
Abstract Transgenic rice (Oryza sativa cv. Sasanishiki)
overexpressing the wasabi defensin gene, a plant defen-
sin effective against the rice blast fungus, was generated
by Agrobacterium tumefaciens-mediated transformation.
Twenty-two T2 homozygous lines harboring the wasabi
defensin gene were challenged by the blast fungus.
Transformants exhibited resistance to rice blast at vari-
ous levels. The inheritance of the resistance over genera-
tions was investigated. T3 plants derived from two high-
ly blast-resistant T2 lines (WT14-5 and WT43-5) were
challenged with the blast fungus using the press-injured
spots method. The average size of disease lesions of the
transgenic line WT43-5 was reduced to about half of that
of non-transgenic plants. The 5-kDa peptide, correspond-
ing to the processed form of the wasabi defensin, was
detected in the total protein fraction extracted from the
T3 progeny. Transgenic rice plants overproducing was-
abi defensin are expected to possess a durable and wide-
spectrum resistance (i.e. field resistance) against various
rice blast races.
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Introduction

Rice blast disease caused by Magnaporthe grisea occurs
worldwide and results in severe damage of the plants and
a reduced yield. Therefore, breeding rice cultivars resis-

tant to the blast disease has been a major goal over sev-
eral decades. Recently, genetic engineering has emerged
as an alternative approach to create blast-resistant rice.
This approach is advantageous for introducing disease
resistance into elite rice cultivars, since transgenic plants
can acquire a single desired trait without any alteration
of the original genetic background.

Many antimicrobial proteins have been identified and
their antimicrobial activity tested against fungi or bacte-
ria. In some plant species, transgenic plants overexpress-
ing foreign antimicrobial protein genes actually acquired
resistance to pathogens. In rice, three corresponding ex-
periments have been reported to date. Stark-Lorenzen et
al. (1997) showed that rice plants overexpressing the stil-
ven synthase gene acquired resistance to rice blast. Re-
cently, Datta et al. (1999) reported that rice plants over-
expressing a gene for a thaumatin-like protein belonging
to the PR-5 class exhibited enhanced resistance to Rhiz-
octonia solani, a causal agent of sheath blight disease. In
addition, Nishizawa et al. (1999) reported transgenic rice
plants harboring a rice chitinase gene that conferred en-
hanced resistance to the rice blast fungus. These three
experiments all demonstated an overexpression of anti-
fungal protein-enhanced resistance to pathogens in trans-
genic rice. However, other antimicrobial protein-encod-
ing genes have not been explored.

Defensins are low-molecular-weight (5 kDa) proteins
occurring in seeds, stems, roots and leaves of a number
of plant species that are toxic to bacteria, fungi and yeast
in vitro. Defensins have been shown to cause perm-
eabilization of fungal membranes, leading to the inhibi-
tion of fungal growth (Commue et al. 1992; Florack et
al. 1994; Broekaert et al. 1995; Thevissen et al. 1999).

We have previously cloned and characterized a cDNA
encoding the defensin gene from wasabi (Wasabia
japonica) plants (Genbank accession no. AB012871).
Transgenic tobacco plants overexpressing the wasabi de-
fensin gene were observed to inhibit the growth of Bot-
rytis cinerea on their leaves (Nishihara, personal com-
munication). Wasabi defensin protein was produced in
Nicotiana benthamiana plants using potato virus X
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(PVX) vector harboring wasabi defensin cDNA (Saitoh
et al. 2001).

The presence of the defensin protein at a concentra-
tion of 5 µg per milliliter inhibited the growth of rice
blast fungal hyphae in vitro. In the present article, we re-
port the generation of transgenic Japonica rice plants
(Oryza sativa. cv. Sasanishiki) constitutively expressing
the wasabi defensin gene. These plants exhibited en-
hanced resistance against rice blast.

Materials and methods

Construction of a binary vector and transformation of rice plants

The binary plasmid vector pEKHSubWT, containing the 414-bp
coding region of the wasabi defensin gene driven by the maize
ubiquitin-1 promoter (Christensen et al. 1992) together with the
hygromycin phosphotransferase gene (Hpt) driven by the CaMV
35S promoter, was transferred into Agrobacterium tumefaciens
strain EHA105. The transformation and regeneration of rice plants
(Oryza sativa L. cv. Sasanishiki) was carried out according to Hiei
et al. (1994) with a slight modification. Hygromycin (50 mg/l)
was used for the selection of transformants during in vitro culture.
After acclimatization, the transformants were grown in soil in a
greenhouse. Hygromycin-resistant transformants (T0) were self-
pollinated, and 25 seeds of each T1 line were used for segregation
analysis of hygromycin resistance. Twenty-two selected homozy-
gous T2 lines were further studied for blast resistance.

Polymerase chain reaction (PCR) amplification

Total DNA was extracted from leaf tissues of T0 plants and non-
transformed control plants using a modified method of Shure et al.
(1983). The PCR reaction conditions were those described by
Edwards (1991). The primer pairs for the detection of the intro-
duced wasabi defensin gene region were: 5′-TGTTTCTTTTG-
TCGATGCTCACCCTGTTGTTTGGT-3′/5′-GATTGAATCCTGT-
TGCCGGTCTTGCGATGATTATC-3′.

Western blot analysis

Total protein was extracted from 0.05 g of leaf tissues of each
progeny plant by homogenization in extraction buffer (250 mM
Tris-HCl, pH 7.5, 2.5 mM EDTA, 0.1% ascorbic acid, 1 mM
PMSF). The supernatant obtained after centrifugation of the ex-
tract at 12,000 rpm for 10 min was boiled for 10 min in sample
buffer (extraction buffer containing 0.2% β-mercaptoethanol, 2%
SDS), separated by SDS-PAGE and electroblotted onto a polyvi-
nylidine difluoride (PVDF) membrane. Immunodetection was per-
formed essentially according to the method of Matsudaira (1987).
Antiserum was raised against a synthetic peptide corresponding to
part of the wasabi defensin protein (LEGARHGSCNYIFPYHRC-
ICYFPC). Detection of the 5-kDa wasabi defensin protein was
carried out with anti-rabbit IgG immunoglobulin (Boehringer,
Germany) as the secondary antibody and an HRP color reagent.

Blast resistance analysis

At the four- to five-leaf stage (30 days after sowing), rice seed-
lings were transferred into an inoculation chamber, and each pot
was inoculated by spraying 250 µl of a conidial suspension (con-
taining 0.05% Tween20) of the rice blast fungus (race 007.0). Dis-
ease severity was scored on a scale of 0 to 4 with respect to grades
in lesion size among 20 plants of each rice transgenic line (T2
progeny). In addition, the number of lesions were counted. As an
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Fig. 1 T-DNA region of the binary vector pEKHSubWT used
for rice transformation. RB and LB Right and left border sequenc-
es of the T-DNA region, respectively, double arrow PCR-ampli-
fied region, which was used to confirm the existence of the defen-
sin gene in the regenerated plants. ubiP Maize ubiquitin1 promot-
er, 35Sp CaMV 35S promoter, Defensin wasabi defensin cDNA,
nosT terminator of the nopaline synthase gene, Hpt hygromycin
phosphotransferase gene, E EcoRI, H HindIII

Fig. 2 Detection of transgenes in T0 regenerated rice plants (cv.
Sasanishiki) by PCR. The region described in Fig. 1 was amplified
using primers complementary to the wasabi defensin gene. N Non-
transgenic plants, lanes 1–10 transgenic plants

alternative inoculation method, 40 µl of a conidial solution was
applied to press-injured spots (2 mm in diameter) on leaves (three
spots per leaf) made by a pressing machine (Fujiwara, Osaka, Ja-
pan) according to Kawasaki et al. (1999). The conidia concentra-
tion was adjusted to 5×105/ml, and Tween 20 was added to a con-
centration of 0.05% just before inoculation. After inoculation,
plants were kept in a closed chamber at 25 °C and 100% relative
humidity for 20 h, and then transferred to a moist incubator at
25 °C. Disease severity was inferred from the lesion size devel-
oped from inoculated spots on the leaves 10 and 14 days after in-
oculation, respectively.

Results

Production of transgenic rice containing the wasabi 
defensin cDNA

The 23-kbp plasmid EKHSubWT harboring the 414-bp
wasabi defensin cDNA under the control of maize
ubiquitin-1 promoter (Christensen et al. 1992) was used
for rice transformation (Fig. 1). After Agrobacterium tu-
mefaciens-mediated transformation, transformants were
selected for hygromycin resistance (50 mg hygromy-
cin/l). For further characterization, 84 plants (T0 genera-
tion), originating from independent transformation
events were grown in a greenhouse. Integration of the
wasabi defensin gene into the genome was confirmed by
PCR with wasabi defensin-specific primers and total
DNA as template (Fig. 2). Seeds obtained from 84 T0
self-pollinated plants were analyzed for segregation of
hygromycin resistance, and 22 lines were selected as ho-
mozygous lines of the T2 generation (Fig. 3). 



Fig. 3 Selection scheme for blast-resistant transgenic rice lines

Fig. 4A–C Blast disease le-
sions on leaves of control
and T2 transgenic rice plants
10 days after inoculation
with the rice blast fungus
(Magnaporthe grisea race
007.0). At the four- to five-leaf
stage, rice seedlings were trans-
ferred into an inoculation
chamber, and each pot was in-
oculated with approximately
2.5 ml of a suspension of blast
conidia by spraying. A Disease
severity expressed as the per-
centage of disease lesions
at each level (0 to approximate-
ly 4 gradations) in 20 plants
of each transgenic line. B Re-
duced lesions in two resistant
lines. C Numbers of spots
on the leaves of control cv.
Sasanishiki (without R gene
against race 007.0) and cv.
Tsuyuake (with R gene against
race 007.0) and on the leaves
of transgenic rice plants infect-
ed by race 007.0, 7 days af-
ter inoculation (bars ± SE, 
*P < 0.01)
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Evaluation of disease resistance in transgenic rice plants

Cultivar Sasanishiki does not possess the resistance gene
Pi-k against the rice blast fungus race 007.0. Therefore,
22 lines of T2 homozygotes harboring the wasabi defen-
sin gene were studied for disease resistance against race
007.0 by comparing their disease severity with the non-
transgenic control plants. Cultivar Tsuyuake, with the
true resistance gene Pi-k against race 007.0, was used as
the resistant control. Transgenic and control plants were
inoculated with conidia, and the sizes of the disease le-
sions measured. As shown in Fig. 4A, transformants ex-
hibited susceptibility to rice blast at various levels.
Whereas the line WT43-5 was almost as resistant as re-
sistant cv. Tsuyuake, line WT21-3 was susceptible to
blast at the same level as cv. Sasanishiki. In addition to

Fig. 5 Disease severity as in-
ferred from the mean lesion
sizes on punch-injured leaves
in control (non-transformants)
and T3 transgenic rice plants
after inoculation of fungal
spores (race 007.0). Buffer-sus-
pended spores of M. grisea
were applied onto press-injured
spots made by a pressing ma-
chine, and lesion sizes were
measured 10 and 14 days af-
ter inoculation (bars ± SE)



lesion sizes, disease resistance was also inferred by com-
paring the number of lesion spots between cv.
Sasanishiki and transgenic lines WT14-5 and WT43-5,
the latter two had about two-thirds (WT14-5) and one
third (WT43-5) the number of lesion spots of non-trans-
genic cv. Sasanishiki (statistical significance: P < 0.05;
Fig. 4C). 

To investigate whether resistance to rice blast was in-
herited further to the T3 generation, T3 plants derived
from the T2-resistant lines WT14-5 and WT43-5 were
challenged with the blast fungus using press-injured spot
methods. While the average size of the lesions of cv.
Sasanishiki was 8.1 mm 10 days post-inoculation (dpi),
those of transgenic plants were 4.1 mm for line WT14-5
and 4.0 mm for the line WT43-5 (Figs. 5, 6; Table 1).
The average size of the lesions on transgenic line WT43-
5 was about half of that of non-transgenic plants, al-
though not as reduced as the lesion size of cv. Tsuyuake. 

Molecular analysis of transgenic plants

Protein extracts of leaves from T3 transformants and
non-transgenic controls were electrophoresed on SDS-
PAGE, transferred to a PVDF membrane, and incubated
with antiserum raised against wasabi defensin. The 5-
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Fig. 6 Typical lesions
on leaves of control and trans-
genic T3 plants inoculated
with M. grisea (race 007.0), 
14 days after inoculation

Table 1 Mean lesion sizesa in control and transgenic rice plants
(WT) after punch-injured infection with M. grisea, race 007.0 (dpi
days post-inoculation)

Cultivar Number of 10 dpi 15 dpi
lesion spots

Sasanishiki 101 8.1 ± 0.4 11.1 ± 0.6
Tsuyuake 9 1.9 ± 0.3 2.7 ± 0.3
WT14-5 219 4.1 ± 0.2* 6.7 ± 0.3*
WT43-5 206 4.0 ± 0.2* 5.9 ± 0.3*

*P < 0.001
a Sizes expressed as a mean value ± standard error, in millimeters

Fig. 7 Western blot analysis of defensin in leaves of T3 transgenic
rice. N Non-transgenic rice plants, lanes 1–3 T3 transgenic rice
(WT14-5), lanes 4–7 T3 transgenic rice (WT43-5)



kDa peptide, corresponding to the processed form of the
wasabi defensin, was detected in the total protein frac-
tion extracted from T3 progeny (Fig. 7). The levels of
wasabi defensin expression were variable in the different
plants. 

Discussion

Plants have developed various defense mechanisms
against environmental stresses like infection by foreign
pathogens. Upon the perception of pathogens, a signal is
transmitted downstream, and a number of antimicrobial
proteins are expressed to fight off pathogens. Defensin, a
protein belonging to the defensin family, is one of just
such antimicrobial proteins. Low concentrations of was-
abi defensin actually inhibited the growth of the rice
blast fungus in vitro (Saitoh et al. 2001). Based on the
SYTOX Green uptake assay, defensins seem to increase
the permeability of fungal membranes (Thevissen et al.
1999). We used the maize ubiquitin 1 promoter to drive
the expression of the defensin gene. This promoter is ex-
tremely strong in monocots (Christensen et al. 1992) and
is expected to constitutively produce wasabi defensin in
transgenic rice plants. In these plants, wasabi defensin
should also inhibit the growth of fungal hyphae after
their invasion of the epidermis cells.

Rice blast inoculation experiments revealed various
levels of disease resistance in transgenic plants harboring
the wasabi defensin gene (Fig. 4A). Different levels of
blast resistance in T2 transformants may be caused by
two factors. First, transcriptional or post-transcriptional
silencing of the transgenes could have affected the level
of disease resistance. The silencing of transgenes has
been reported for many plant species. For transgenic rice
plants harboring a chitinase gene, silencing of the trans-
gene was reported in T2 and T3 progeny (Hart et al.
1992; Chareonporwattana et al. 1999). Second, a posi-
tion effect in the genome may cause differences in trans-
gene expression (Meyer et al. 1995).

The disease resistance of transgenic plant T3 progeny
was enhanced about twofold relative to that of non-trans-
genic plants (Table 1). These transgenic plants were
overproducing wasabi defensin proteins (Fig. 7). It is ob-
vious that the overproduction of wasabi defensin was the
causual factor for the enhancement of disease resistance,
which had been transmitted to the T3 progeny.

Cultivar Tsuyuake with a resistance gene against race
007.0 is strongly resistant against this race (Figs. 4, 5, 6;
Table 1). Two resistance genes, Pi-b against M. grisea
(Wang et al. 1999) and Xa21 against bacterial leaf blight
disease (Song et al. 1995), have already been isolated
from rice. Since pathogens can overcome true resistance
in the field by mutations in the cognate avirulence genes,
any transgenic resistance based on true resistance genes
may easily break down. On the other hand, this problem
probably does not occur in trangenic plants overexpress-
ing antifungal genes. Therefore, the overproduction of
the wasabi defensin peptide with antifungal activity is

expected to confer durable resistance (i.e. field resis-
tance) against a wide variety of rice blast races contain-
ing race 007.0. In addition, transgenic rice harboring the
wasabi defensin gene may additionally have enhanced
resistance against diseases caused by other microbes. It
is already known that transgenic rice plants overexpress-
ing chitinase have enhanced resistance against both
sheath blight disease (Lin et al. 1995) as well as rice
blast (Nishizawa et al. 1999).

Disease resistance of wasabi defensin transgenic rice
progeny did not reach the disease resistance level of cv.
Tsuyuake (carrying a true resistance gene to rice blast
race 007.0). Since true resistance genes are located up-
stream of the signal transduction cascades of the defense
system against pathogen infection, many defense genes
are supposed to be activated in response to attacks by the
rice blast in cv. Tsuyuake. To obtain a high level of resis-
tance as observed in the R-gene mediated resistance,
overexpression of multiple antifungal proteins with dif-
ferent functions may be necessary. The performance of
tobacco plants co-expressing the barley transgenes, a
class-II chitinase, a class-II β-1,3-glucanase and a type-I
ribosome-inactivating protein, in a Rhizoctonia solani in-
fection assay was reported to reveal significantly en-
hanced protection against fungal attack when compared
with the protection levels obtained with corresponding
isogenic lines expressing a single barley transgenes at a
similar level (Jach et al. 1995). Transgenic plants harbor-
ing either other antimicrobial gene or multiple ones as
well as the wasabi defensin gene, recombined by cross-
ing of different transgenic plants, will inhibit the growth
of M. grisea at an even higher level and with increased
durability.
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