongly
reduced capacity to inhibit protein synthesis. Later, the
natural occurrence of glycoside derivatives of deoxy-
nivalenol was reported in artificially (Berthiller et al.
2005; Dall’Asta et al. 2005) and naturally (Berthiller et
al. 2005) infected cereals. In their study, Lemmens et al.
(2005) even established a close relationship between the
ratio of DON glycoside/DON and DON resistance in
DON-treated wheat. Moreover, in their report, QTL
analysis linked DON resistance and Qfhs.ndsu-3BS,
QTL hypothesised to encode a DON-glycosyltransferase
or to regulate the expression of such an enzyme. In such
DON-resistant cultivars, trichothecenes seem to accu-
mulate mainly as DON glycoside and in addition, the
total content of DON+DON glycoside appears one
order of magnitude lower in the resistant lines compared
with the sensible ones (Lemmens et al. 2005). New
wheat cultivars with increased glycosyltransferase activ-
ity can now be selected by introgression of the Qfhs.
ndsu-3BS QTL into sensible cultivars.

Detoxification of trichothecenes by glycosylation
leading to so-called masked mycotoxins could be an
important natural mechanism used by plants for

resistance to mycotoxin accumulation. A mechanism
leading to zearalenone glycosylation has also been
described (Schneweis et al. 2002) showing that it is
not limited to trichothecenes. However, although
glycosylated compounds appear to be less toxic
(Poppenberger et al. 2003; Wu et al. 2007), the
possibility that they can be re-converted into the
original toxic form by hydrolysis during food/feed
processing or in the digestive tract of humans and
animals cannot be excluded (Gareis et al. 1990). The
masked mycotoxins are often not detected when using
the routine methods of mycotoxin analysis (Berthiller
et al. 2005). Because of the increased water solubility
of glycosylated compounds, the solvent generally
used in the extraction process is not adapted for an
efficient extraction of the conjugated mycotoxins, and
in consequence, they can get lost during the clean-up
process (Berthiller et al. 2005). Since very sensitive
LC-MS/MS methods are now available for structural
characterisation and quantification of trichothecene
glycosides (Berthiller et al. 2005), an emphasis should
be placed on tracking down these masked mycotoxins
in field sample analysis.

Acetylation and de-epoxidation: additional chemical
modifications that reduce toxicity of TCT B

Based on the relationship between structure and
toxicity of trichothecenes, acetylation and de-epoxida-
tion are two possible mechanisms that could reduce the
toxicity of trichothecenes (Eriksen 2003; Kimura et al.
2006). Can these strategies be used in plants to protect
themselves against trichothecene accumulation?

Acetylation has been described as a trichothecene
detoxification process used by Fusarium species to
protect themselves from their own toxins. First,
Kimura et al. (1998) isolated the Tri101 gene from
F. graminearum, which encodes a trichothecene 3-O-
acetyltransferase catalysing the transfer of an acetyl
group to the C-3 hydroxyl group of trichothecenes.
The authors showed that the 3-O-acetylation of
trichothecenes led to a reduced toxicity on in vitro
protein synthesis in the rabbit reticulocyte lysate
translation system. The acetylated forms 15-ADON
and 3-ADON have generally been reported as being
less toxic for animals and humans (Atkinson and
Miller 1984; Eriksen et al. 2004). McCormick et al.
(1999) observed that expression of Tri101 in the yeast
species Saccharomyces cerevisiae and Schizosacchar-
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omyces pombe increased their resistance to trichothe-
cenes. Since trichothecene production has been
suggested as a virulence factor, Kimura et al. (1998)
hypothesised that transgenic plants expressing Tri101
could contribute to the control of FHB by decreasing
Fusarium aggressiveness. Various studies with wheat
(Okubara et al. 2002), barley (Manoharan et al. 2006),
and rice (Kimura et al. 2006; Ohsato et al. 2007) have
shown that the expression of a transgenic Tri101 gene
can reduce DON accumulation or FHB symptoms in
greenhouse tests but this mechanism was not effective
in field experiments (Okubara et al. 2002; Manoharan
et al. 2006). To date, no reports on the natural
occurrence of trichothecene acetylation as a detoxifi-
cation process in plants have been published.

There are conflicting observations concerning the
phytotoxicity of acetylated DON to cereal plants. In a
study on rice seedlings, Ohsato et al. (2007) reported
that DON was not phytotoxic to transgenic lines
expressing Tri101. In contrast, other data reported that
acetylated DON was nearly as toxic as DON for
cereal plants (Wang and Miller 1988; Wakulinski
1989; Bruins et al. 1993; Eudes et al. 2000).
According to Ohsato et al. (2007), the apparent
toxicity of 3-ADON observed in studies mentioned
earlier with non-transgenic plants may be attributed to
C-3 de-acetylation inside the cells. According to
Mitterbauer and Adam (2002), the efficiency of
overexpression of an acetyl transferase in plants could
be severely limited by the reconversion of the
acetylated precursors to DON by plant de-acetylases.
This could be experimentally demonstrated by tracing
the re-conversion of 3-ADON applied to plants to
DON. In contrast, Kimura et al. (2006) supported the
idea that transgenic expression of Tri101 could
continuously eliminate the C-3 deacetylated tricho-
thecenes from plant cells. More studies are needed to
resolve the ambiguities concerning the phytotoxicity
and stability of acetylated derivatives of DON in
cereals and the problems concerning the stability of
expression of Tri101 in transgenic plants before
Tri101 can be part of a biotechnological application.
Recent work reported a significant difference in the
catalytic properties of Tri101 orthologs from F.
sporotrichioides and F. graminearum to inactivate
DON (Garvey et al. 2007). New forms of acetyl
transferase with an increased efficiency to acetylate
the DON and which can be stably expressed in planta
have to be investigated in order to generate transgenic

plants that could be substantially protected against
FHB and DON accumulation under field conditions.

Trichothecenes constitute a family of sesquiterpe-
noids with a 12,13 epoxide ring, which confers the
toxicity to these molecules (Eriksen 2003). The epoxide
reduction corresponds to the removal of the oxygen
from the epoxide group to yield a carbon–carbon
double bond. Eriksen et al. (2004) used a cell toxicity
test to show that the IC50 values for the DON and NIV
de-epoxides were respectively 55 and 54 times higher
than for the corresponding toxins. Other studies
showed that de-epoxide metabolites of the type A
trichothecenes T-2 toxin and diacetoxyscirpenol were
less toxic than the corresponding toxins with an intact
epoxide ring (Swanson et al. 1987, 1988). However, no
de-epoxide forms of trichothecenes have been reported
yet in planta. Although phytotoxicity tests of de-
epoxide trichothecenes on cereals have not been
performed, transgenic strategies using expression of a
gene encoding an enzyme able to de-epoxidise the
trichothecene molecule could be of great interest for
reducing toxin toxicity. As recently reported by Binder
(2007), several authors previously described a de-
epoxydation reaction of ruminal or intestinal flora.
Binder et al. (2000) were able for the first time to
isolate out of bovine rumen fluid a pure bacterial strain
of a new species of the genus Eubacterium which was
able to detoxify trichothecenes. An epoxidase from this
strain can enzymatically reduce different type A
trichothecenes and deoxynivalenol to non-toxic de-
epoxide metabolites (Fuchs et al. 2002; Schatzmayr et
al. 2006). However, the genes involved in the
detoxification pathway remain to be identified.

Inhibition of Fusarium trichothecenes biosynthesis
by kernel compounds

Another alternative strategy to limit mycotoxin con-
tent in grains consists of reducing their biosynthesis
during the growth of the plant. We previously raised
the hypothesis that resistance to Fusarium trichothe-
cene accumulation in some durum wheat cultivars
could be explained by a particular biochemical
composition of the kernel, rich in specific endogenous
compounds able to reduce trichothecene biosynthesis
(Pinson-Gadais et al. 2007). Several studies indicated
an inhibitory effect of plant secondary metabolites on
mycotoxin production. These include both constitu-
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tive compounds of kernels and compounds induced in
response to pathogen infection. Trichothecenes are
synthesised from trichodiene by a series of oxygen-
ations known to require molecular oxygen (Desjardins
et al. 1993). Therefore, changes in the oxidative
parameters of the nutrient source, the kernels, can
interfere with the secondary metabolism of the fungus
and modulate the levels of trichothecene production
(Ponts 2005).

Different compounds with antioxidant properties,
like phenolic compounds, peptides or carotenoids,
and with pro-oxidant properties, like hydrogen per-
oxide or linoleic acid-derived hydroperoxides, have
been presumed to modulate biosynthesis of mycotox-
ins (Burow et al. 1997; Huang et al. 1997; Norton
1997; Hua et al. 1999; Ponts et al. 2006). Here, we
review different studies reporting in vitro effects of
such compounds on biosynthesis of trichothecenes.

Secondary metabolites with pro-oxidant properties

In planta, substrate composition may be greatly
modified upon invasion by pathogens, triggering
several defence mechanisms in the host. Among the
broad range of defence responses, the generation of
reactive oxygen species, such as hydrogen peroxide
(H2O2) is one of the earliest events (Repka 1999;
Kachroo et al. 2003). This molecule orchestrates the
plant hypersensitive disease resistance response
(Levine et al. 1994). In the interaction between F.
graminearum and wheat, proteins with antioxidant
function are observed 5 days after inoculation
suggesting an oxidative burst of H2O2 inside the
infected tissues (Zhou et al. 2005). Because many
oxidation steps are involved in trichothecene biosyn-
thesis, the very strong oxidant characteristics of H2O2

may interfere with fungal metabolism and modulate
toxin yield (Ponts 2005). Previous data indicate that
DON production by Fusarium requires weak oxidant
conditions (Miller and Blackwell 1986). However,
our recent in vitro experiments showed that exoge-
nous H2O2 leads to enhanced DON/ADON produc-
tion by F. graminearum (Ponts et al. 2003, 2006) and
up-regulates expression of various Tri genes involved
in trichothecene biosynthesis (Ponts et al. 2007).
Relieving the fungus from H2O2 stress by addition
of catalase in the medium leads to a significant down-
regulation of these genes and a strong decrease in
trichothecene biosynthesis (Ponts et al. 2007). This

result reinforces the hypothesis that oxidative con-
ditions encountered by F. graminearum during its
development on the spike can be a determinant factor
in the level of induction of toxin biosynthesis. Thus,
the efficiency of the oxidative burst will not only act
on the development of the fungus in the infected
kernels but also have an effect on the level of the
virulence factors, the trichothecenes produced by the
fungus. This may explain in part the difference
observed between various wheat cultivars in levels
of resistance to FHB and of mycotoxin accumulation.
In addition, Ponts et al. (2006) observed that the
regulation of TCT B accumulation induced by an
oxidative stress may be compound dependent, as
paraquat, another pro-oxidant molecule, inhibits their
production. The results also suggested that H2O2

effect on TCT B production could be chemotype
dependent, as mycotoxin accumulation in liquid
culture of a nivalenol and fusarenone X-producing F.
graminearum strain was not affected by the H2O2

treatment. From this study on the effects of pro-
oxidants on trichothecene synthesis, the authors
concluded that the difference in F. graminearum
virulence levels could partially be explained by an
adaptation of Fusarium to H2O2 stress.

The plant lipoxygenase (LOX) pathway produces
metabolites implicated in pathogen resistance
(Gardner 1991). It has been shown with Aspergillus
species that oxidation products of lipids, induced by
stress conditions, can also affect aflatoxin biosynthe-
sis (Fabbri et al. 1983; Fanelli and Fabbri 1989).
Several in vitro studies demonstrated an effect of
LOX products on aflatoxin production, including
inhibitory effects (Goodrich-Tanrikulu et al. 1995;
Burow et al. 1997) but also activating effects (Fabbri
et al. 1983; Passi et al. 1984; Fanelli et al. 1989).
Burow et al. (1997) showed that 13S-hydroperoxide
(13S-HPODE), one of the LOX-derived metabolites
from linoleic acid, can decrease aflatoxin biosynthesis
in vitro while 9S-HPODE did not. Derivatives of 13S-
HPODE like methyl jasmonate (Goodrich-Tanrikulu
et al. 1995; Vergopoulou et al. 2001) or aldehyde
products of 13S-HPODE (Castoria et al. 1989;
Zeringue et al. 1996) can also modulate aflatoxin
production. In planta, past studies showed a relation-
ship between the percentage of polyunsaturated fatty
acids of lipid extracts from seeds and aflatoxin
production (Fabbri et al. 1983; Passi et al. 1984).
The authors attributed this result to the fact that
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polyunsaturated fatty acids are more easily peroxidis-
able than the mono-unsaturated fatty acids. These
results suggest that the activity of the plant lip-
oxygenase system may influence mycotoxin produc-
tion. Regarding trichothecenes, there are few studies
on the effect of the plant lipoxygenase pathway on
their production. A recent in vitro experiment per-
formed in our laboratory showed that 13S-HPODE
can activate TCT B production by F. graminearum
(Ponts 2005). However, this is a preliminary result
and further studies are necessary to clarify the effect
of LOX products on trichothecene production.

Secondary metabolites with antioxidant properties

Since plant metabolites with pro-oxidant properties
have a strong effect on trichothecene biosynthesis, we
could reasonably suppose that plant secondary metab-
olites with antioxidant properties may also have a
modulator effect on trichothecene biosynthesis.
Among the secondary metabolites of cereal kernels
with antioxidant properties, carotenoids, peptides, and
especially phenolic compounds have been studied for
their efficiency to reduce mycotoxin biosynthesis
(Norton 1997; Bily 2003; Chen et al. 2006).

Literature data concerning the effect of carotenoids
on mycotoxin biosynthesis are scarce. Some studies
report an inhibitory effect of carotenoids on aflatoxin
biosynthesis by Aspergillus (Norton 1997; Wicklow et
al. 1998). As the amount and type of carotenoids
present in cereal grains are subject to variations
between species, cultivars and environmental growing
conditions (Hentschel et al. 2002; Konopka et al. 2006;
Abdel-Aal et al. 2007), more studies evaluating the
effect of these antioxidant molecules on TCT B
production by Fusarium species are needed. Prelimi-
nary in vitro work from our laboratory suggests an
inhibitory effect of lutein extracted from durum wheat
bran on TCT B production by F. culmorum, and also of
a carotenoid extract from maize kernels on fumonisin
production by F. verticillioides (unpublished data).

Plant seeds contain high levels of many antimicro-
bial and antifungal proteins including pathogenesis-
related proteins, enzyme inhibitors, hydrolytic
enzymes like chitinases and glucanases, ribosome-
inactivating proteins, lipid transfer proteins, and small
peptides such as defensins, lectins, and thionins (Apel
et al. 1990; Vigers et al. 1991; Duvick et al. 1992;
Van Loon and Van Strien 1999; Muthukrishnan et al.

2001). Such antifungal defence compounds may be
expressed constitutively by the host plants or induced
upon pathogen infection (Fritig et al. 1998). Small
peptides and proteins have been characterised in
maize and wheat kernels that have antifungal activity
against Fusarium (Duvick et al. 1992; Huynh et al.
1992a, b; Egorov et al. 2005) and Aspergillus species
(Neucere and Godshall 1991; Chen et al. 1998). Some
authors have suggested a relationship between maize
kernel resistance to Aspergillus and expression of
antifungal proteins (Huang et al. 1997; Chen et al.
1998, 2006). Doohan et al. (2000) identified antifun-
gal proteins from seed extracts of the FHB-resistant
wheat cv. Arina. According to the molecular mass of
this antifungal protein, they suggested chitinases,
ribosome-inactivating proteins, permatins or gluca-
nases as possible candidates. Strikingly, few studies
attempting to understand the effect of these antifungal
proteins or peptides from kernels on mycotoxin
production have been reported. The inhibition of
Aspergillus aflatoxin production by maize seed
proteins (Nagarajan and Bhat 1972; Huang et al.
1997; Chen et al. 2006) or cotton seed proteins
(McCormick et al. 1988) has been examined. Thus, as
with carotenoids, studies evaluating the effect of
antifungal seed proteins and peptides on TCT B
production by Fusarium species are required.

Among the secondary metabolites with antioxidant
properties, phenolic compounds have often been
described as inhibitors of both fungal growth and
mycotoxin production (Guiraud et al. 1995; Hua et al.
1999). Phenolic compounds are present in all plants,
and they or their oxidation products have been shown
to have a role in disease resistance (Friend 1981;
Matern and Kneusel 1988, Nicholson and
Hammerschmidt 1992). Some phenolic compounds
are linked to various cell wall components (Wallace
and Fry 1994). In response to pathogen infection, they
can be either released from the cell wall or massively
synthesised by the plant, accumulating rapidly at the
infection site (Nicholson and Hammerschmidt 1992).
They can thus operate in defence response through
inactivation of fungal enzymes or reinforcement of
plant structural components (Bell 1981), such as the
host cell wall which acts as a mechanical barrier
against the pathogen, limiting the diffusion of toxins
released by the pathogens into the host cell and the
flux of nutrients from the host cell to the pathogen
(Siranidou et al. 2002).
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During the infection process, the fungal mycelium
progresses from the surface of the kernel to the endo-
sperm (McKeehen et al. 1999). Hence, the biochemical
organisation of the outer layers can interact with the
penetration of Fusarium species (McKeehen et al.
1999). The cell walls of kernels are rich in phenolic
compounds (Naczk and Shahidi 2004). Phenolic
compounds have been shown to inhibit the in vitro
growth and reproduction of a wide array of fungal
genera (Guiraud et al. 1995; Aziz et al. 1998). Several
reports suggest that resistance to Fusarium is correlated
with kernel phenolic content in maize at maturity (Reid
et al. 1992; Assabgui et al. 1993; Bily et al. 2003) and
wheat (McKeehen et al. 1999; Siranidou et al. 2002).
In these studies, the phenolic compounds associated
with FHB resistance are flavonoids (Reid et al. 1992)
and phenolic acids, especially ferulic and p-coumaric
acid (Assabgui et al. 1993; McKeehen et al. 1999;
Siranidou et al. 2002; Bily et al. 2003). In response to
inoculation with F. graminearum, Reid et al. (1992)
observed that the concentration of phenolic compounds
in the silk tissue increased in the resistant maize
cultivars and decreased in the susceptible ones. In the
latter case, the authors explained this decrease in
phenolic compounds either by their degradation
through the pathogen or by an inhibition of their
biosynthesis through fungal trichothecenes, which are
known as potent inhibitors of protein biosynthesis. In
the former case, Reid et al. (1992) suggested that either
the cultivar is resistant to the toxin or may be able to
detoxify it. Thus, in the resistant cultivar, the metabo-
lism is not affected by the toxin and the plant reacts by
synthesising more phenolic compounds that are targeted
to the infection site. This led the authors to hypothesise
that this increase in phenolic compounds that seems to
be induced in resistant genotypes, may play a crucial
role in resistance to trichothecene accumulation.

Several in vitro experiments have described an
inhibitory effect of various phenolic compounds on
mycotoxin production. The inhibitory effect of differ-
ent phenolic compounds on aflatoxin production by
Aspergillus species has been widely reported in the
literature (Chipley and Uraih 1980; Mallozzi et al.
1996; Hua et al. 1999; Norton 1999; Nesci and
Etcheverry 2006). Interestingly, several natural phe-
nolic compounds (quinones, coumarins, flavonoids,
phenolic acids) isolated from various plants were
shown to be potent inhibitors of aflatoxin formation
(Lee et al. 2001; Mahoney and Molyneux 2004).

Similarly, phenolic acids were found to be effective
inhibitors of fumonisin B1 production by F. verti-
cillioides (Beekrum et al. 2003). Miller et al. (1996)
and Desjardins et al. (1988) reported an inhibitory
effect of respectively 4-acetylbenzoxazolin-2-one (4-
ABOA) and naturally occurring flavonoids and
furanocoumarins on TCT B biosynthesis. A more
recent study suggested that soluble phenolic com-
pounds of maize germ could reduce trichothecene
accumulation (Bakan et al. 2003). The same year,
Bily (2003) reported that caffeic acid, ferulic acid, p-
coumaric acid, vanillic acid and 3-hydroxybenzoic
acid can reduce TCT B production by F. graminea-
rum. Interestingly, in the last two studies, toxin
inhibition by phenolic compounds occurred at con-
centrations where fungal growth was not affected,
suggesting that the effect of phenolic compounds on
mycotoxin accumulation was not the result of a
fungitoxic effect but a specific effect on toxin
biosynthesis. Bily (2003) showed that ferulic acid
acted on the TCT B biosynthesis pathway but not on
the steps involved in the initiation of production. This
is in agreement with a previous report from Desjar-
dins et al. (1988) showing that in cultures of F.
sporotrichioides treated with flavones or furanocou-
marins, accumulation of the final toxin decreased
while there was an increased accumulation of tricho-
diene (the first intermediate in trichothecene biosyn-
thesis). Their interpretation was that conversion of
trichodiene to oxygenated trichothecene was blocked
by the phenolic compounds tested, therefore impeding
the production of any toxic trichothecenes with a 12,
13-epoxide group.

As phenolic acid profiles vary between wheat
varieties (Lempereur et al. 1997; Moore et al. 2006;
Mpofu et al. 2006), they could be good candidate
compounds for the reduced TCT B biosynthesis trait
in kernels. Recent work in our laboratory showed that
a phenolic fraction extracted from wheat bran
exhibited a strong inhibitory effect on in vitro DON/
ADON biosynthesis by F. culmorum and suggested a
possible role of phenolic acids in resistance to
trichothecene accumulation in durum wheat.

Conclusion

Up to now, most cereal breeding approaches to
develop varieties with high levels of FHB resistance
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have focused on selection for reduced FHB symp-
toms. As trichothecenes have been shown to act as
virulence factors, an alternative strategy to limit FHB
and its effects could consist of reducing the myco-
toxin contamination of kernels. This would limit
fungal infection by decreasing or removing the fungal
virulence factors. An improved breeding strategy
would be to select for varieties exhibiting natural
mechanisms of plant resistance to both fungal spread
and mycotoxin accumulation.

Cereals can deploy various natural mechanisms to
reduce mycotoxin accumulation. Among these natural
mechanisms, we reported here that cereal plants can
promote degradation or detoxification of mycotoxins
(type V-1 resistance) or prevent their biosynthesis (type
V-2 resistance).

Concerning the detoxification mechanisms, glyco-
sylation of TCT B is a recently described natural
process encountered in wheat. Based on the structure
and toxicity of trichothecenes, two other mechanisms
of chemical modification can reduce the toxicity of
TCT B: acetylation and de-epoxidation. To our
knowledge, the occurrence of these two mechanisms
has not yet been reported to occur naturally in cereals.
Studies with transgenic plants containing a Fusarium
gene that acetylates TCT B as a detoxification process
have been promising. However, before using heterol-
ogous detoxification genes in cereals, it may be
worthwhile to investigate first the phytotoxicity and
the stability of acetylated and de-epoxyde derivatives
of TCT B. If proven relevant, the genes conferring the
ability to detoxify trichothecenes could be introduced
in susceptible genotypes, using either marker-assisted
selection or transgenic approaches.

Plants can also prevent mycotoxin biosynthesis by
the fungus. In fact, some compounds, constitutive in
the kernels or induced as a response to pathogen
attack, can effectively reduce mycotoxin production.
Literature data describing kernel phenolic compounds
that inhibit biosynthesis of various mycotoxins,
including trichothecenes, are numerous. It is possible
that many other kernel compounds can interfere with
mycotoxin metabolism. These include carotenoids,
antifungal peptides, hydrogen peroxide and oxidation
products of lipids. Unfortunately, many studies that
showed an inhibitory effect of some of these
compounds on fungal growth have not looked at their
effect on mycotoxin biosynthesis. Recent efforts in
this direction from different groups, including our

laboratory, appear to be very promising and suggest
that, at least in vitro, various kernel compounds can
greatly modulate accumulation of trichothecenes.
Such studies have to be extended to confirm these
results and to identify new kernel compounds that
might inhibit mycotoxin biosynthesis. In this review,
we reported different compounds that modulated in
vitro TCT B biosynthesis by Fusarium. However, the
question remains whether these compounds are effec-
tive in planta. An exciting challenge for the near future
is to answer this question as this could open the way
for selecting varieties exhibiting appropriate kernel
composition, rich in such endogenous compounds.

Thus, a strategy of ‘pyramiding’ resistance QTL,
genes for detoxification, and improved composition in
kernel compounds limiting trichothecene accumula-
tion could lead to a palette of new varieties,
increasing the choices for cultural practices aiming
at reducing the mycotoxin risk in cereals.

Acknowledgements This work is part of Anne-Laure Boutigny’s
PhD project financially supported by the IRTAC (Institut de
Recherches Technologiques Agroalimentaires des Céréales), the
ANRT (Association Nationale de la Recherche Technique), and the
‘Ministère de l’Enseignement supérieur et de la Recherche’ as part of
the National Integrated Research Project ‘RARE fusariotoxines
2003–2007’. We would like to thank Thérèse Ouellet and Shea
Miller for review of an earlier version of this manuscript.

References

Abdel-Aal, E. S. M., Young, J. C., Rabalski, I., Hucl, P., &
Fregeau-Reid, J. (2007). Identification and quantification
of seed carotenoids in selected wheat species. Journal of
Agricultural and Food Chemistry, 55, 787–794.

Apel, K., Bohlmann, H., & Reimann-Philipp, U. (1990). Leaf
thionins, a novel class of putative defence factors.
Physiologia Plantarum, 80, 315–321.

Assabgui, R. A., Reid, L. M., Hamilton, R. I., & Arnason, J. T.
(1993). Correlation of kernel (E)-ferulic acid content of
maize with resistance to Fusarium graminearum. Phyto-
pathology, 83, 949–953.

Atkinson, H. A. C., & Miller, K. (1984). Inhibitory effect of
deoxynivalenol, 3-acetyldeoxynivalenol and zearalenone
on induction of rat and human lymphocyte proliferation.
Toxicology Letters, 23, 215–221.

Aziz, N. H., Farag, S. E., Mousa, L. A. A., & Abo-Zaid, M. A.
(1998). Comparative antibacterial and antifungal effects of
some phenolic compounds. Microbios, 93, 43–54.

Bakan, B., Bily, A. C., Melcion, D., Cahagnier, B., Regnault-
Roger, C., Philogene, B. J. R., et al. (2003). Possible role
of plant phenolics in the production of trichothecenes by
Fusarium graminearum strains on different fractions of
maize kernels. Journal of Agricultural and Food Chemis-
try, 51, 2826–2831.

Eur J Plant Pathol (2008) 121:411–423 419



Beekrum, S., Govinden, R., Padayachee, T., & Odhav, B.
(2003). Naturally occurring phenols: a detoxification
strategy for fumonisin B1. Food Additives and Contami-
nants, 20, 490–493.

Bell, A. A. (1981). Biochemical mechanisms of disease
resistance. Annual Review of Plant Physiology, 32, 21–81.

Bennett, J. W., & Klich, M. (2003). Mycotoxins. Clinical
Microbiology Reviews, 16, 497–516.

Berthiller, F., Dall’Asta, C., Schuhmacher, R., Lemmens, M.,
Adam, G., & Krska, R. (2005). Masked mycotoxins:
Determination of a deoxynivalenol glucoside in artificially
and naturally contaminated wheat by liquid chromatogra-
phy-tandem mass spectrometry. Journal of Agricultural
and Food Chemistry, 53, 3421–3425.

Bily, A. (2003). Rôle et importance des déhydrodimères d’acide
férulique et autres phénylpropanoïdes dans les mécanismes
de résistance de Zea mays L. à Fusarium graminearum
Schwabe. Doctoral Thesis, Pau University, France.

Bily, A. C., Reid, L. M., Taylor, J. H., Johnston, D., Malouin,
C., Burt, A. J., et al. (2003). Dehydrodimers of ferulic acid
in maize grain pericarp and aleurone: resistance factors to
Fusarium graminearum. Phytopathology, 93, 712–719.

Binder, E. M. (2007). Managing the risk of mycotoxins in
modern feed production. Animal Feed Science and
Technology, 133, 149–166.

Binder, E. M., Heidler, D., Schatzmayr, G., Thimm, N., Fuchs,
E., Schuh, M., et al. (2000). Mycotoxins and phycotoxins
in perspective at the turn of the millennium. (Paper
presented at the 10th International IUPAC Symposium
on Mycotoxins and Phycotoxins, Guarujá, Brazil).

Bottalico, A., & Perrone, G. (2002). Toxigenic Fusarium
species and mycotoxins associated with head blight in
small-grain cereals in Europe. European Journal of Plant
Pathology, 108, 611–624.

Bruins, M. B. M., Karsai, I., Schepers, J., & Snijders, C. H. A.
(1993). Phytotoxicity of deoxynivalenol to wheat tissue
with regard to in vitro selection for Fusarium head blight
resistance. Plant Science, 94, 195–206.

Burow, G. B., Nesbitt, T. C., Dunlap, J., & Keller, N. P. (1997).
Seed lipoxygenase products modulate Aspergillus myco-
toxin biosynthesis. Molecular Plant-Microbe Interactions,
10, 380–387.

Castoria, R., de Luca, C., Fabbri, A. A., Passi, S., & Fanelli, C.
(1989). By-products of lipoperoxidation and aflatoxin
production. Journal of Toxicology, 8, 349–360.

Champeil, A., Dore, T., & Fourbet, J. F. (2004). Fusarium head
blight: epidemiological origin of the effects of cultural
practices on head blight attacks and the production of
mycotoxins by Fusarium in wheat grains. Plant Science,
166, 1389–1415.

Chen, Z. Y., Brown, R. L., Lax, A. R., Guo, B. Z., Cleveland,
T. E., & Russin, J. S. (1998). Resistance to Aspergillus
flavus in corn kernels is associated with a 14- kDa protein.
Phytopathology, 88, 276–281.

Chen, Z. Y., Brown, R. L., Rajasekaran, K., Damann, K. E., &
Cleveland, T. E. (2006). Identification of a maize kernel
pathogenesis-related protein and evidence for its involve-
ment in resistance to Aspergillus flavus infection and
aflatoxin production. Phytopathology, 96, 87–95.

Chipley, J. R., & Uraih, N. (1980). Inhibition of Aspergillus
growth and aflatoxin release by derivatives of benzoic

acid. Applied and Environmental Microbiology, 40, 352–
357.

Coleman, J. O. D., Blake-Kalff, M. M. A., & Davies, T. G. E.
(1997). Detoxification of xenobiotics by plants: chemical
modification and vacuolar compartmentation. Trends in
Plant Science, 2, 144–151.

Dall’Asta, C., Berthiller, F., Schuhmacher, R., Adam, G.,
Lemmens, M., & Krska, R. (2005). DON-glycosides:
characterisation of synthesis products and screening for
their occurrence in DON-treated wheat samples. Mycotox-
in Research, 21, 123–127.

Desjardins, A. E., Hohn, T. M., & McCormick, S. P. (1993).
Trichothecene biosynthesis in Fusarium species: chemis-
try, genetics and significance. Microbiological Reviews,
57, 595–604.

Desjardins, A. E., Plattner, R. D., & Spencer, G. F. (1988).
Inhibition of trichothecene toxin biosynthesis by naturally
occurring shikimate aromatics. Phytochemistry, 27, 767–
771.

Doohan, F. M., Mentewab, A., & Nicholson, P. (2000).
Antifungal activity toward Fusarium culmorum in soluble
wheat extracts. Phytopathology, 90, 666–671.

Duvick, J. P., Rood, T., Rao, A. G., & Marshak, D. R. (1992).
Purification and characterization of a novel antimicrobial
peptide from maize (Zea mays L.) kernels. Journal of
Biological Chemistry, 267, 18814–18820.

Edwards, S. G. (2004). Influence of agricultural practices on
Fusarium infection of cereals and subsequent contamina-
tion of grain by trichothecene mycotoxins. Toxicology
Letters, 153, 29–35.

Egorov, T. A., Odintsova, T. I., Pukhalsky, V. A., & Grishin, E.
V. (2005). Diversity of wheat anti-microbial peptides.
Peptides, 26, 2064–2073.

El-Banna, A. A. (1987). Stability of citrinin and deoxynivalenol
during germination process of barley. Mycotoxin Research,
3, 37–41.

Eriksen, G. S. (2003). Metabolism and toxicity of trichothe-
cenes. Doctoral Thesis, Uppsala University, Sweden.

Eriksen, G. S., Pettersson, H., & Lundh, T. (2004). Compara-
tive cytotoxicity of deoxynivalenol, nivalenol, their acet-
ylated derivatives and de-epoxy metabolites. Food and
Chemical Toxicology, 42, 619–624.

Eudes, F., Comeau, A., Rioux, S., & Collin, J. (2000).
Phytotoxicity of eight mycotoxins associated with the
fusariosis of wheat spikelets. Canadian Journal of Plant
Pathology, 22, 286–292.

Fabbri, A. A., Fanelli, C., Panfili, G., Passi, S., & Fasella, P.
(1983). Lipoperoxidation and aflatoxin biosynthesis by
Aspergillus parasiticus and A. flavus. Journal of General
Microbiology, 129, 3447–3452.

Fanelli, C., & Fabbri, A. A. (1989). Relationship between lipids
and aflatoxin biosynthesis. Mycopathologia, 107, 115–
120.

Fanelli, C., Fabbri, A. A., Panfili, G., Castoria, R., Luca, C. D.,
& Passi, S. (1989). Aflatoxin congener biosynthesis
induced by lipoperoxidation. Experimental Mycology, 13,
61–68.

Favre L., Verdal-Bonnin, M. N., Pinson-Gadais, L., Roumet, P.,
Barreau, C., & Richard- Forget, F. (2004). Does biochem-
ical composition of durum wheat kernels influence the
trichothecenes B (TCT B) contamination levels? (Paper

420 Eur J Plant Pathol (2008) 121:411–423



presented at the 2nd International Symposium on Fusa-
rium Head Blight, Orlando, Florida, USA).

Friend, J. (1981). Plant phenolics, lignification and plant
disease. Progress in Phytochemistry, 7, 197–261.

Fritig, B., Heitz, T., & Legrand, M. (1998). Antimicrobial
proteins in induced plant defense. Current Opinion in
Immunology, 10, 16–22.

Fuchs, E., Binder, E. M., Heidler, D., & Krska, R. (2002).
Structural characterization of metabolites after the micro-
bial degradation of type A trichothecenes by the bacterial
strain BBSH 797. Food Additives and Contaminants, 19,
379–386.

Fujita, M., & Yoshizawa, T. (1990). Metabolism of deoxyniva-
lenol, a trichothecene mycotoxin, in sweet potato root
tissues. Journal of the Food Hygienic Society of Japan,
31, 474–478.

Gardner, H. W. (1991). Recent investigations into the lip-
oxygenase pathways of plants. Biochimica and Biophysica
Acta, 1084, 221–239.

Gareis, M., Bauer, J., Thiem, J., Plank, G., Grabley, S., &
Gedek, B. (1990). Cleavage of zearalenone-glycoside, a
“masked” mycotoxin during digestion in swine. Journal of
Veterinary Medicine, 37, 236–240.

Garvey, G. S., McCormick, S. P., & Rayment, I. (2007).
Structural and functional characterization of the TRI101
trichothecene 3-O-acetyltransferase from Fusarium sporo-
trichioides and Fusarium graminearum; kinetic insights to
combating Fusarium head blight. Journal of Biological
Chemistry. DOI 10.1074/m705752200.

Goodrich-Tanrikulu, M., Mahoney, N. E., & Rodriguez, S. B.
(1995). The plant growth regulator methyl jasmonate
inhibits aflatoxin production by Aspergillus flavus. Micro-
biology, 141, 2831–2837.

Guiraud, P., Steiman, R., Seigle-Murandi, F., & Benoit-Guyod,
J. L. (1995). Comparison of the toxicity of various lignin-
related phenolic compounds toward selected fungi perfecti
and fungi imperfecti. Ecotoxicology and Environmental
Safety, 32, 29–33.

Hazel, C. M., & Patel, S. (2004). Influence of processing on
trichothecene levels. Toxicology Letters, 153, 51–59.

Hentschel, V., Kranl, K., Hollmann, J., Lindhauer, M. G.,
Bohm, V., & Bitsch, R. (2002). Spectrophotometric
determination of yellow pigment content and evaluation
of carotenoids by high-performance liquid chromatogra-
phy in durum wheat grain. Journal of Agricultural and
Food Chemistry, 50, 6663–6668.

Hua, S.-S. T., Grosjean, O.-K., & Baker, J. L. (1999). Inhibition
of aflatoxin biosynthesis by phenolic compounds. Letters
in Applied Microbiology, 29, 289–291.

Huang, Z., White, D. G., & Payne, G. A. (1997). Corn seed
proteins inhibitory to Aspergillus flavus and aflatoxin
biosynthesis. Phytopathology, 87, 622–627.

Huynh, Q. K., Borgmeyer, J. R., & Zobel, J. F. (1992b).
Isolation and characterization of a 22 kDa protein with
antifungal properties from maize seeds. Biochemical and
Biophysical Research Communications, 182, 1–5.

Huynh, Q. K., Hironaka, C. M., Levine, E. B., Smith, C. E.,
Borgmeyer, J. R., & Shah, D. M. (1992a). Antifungal
proteins from plants. Purification, molecular cloning, and
antifungal properties of chitinases from maize seed.
Journal of Biological Chemistry, 267, 6635–6640.

Jones, P., & Vogt, T. (2001). Glycosyltransferases in secondary
plant metabolism: tranquilizers and stimulant controllers.
Planta, 213, 164–174.

Kachroo, A., He, Z. H., Patkar, R., Zhu, Q., Zhong, J., Li, D., et
al. (2003). Induction of H2O2 in transgenic rice leads to
cell death and enhanced resistance to both bacterial and
fungal pathogens. Transgenic Research, 12, 577–586.

Kimura, M., Kaneko, I., Komiyama, M., Takatsuki, A.,
Koshino, H., Yoneyama, K., et al. (1998). Trichothecene
3-O-acetyltransferase protects both the producing organ-
ism and transformed yeast from related mycotoxins -
Cloning and characterization of Tri101. Journal of
Biological Chemistry, 273, 1654–1661.

Kimura, M., Takahashi-Ando, N., Nishiuchi, T., Ohsato, S.,
Tokai, T., Ochiai, N., et al. (2006). Molecular biology and
biotechnology for reduction of Fusarium mycotoxin
contamination. Pesticide Biochemistry and Physiology,
86, 117–123.

Konopka, I., Czaplicki, S., & Rotkiewicz, D. (2006). Differ-
ences in content and composition of free lipids and
carotenoids in flour of spring and winter wheat cultivated
in Poland. Food Chemistry, 95, 290–300.

Lee, S. E., Campbell, B. C., Molyneux, R. J., Hasegawa, S., &
Lee, H. S. (2001). Inhibitory effects of naturally occurring
compounds on aflatoxin B1 biotransformation. Journal of
Agricultural and Food Chemistry, 49, 5171–5177.

Lemmens, M., Scholz, U., Berthiller, F., Dall’Asta, C.,
Koutnik, A., Schuhmacher, R., et al. (2005). The ability
to detoxify the mycotoxin deoxynivalenol colocalizes with
a major quantitative trait locus for Fusarium head blight
resistance in wheat. Molecular Plant-Microbe Interac-
tions, 18, 1318–1324.

Lempereur, I., Rouau, X., & Abecassis, J. (1997). Genetic and
agronomic variation in arabinoxylan and ferulic acid
contents of durum wheat (Triticum durum L.) grain and
its milling fractions. Journal of Cereal Science, 25, 103–
110.

Levine, A., Tenhaken, R., Dixon, R., & Lamb, C. (1994).
H2O2 from the oxidative burst orchestrates the plant
hypersensitive disease resistance response. Cell, 79, 583–
593.

Mahoney, N., & Molyneux, R. J. (2004). Phytochemical
inhibition of aflatoxigenicity in Aspergillus flavus by
constituents of walnut (Juglans regia). Journal of Agri-
cultural and Food Chemistry, 52, 1882–1889.

Mallozzi, M. A. B., Correa, B., Haraguchi, M., & Neto, F. B.
(1996). Effect of flavonoids on Aspergillus flavus growth
and aflatoxin production. Revista de Microbiologia, 27,
161–165.

Manoharan, M., Dahleen, L. S., Hohn, T. M., Neate, S. M., Yu,
X. H., Alexander, N. J., et al. (2006). Expression of 3-OH
trichothecene acetyltransferase in barley (Hordeum vul-
gare L.) and effects on deoxynivalenol. Plant Science,
171, 699–706.

Matern, U., & Kneusel, R. E. (1988). Phenolic compounds in
plant disease resistance. Phytoparasitica, 16, 153–170.

McCormick, S. P., Alexander, N. J., Trapp, S. E., & Hohn,
T. M. (1999). Disruption of TRI101, the gene encoding
trichothecene 3-O-acetyltransferase, from Fusarium spor-
otrichioides. Applied and Environmental Microbiology,
65, 5252–5256.

Eur J Plant Pathol (2008) 121:411–423 421

htttp://dx.doi.org/10.1074/m705752200


McCormick, S. P., Bhatnagar, D., Goynes, W. R., & Lee, L. S.
(1988). An inhibitor of aflatoxin biosynthesis in developing
cottonseed. Canadian Journal of Botany, 66, 998–1002.

McKeehen, J. D., Bush, R. H., & Fulcher, R. G. (1999).
Evaluation of wheat (Triticum aestivum L.) phenolic acids
during grain development and their contribution to
Fusarium resistance. Journal of Agricultural and Food
Chemistry, 47, 1476–1482.

Mesterházy, Á. (2002). Role of deoxynivalenol in aggressive-
ness of Fusarium graminearum and F. culmorum and in
resistance to Fusarium head blight. European Journal of
Plant Pathology, 108, 675–684.

Mesterházy, Á., Bartók, T., Mirocha, C. G., & Komoróczy, R.
(1999). Nature of wheat resistance to Fusarium head
blight and the role of deoxynivalenol for breeding. Plant
Breeding, 118, 97–110.

Miller, J. D., & Arnison, P. G. (1986). Degradation of
deoxynivalenol by suspension cultures of the Fusarium
head blight resistant wheat cultivar Frontana. Canadian
Journal of Plant Pathology, 8, 147–150.

Miller, J. D., & Blackwell, B. A. (1986). Biosynthesis of 3-
acetyldeoxynivalenol and other metabolites by Fusarium
culmorum HLX 1503 in a stirred jar fermentor. Canadian
Journal of Botany, 64, 1–5.

Miller, J. D., Fielder, D. A., Dowd, P. F., Norton, R. A., &
Collins, F. W. (1996). Isolation of 4-acetyl-benzoxazolin-
2-one (4-ABOA) and diferuloylputrescine from an extract
of Gibberella ear rot-resistant corn that blocks mycotoxin
biosynthesis, and the insect toxicity of 4-ABOA and
related compounds. Biochemical Systematics and Ecology,
24, 647–658.

Miller, J. D., & Young, J. C. (1985). Deoxynivalenol in an
experimental Fusarium graminearum infection of wheat.
Canadian Journal of Plant Pathology, 7, 132–134.

Miller, J. D., Young, J. C., & Sampson, D. R. (1985). Deoxy-
nivalenol and Fusarium head blight resistance in spring
cereals. Phytopathologische Zeitschrift, 113, 359–367.

Miller, J. D., Young, J. C., & Trenholm, H. L. (1983).
Fusarium toxins in field corn. I. Time course of fungal
growth and production of deoxynivalenol and other
mycotoxins. Canadian Journal of Botany, 61, 3080–3087.

Mitterbauer, R., & Adam, G. (2002). Saccharomyces cerevisae
and Arabidopsis thaliana: useful model systems for the
identification of molecular mechanisms involved in resis-
tance of plants to toxins. European Journal of Plant
Pathology, 108, 699–703.

Moore, J., Liu, J. G., Zhou, K. Q., & Yu, L. L. (2006). Effects
of genotype and environment on the antioxidant properties
of hard winter wheat bran. Journal of Agricultural and
Food Chemistry, 54, 5313–5322.

Mpofu, A., Sapirstein, H. D., & Beta, T. (2006). Genotype and
environmental variation in phenolic content, phenolic acid
composition, and antioxidant activity of hard spring
wheat. Journal of Agricultural and Food Chemistry, 54,
1265–1270.

Muthukrishnan, S., Liang, G. H., Trick, H. N., & Gill, B. S.
(2001). Pathogenesis-related proteins and their genes in
cereals. Plant Cell, Tissue and Organ Culture, 64, 93–114.

Naczk, M., & Shahidi, F. (2004). Extraction and analysis of
phenolics in food. Journal of Chromatography A, 1054,
95–111.

Nagarajan, V., & Bhat, R. V. (1972). Factor responsible for
varietal differences in aflatoxin in maize. Journal of
Agricultural and Food Chemistry, 20, 911–914.

Nesci, A. V., & Etcheverry, M. G. (2006). Control of
Aspergillus growth and aflatoxin production using natural
maize phytochemicals under different conditions of water
activity. Pest Management Science, 62, 775–784.

Neucere, J. N., & Godshall, M. A. (1991). Effects of base-
soluble proteins and methanol-soluble polysaccharides
from corn on mycelial growth of Aspergillus flavus.
Mycopathologia, 113, 103–108.

Nicholson, R. L., & Hammerschmidt, R. (1992). Phenolic-
compounds and their role in disease resistance. Annual
Review of Phytopathology, 30, 369–389.

Norton, R. A. (1997). Effect of carotenoids on aflatoxin B1
synthesis by Aspergillus flavus. Phytopathology, 87, 814–
821.

Norton, R. A. (1999). Inhibition of aflatoxin B1 biosynthesis in
Aspergillus flavus by anthocyanidins and related flavo-
noids. Journal of Agricultural and Food Chemistry, 47,
1230–1235.

Ohsato, S., Ochiai-Fukuda, T., Nishiuchi, T., Takahashi-Ando,
N., Koizumi, S., Hamamoto, H., et al. (2007). Transgenic
rice plants expressing trichothecene 3-O-acetyltransferase
show resistance to the Fusarium phytotoxin deoxynivale-
nol. Plant Cell Reports, 26, 531–538.

Okubara, P. A., Blechl, A. E., McCormick, S. P., Alexander, N.
J., Dill-Macky, R., & Hohn, T. M. (2002). Engineering
deoxynivalenol metabolism in wheat through the expres-
sion of a fungal trichothecene acetyltransferase gene.
Theoretical and Applied Genetics, 106, 74–83.

Passi, S., Nazzaro-Porro, M., Fanelli, C., Fabbri, A. A., &
Fasella, P. (1984). Role of lipoperoxidation in aflatoxin
production. Applied Microbiology and Biotechnology, 19,
186–190.

Pinson-Gadais, L., Barreau, C., Chaurand, M., Gregoire, S.,
Monmarson, M., & Richard-Forget, F. (2007). Distribution
of toxigenic Fusarium spp. and mycotoxin production in
milling fractions of durum wheat. Food Additives and
Contaminants, 24, 53–62.

Ponts, N. (2005). Influence de stress oxydatifs sur la bio-
synthèse de mycotoxines de Fusarium spp. contaminantes
de l’épi de maïs. Doctoral Thesis, Bordeaux University,
France.

Ponts, N., Pinson-Gadais, L., Barreau, C., Richard-Forget, F., &
Ouellet, T. (2007). Exogenous H2O2 and catalase treat-
ments interfere with Tri genes expression in liquid cultures
of Fusarium graminearum. FEBS Letters, 581, 443–447.

Ponts, N., Pinson-Gadais, L., & Richard-Forget, F. (2003).
H2O2 effects on trichothecenes B (DON, ADON) produc-
tion by Fusarium graminearum in liquid culture. Aspects
of Applied Biology, 68, 223–228.

Ponts, N., Pinson-Gadais, L., Verdal-Bonnin, M. N., Barreau, C.,
& Richard-Forget, F. (2006). Accumulation of deoxy-
nivalenol and its 15-acetylated form is significantly
modulated by oxidative stress in liquid cultures of
Fusarium graminearum. FEMS Microbiology Letters,
258, 102–107.

Poppenberger, B., Berthiller, F., Lucyshyn, D., Sieberer, T.,
Schuhmacher, R., Krska, R., et al. (2003). Detoxification
of the Fusarium mycotoxin deoxynivalenol by a UDP-

422 Eur J Plant Pathol (2008) 121:411–423



glucosyltransferase from Arabidopsis thaliana. Journal of
Biological Chemistry, 278, 47905–47914.

Proctor, R. H., Hohn, T. M., & McCormick, S. P. (1995).
Reduced virulence of Gibberella zeae caused by disrup-
tion of a trichothecene toxin biosynthetic gene. Molecular
Plant-Microbe Interactions, 8, 593–601.

Reid, L. M., Mather, D. E., Arnason, J. T., Hamilton, R. I., &
Bolton, A. T. (1992). Changes in phenolic constituents of
maize silk infected with Fusarium graminearum. Canadi-
an Journal of Botany, 70, 1697–1702.

Repka, V. (1999). Improved histochemical test for in situ
detection of hydrogen peroxide in cells undergoing oxida-
tive burst or lignification. Biologia Plantarum, 42, 599–607.

Rocha, O., Ansari, K., & Doohan, F. M. (2005). Effects of
trichothecene mycotoxins on eukaryotic cells: A review.
Food Additives and Contaminants, 22, 369–378.

Savard, M. E. (1991). Deoxynivalenol fatty acid and glucoside
conjugates. Journal of Agricultural and Food Chemistry,
39, 570–574.

Schatzmayr, G., Zehner, F., Taubel, M., Schatzmayr, D.,
Klimitsch, A., Loibner, A. P., et al. (2006). Micro-
biologicals for deactivating mycotoxins. Molecular Nutri-
tion and Food Research, 50, 543–551.

Schneweis, I., Meyer, K., Engelhardt, G., & Bauer, J. (2002).
Occurrence of zearalenone-4-beta-D-glucopyranoside in
wheat. Journal of Agricultural and Food Chemistry, 50,
1736–1738.

Schroeder, H. W., & Christensen, J. J. (1963). Factors affecting
resistance of wheat to scab caused by Gibberella zeae.
Phytopathology, 53, 831–838.

Scott, P. M., Nelson, K., Kanhere, S. R., Karpinski, K. F.,
Hayward, S., Neish, G. A., et al. (1984). Decline in
deoxynivalenol (vomitoxin) concentrations in 1983
Ontario winter wheat before harvest. Applied and Envi-
ronmental Microbiology, 48, 884–886.

Sewald, N., Vongleissenthall, J. L., Schuster, M., Muller, G., &
Aplin, R. T. (1992). Structure elucidation of a plant
metabolite of 4-desoxynivalenol. Tetrahedron-Asymmetry,
3, 953–960.

Siranidou, E., Kang, Z., & Buchenauer, H. (2002). Studies on
symptom development, phenolic compounds and morpho-
logical defence responses in wheat cultivars differing in
resistance to Fusarium head blight. Journal of Phytopa-
thology, 150, 200–208.

Snijders, C. H. A. (2004). Resistance in wheat to Fusarium
infection and trichothecene formation. Toxicology Letters,
153, 37–46.

Swanson, S. P., Helaszek, C., Buck, W. B., Rood Jr., H. D., &
Haschek, W. M. (1988). The role of intestinal microflora

in the metabolism of trichothecene mycotoxins. Food and
Chemical Toxicology, 26, 823–829.

Swanson, S. P., Rood Jr., H. D., Behrens, J. C., & Sanders, P. E.
(1987). Preparation and characterization of the deepoxy
trichothecenes: deepoxy HT-2, deepoxy T-2 triol, deepoxy
T-2 tetraol, deepoxy 15-monoacetoxyscirpenol and deep-
oxy scirpentriol. Applied and Environmental Microbiolo-
gy, 53, 2821–2826.

Van Loon, L. C., & Van Strien, E. A. (1999). The families of
pathogenesis-related proteins, their activities, and compar-
ative analysis of PR-1 type proteins. Physiological and
Molecular Plant Pathology, 55, 85–97.

Vergopoulou, S., Galanopoulou, D., & Markaki, P. (2001).
Methyl jasmonate stimulates aflatoxin B1 biosynthesis by
Aspergillus parasiticus. Journal of Agricultural and Food
Chemistry, 49, 3494–3498.

Vigers, A. J., Roberts, W. K., & Selitrennikoff, C. P. (1991). A
new family of plant antifungal proteins. Molecular Plant-
Microbe Interactions, 4, 315–323.

Wakulinski, W. (1989). Phytotoxicity of the secondary metab-
olites of fungi causing wheat head fusariosis (head blight).
Acta Physiologiae Plantarum, 11, 301–306.

Wallace, G., & Fry, S. C. (1994). Phenolic components of the
plant cell wall. International Review of Cytology, 151,
229–267.

Wang, Y. Z., & Miller, J. D. (1988). Effects of Fusarium
graminearum metabolites on wheat tissue in relation to
Fusarium head blight resistance. Journal of Phytopathol-
ogy, 122, 118–125.

Wicklow, D. T., Norton, R. A., & McAlpin, C. E. (1998). β-
Carotene inhibition of aflatoxin biosynthesis among
Aspergillus flavus genotypes from Illinois corn. Myco-
science, 39, 167–172.

Wu, X., Murphy, P., Cunnick, J., & Hendrich, S. (2007).
Synthesis and characterization of deoxynivalenol glucuro-
nide: its comparative immunotoxicity with deoxynivale-
nol. Food and Chemical Toxicology, 45, 1846–1855.

Yao, Q., Liu, Z., & Zeng, Y. (1996). Detoxification of
deoxynivalenol by scab resistant wheat and the bioactiv-
ities of the product. Acta Mycologica Sinica, 15, 59–64.

Zeringue Jr., H. J., Brown, R. L., Neucere, J. N., & Cleveland,
T. E. (1996). Relationships between C6-C12 alkanal and
alkenal volatile contents and resistance of maize genotypes
to Aspergillus flavus and aflatoxin production. Journal of
Agricultural and Food Chemistry, 44, 403–407.

Zhou, W. C., Kolb, F. L., & Riechers, D. E. (2005).
Identification of proteins induced or upregulated by
Fusarium head blight infection in the spikes of hexaploid
wheat (Triticum aestivum). Genome, 48, 770–780.

Eur J Plant Pathol (2008) 121:411–423 423


	Natural mechanisms for cereal resistance to the accumulation of Fusarium trichothecenes
	Abstract
	Introduction
	Metabolic transformation of Fusarium trichothecenes
	Glycosylation: a natural TCT B detoxification process for cereals
	Acetylation and de-epoxidation: additional chemical modifications that reduce toxicity of TCT B

	Inhibition of Fusarium trichothecenes biosynthesis by kernel compounds
	Secondary metabolites with pro-oxidant properties
	Secondary metabolites with antioxidant properties

	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


