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Abstract

Fusarium head blight (FHB) is a devastating disease of important cereal crops resulting in signiWcant yield loss and mycotoxin con-
tamination. Persistent outbreaks of FHB in Europe and North America have led to various eVorts to understand the mechanisms of resis-
tance to this disease and mycotoxin biosynthesis. In this minireview, we summarize basic and applied studies conducted in our
laboratories into reducing mycotoxin contamination in FHB.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The necrotrophic plant pathogens Fusarium graminea-
rum and Fusarium culmorum are the causal agents of Fusar-

� This minireview is oVered in honor of Dr. Isamu Yamaguchi on his re-
tirement from RIKEN and his selection as the 2006 recipient of the ACS
International Award for Research in Agrochemicals.

* Corresponding author.
E-mail address: mkimura@postman.riken.go.jp (M. Kimura).

1 Present address: Shibata Distinguished Senior Scientist Laboratory,
Discovery Research Institute (DRI), RIKEN, 2-1 Hirosawa, Wako, Sai-
tama 351-0198, Japan.

2 Present address: Laboratory of Plant Pathology, Department of Agri-
cultural and Environmental Biology, Graduate School of Agricultural and
Life Sciences, The University of Tokyo, 1-1-1 Yayoi, Bunkyo, Tokyo 113-
8657, Japan.

3 Present address: Presidential OYce, Agricultural Chemicals Inspection
Station (ACIS), 2-772 Suzuki-cho, Kodaira, Tokyo 187-0011, Japan.
0048-3575/$ - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.pestbp.2006.02.008
ium head blight (FHB), a devastating disease of wheat,
barley, and maize [1]. These pathogens invade early stage
spikelets of host plants and cause their kernels to develop
improperly. In addition to the loss of yield caused by the
disease, the contamination of infected grains with mycotox-
ins poses a serious health threat. The mycotoxins produced
by the FHB pathogens are trichothecenes (e.g., deoxyni-
valenol; DON and 3-acetyldeoxynivalenol; 3-ADON) and
zearaleonone (ZEN). DON frequently occurs in cereals and
causes toxicoses such as vomiting, dermatitis, immunosup-
pression, and hemorrhagic septicemia [2]. ZEN is an
estrogenic resorcylic acid lactone that causes severe mor-
phological and functional disorders of reproductive organs
in livestock [3].

Although several fungicides reduce the disease
severity of FHB, mycotoxin contamination is not neces-
sarily correlated with the visible disease symptoms [4].
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For example, a number of Weld and greenhouse studies
demonstrated that application of the strobilurin fungicide
azoxystrobin increases the amount of DON in wheat
grains [5]. In addition, sublethal concentrations of certain
fungicides were reported to increase trichothecene pro-
duction by Fusarium species [6]. Little is known about the
complex factors (e.g., herbicides, fungal competition,
moisture, and nutritional factors) that inXuence the regu-
lation of mycotoxin biosynthesis in infected grains. There-
fore, care must be taken to secure the safety of cereal
crops treated with fungicides.

To develop an eYcient method of reducing Fusarium
mycotoxin contamination in cereals, it is important to
understand how mycotoxins are produced at a molecular
level. Obviously, it is more important not to accumulate
the mycotoxin in crops by preventing the fungal infection
and disease development. The contribution of mycotoxin
to the pathogenesis of FHB also needs to be molecularly
clariWed [7] because defense-related genes, whose expres-
sion is aVected by mycotoxin, have some role in blocking
or delaying infections of mycotoxigenic pathogens [8]. A
more practical alternative aimed at preventing mycotoxin
from accumulating in planta is detoxiWcation. Enzymatic
degradation in particular oVers a speciWc and eYcient
means of decontamination [9]. In this mini review, we
summarize basic and applied studies conducted in our
laboratories into reducing mycotoxin contamination in
FHB.
2. Inactivation of trichothecenes by an acetyltransferase gene

Trichothecenes are a large group of sesquiterpenoid
antibiotics that inhibit protein synthesis in eukaryotes.
Trichothecene biosynthesis begins with the formation of
trichodiene, which undergoes multiple oxygenation, cycli-
zation, and esteriWcation reactions (see Fig. 1). In the case
of Fusarium trichothecenes, an acetyl group is attached to
C-3 of isotrichodermol, the Wrst tricyclic intermediate, to
give isotrichodermin [10]. This C-3 acetyl is mostly lost (i.e.,
deacetylated) but subsequently restored (i.e., re-acetylated)
during the metabolism to 3-ADON in the 3-ADON pro-
ducer F. culmorum [11].

We previously found that 3-O-acetylation of the tricho-
thecene ring is related to self-protection for the producers
and cloned the Tri101 gene encoding trichothecene 3-O-
acetyltransferase [12]. Although 3-ADON is still highly
toxic to plants [13–16] at low concentrations, its toxicity
appears to be attributed to C-3 deacetylation inside the cell.
Thus, transgenic expression of Tri101 (i.e., constantly elimi-
nating C-3 deacetylated trichothecenes within plant cells) is
expected to protect cereals from the phytotoxic eVect of tri-
chothecenes and to reduce the disease severity.

By applying this strategy, Okubara et al. transformed
wheat plants with Tri101 from Fusarium sporotrichioides
and obtained a transgenic line with partial resistance to
F. graminearum in greenhouse trials although this line did
not show resistance to FHB in the Weld [17]. Little is known
Fig. 1. An outline of trichothecene biosynthesis. In the pathway to the Wrst tricyclic intermediate, the genes for the oxygenation of C-11 and C-3, and epox-
idation of C-12,13, have not been identiWed (see shaded ellipses).
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about the molecular mechanism by which DON helps
Fusarium cause disease in cereal plants. Without detailed
information about the temporal, spatial, and quantitative
distribution of DON in infected Xoral tissues, it might not
be justiWed to attribute its toxicity to a simple shut-down of
translation (see below).

In animal systems, DON and other trichothecenes, via a
mechanism known as the ribotoxic stress response, activate
mitogen-activated protein (MAP) kinase and aVect down-
stream gene expression [18,19]. In contrast, there has been
no report on the signal transduction cascade and the down-
stream gene expression in plants treated with trichothec-
enes. In this regard, it is worth assessing the possibility that
trichothecenes function as small molecule eVectors involved
in the regulation of plant–microbe interactions. In support
of this idea, we have recently demonstrated that certain tri-
chothecenes activate MAP kinases and show an elicitor-like
activity (e.g., cell death, callose deposition, hydrogen
peroxide generation, salicylic acid generation, and patho-
genesis-related (PR) gene expression) by using a model
plant Arabidopsis thaliana [20]. The elicitor-like activity of
trichothecene-treated plants diVered signiWcantly among
their molecular species, which is in agreement with the pre-
vious theory of molecular evolutionists; i.e., chemotypic
diVerences might aVect the pathogenicity of individual
Fusarium strains in host cereals [21].

Rice is a good model for studies of cereal diseases
because genome and full-length cDNA sequencing projects
provide essential tools for the molecular characterization of
plant defense reactions. We therefore generated transgenic
rice plants stably expressing and inheriting Tri101. The
result of disease assay indicated that they were less suscepti-
ble to Xoral infections of F. graminearum than the wild type
(Fig. 2), suggesting that trichothecenes are also a virulence
factor for the FHB pathogen in the interaction with rice
plants. These transgenic rice plants may be used as a model
for comparative transcriptome-based analyses of trichothe-
cene-treated Xowers. IdentiWcation of the host plant genes
aVected by trichothecenes may contribute to our under-
standing of the disease at a molecular level.

3. Key enzymes involved in the biosynthesis of trichothecenes

In toxin-producing Fusarium species, some, but not all,
trichothecene genes were found within a 25 kb core gene
cluster (Tri5-cluster) [22]. In addition, two trichothecene
biosynthesis pathway genes were isolated from a two-gene
cluster (Tri1-mini-cluster) [23–26], and a gene encoding
trichothecene 3-O-acetyltransferase (Tri101) was identiWed
at a single locus separated from these cluster genes [27,28].
However, other biosynthesis pathway genes have not yet
been identiWed.

Fungal secondary metabolite biosynthesis genes
acquired by horizontal gene transfer (HGT) are often clus-
tered, having diVerent evolutional origins from the non-
cluster genes, and each biosynthesis gene in the cluster has
the same evolutional origin. However, trichothecene bio-
synthesis genes are diVerent. In particular, Tri101 is unique
in that it is a key biosynthesis pathway gene physically sep-
arated from others in the cluster and its functional homo-
logs are also found in trichothecene non-producer
Fusarium species and other ascomycetous fungi [29,30].
These acetyltransferase genes are thought to have been ver-
tically transmitted because they did not diVer signiWcantly
in their positions from the phylogeny of the species from
which they are derived [30]. This implies that the trichothe-
cene structure arose as a result of the combined functions
of genes with diVerent pathways of evolution (viz., HGT
and vertical gene transfer).

In the early biosynthetic pathway before the formation of
isotrichodermol, three oxygenation steps (the C-12, 13 epoxi-
dation, and the C-11 and C-3 hydroxylations) remain to have
genes functionally assigned to them (see Fig. 1). These
oxygenation steps are attractive targets for the speciWc inhibi-
tion of mycotoxin biosynthesis because no trichothecene
skeletons are formed without the oxygenations (i.e., isotri-
chodermol is the Wrst tricyclic intermediate of various tri-
chothecenes). Since all the oxygens in the trichothecene
skeleton (viz., the oxygens of position 1 and the 12,13-epox-
ide) and in the hydroxyl groups at C-3, C-4, and C-15 proved
to be derived from molecular oxygen [31], cytochrome P450
monooxygenases (CYPs) are likely to be involved in the
above oxygenation steps. Therefore, based on the hypothesis
that CYP genes involved in trichothecene biosynthesis are
speciWcally induced to express under toxin-producing

Fig. 2. Resistance to FHB of transgenic rice plants expressing Tri101. The
Xowering spikelets of the wild type and transgenic homozygous T2 proge-
nies of rice plants (each n D 5) were inoculated with F. graminearum IFO
5269, a strain that produces 3-ADON. Disease response was determined
by visually examining the heads 7 days after inoculation and compared to
the mock inoculation with sterile water. The total number of spikelets
examined per wild type and T2 plant was 53.4§ 17.4 and 62.2 § 13.8,
respectively. Severity (vertical axis) is represented by the percentage of
symptomatic spikelets among the Fusarium-treated spikes. DiVerences
between the wild type and the transgenic T2 lines inoculated with
F. graminearum were analyzed with Student’s t test: ¤P D 0.000291. Exam-
ples of uninoculated and inoculated spikelets are shown above.



120 M. Kimura et al. / Pesticide Biochemistry and Physiology 86 (2006) 117–123
conditions and are unique to the toxin-producing strains, we
carried out comprehensive screening of such genes using the
complete genome database of F. graminearum (http://
www.broad.mit.edu/annotation/fungi/fusarium/). However,
targeted gene disruption of all such candidate CYP genes
demonstrated that they were unrelated to trichothecene bio-
synthesis [32]. This result raised a possibility that a cluster
gene has multiple functions and is responsible for multiple
oxygenation steps as do other fungal CYPs involved in the
biosynthesis of secondary metabolites.

Currently, we are investigating the function of Tri4, a
known cluster gene, with an in vivo assay using Saccharo-
myces cerevisiae. Tri4 is a CYP gene encoding trichodiene
C-2 oxygenase in the biosynthesis of trichothecenes [33],
but previous study did not rule out the possibility that the
gene encodes a multifunctional oxygenase used in the suc-
cessive oxygenation of bicyclic intermediates (see Fig. 1).
TLC of the hexane-extractable fraction of transgenic yeast
strains co-expressing Tri5 and Tri4 revealed several metab-
olites that are not found in the control yeast strains carry-
ing Tri5 alone. Preliminary structural analyses suggested
that a small amount of trichothecene (12,13-epoxytrichot-
hec-9-ene; see Fig. 1) is formed in the culture of the trans-
genic yeasts, implying that Tri4 encodes a key
multifunctional CYP responsible for oxygenation of C-2,
C-12,13, and C-11 of the bicyclic intermediates (our unpub-
lished results). Tri4 is thus a good target gene with which to
develop a high-throughput system for the screening of spe-
ciWc inhibitors of trichothecene biosynthesis.

4. DetoxiWcation of ZEN by a lactonohydrolase gene

ZEN (1 in Fig. 3) is found in contaminated maize and
perturbs the hormonal equilibrium of fed animals. This
mycotoxin consists of a resorcinol moiety fused to a 14-
membered macrocyclic lactone. Previously, El-Sharkawy
and Abul-Haji found microbial cleavage of ZEN and deter-
mined the structure of the transformed product to be
1-(3,5-dihydroxyphenyl)-10�-hydroxy-1�-undecen-6�-one (2 in
Fig. 3) [34]. While screening for microorganisms capable of
degrading various Fusarium mycotoxins, we found that the
lactone ring of ZEN is sensitive to hydrolysis by Clonosta-
chys rosea. When incubated with the fungus, ZEN is con-
verted to the same cleavage product 2, which proved to be
far less estrogenic than ZEN [35].
A lactonohydrolase responsible for the detoxiWcation
was puriWed to homogeneity and its gene, designated
zhd101, was subsequently isolated from the fungus [36].
Maximal activity of recombinant ZHD101 protein toward
ZEN was observed at pH 10.5 with an extremely low molar
activity (kcatD0.51 s¡1 at 30 °C) [37]. In addition, ZHD101
showed even less activity toward a frequently co-occurring
natural ZEN metabolite, �-zearalenol (kcatD 0.075 s¡1).
Regardless of these features of ZHD101, biological decon-
tamination of ZEN using genetically modiWed (GM) organ-
isms has been shown to be practical, as follows.

The Wrst example is based on an experiment with S. cere-
visiae, which can be used as a live vehicle to transiently con-
fer a new genetic trait in an animal’s digestive environment
[38]. While wild-type yeasts could not detoxify ZEN in the
culture, a high concentration of ZEN (2 �g/ml) was com-
pletely removed by GM yeasts expressing a synthetic
zhd101 gene whose codons were optimized for S. cerevisiae
[39]. Given that increasing attention is being paid to GM
yeasts as live vehicles for the detoxiWcation of various xeno-
biotics, the use of the ZEN-detoxifying yeasts as feed addi-
tives may oVer a more eYcient and cost-eVective solution
than other physicochemical strategies of decontamination
[40,41].

The second example is based on model cereal rice plants
transformed by zhd101. Wild-type and transgenic T2 seeds
were treated with ZEN by absorption of a mycotoxin solu-
tion (5 �g/ml). While wild-type grains contained approxi-
mately 30 �g of ZEN per gram of seed, the transgenic grains
contained just 16 �g [42]. Considering the previously
reported levels of mycotoxin in grains, namely 0.04–12 �g
per gram of seed [43–45], it will be possible to reduce the
level of ZEN in the transgenic seeds.

In this way, GM microbes and crops were shown to be
useful for the development of an eYcient and cost-eVective
system to secure the safety of food and feed. Although pub-
lic and scientiWc concerns have been raised about the envi-
ronmental and food safety of GM crops, appropriate risk
assessment can be used to evaluate the probability of such
negative and undesired impacts. The consumer acceptance
of commercial GM products, especially in Europe, seems
unlikely at present [46]. However, since the world is facing
such serious problems with global food and nutrition secu-
rity, we might not aVord to turn away from GM crops.
Apart from the debate on GM crops, we are currently
Fig. 3. DetoxiWcation of ZEN and its derivatives (�-zearalenol, and �-zearalenol) by the enzyme ZHD101. ZHD101 detoxiWes ZEN via a two-step reac-
tion: (1) enzymatic hydrolysis of the lactone ring, and (2) subsequent decarboxylation of the resulting carboxylic intermediate. The cleaved product shows
no estrogenicity as assessed by a proliferation assay with human breast cancer MCF-7 cells [35].
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evaluating the usefulness of zhd101 for the detoxiWcation of
ZEN in maize, which is actually susceptible to contamina-
tion from mycotoxins in the Weld.

5. Perspective

As we mentioned in Section 1, a fundamental solution to
the problems of mycotoxin contamination is to establish an
eYcient disease control strategy for FHB. When contami-
nation cannot be prevented, detoxiWcation could oVer an
alternative solution. In this context, transgenic inactivation
of ZEN may be a good example of this, provided that the
public being more generous to GM organisms in the future.
With regard to detoxiWcation of trichothecenes, a rumen
bacterial strain capable of irreversible de-epoxidation of the
12,13-epoxy ring was isolated and characterized [47]. This
bacterial strain was already commercialized as feed addi-
tives from Biomin® GmbH although the responsible detox-
iWcation system (viz., genes involved in the process) remains
to be identiWed.

Classical breeding eVorts using natural resistance
sources are thought to be the most promising and environ-
mentally friendly approach to develop wheat lines with
FHB resistance. Compared to GM technologies, this
approach is an integral and accepted tradition in agricul-
ture. Unfortunately, FHB resistance so far identiWed is only
partial and quantitative in nature, although some pro-
gresses have been made [48,49]. The slow progress is due to
expense in disease screening, complex nature of resistance,
and coincidence of quantitative trait loci of FHB with other
phenotypes such as plant development and spike morphol-
ogy [50]. Therefore, diVerent approaches for controlling
FHB need to be considered simultaneously.

Although several PR genes involved in defense against
F. graminearum have been identiWed in wheat [51–55], the
molecular breeding of FHB-resistant plants is not cur-
rently possible because of the ineVectiveness and side
eVects of these transgenes when expressed in GM crops
[56,57]. This is quite diVerent from the case of insect-resis-
tant maize or herbicide-resistant soybean, which have
already been commercialized and are commonly used for
processed foods in some industrialized countries [58]. To
develop an eYcient transgenic strategy to control FHB,
isolation of fungal molecules essential for the pathogene-
sis and aVected target proteins of host plants are indis-
pensable [59,60]. With such knowledge in molecular plant
pathology, GM crops may oVer a possible contribution to
the problems of FHB in the future. For the moment, how-
ever, the problems associated with FHB are most likely to
be dealt with natural genetic resistance, management
practice, and/or fungicide application.
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