
Introduction

It is well known that spontaneous and artificial mutations

in plants may induce the formation of lesion-like symptoms

in tissues in the absence of pathogens（Dangl et al.,１９９６;

Ryals et al.,１９９６）. Such mutant plants are called lesion

mimic mutants and２phenotypes are known in mutants:

one is the initiation type characterized by the formation

of small necrotic spots and the other is the propagation type

characterized by the formation of large necrosis.

The rice cultivar Sekiguchi-asahi is a propagation-type

lesion mimic mutant derived from cv. Asahi in Japan. This

mutant shows two responses to Magnaporthe grisea infec-

tion by light treatments. Under visible light（４００－７００nm）,

the formation of Sekiguchi lesions was induced by infection

with M. grisea , whereas under UV light（２９０－４００nm）or

in the dark, blast lesions or necrotic spots were induced

（Arase et al., １９９７）. When Sekiguchi lesions were

formed, the growth of infection hyphae was poor and spore

formation was not observed. From these results, we con-

cluded that the formation of Sekiguchi lesions is one of the

basic indications of light-enhanced resistance in the rice

cv. Sekiguchi-asahi and that visible light plays an important

role in the expression of resistance（Arase et al.,２０００a,

b）. Furthermore, the indole alkaloid compound tryptamine,

a key factor in this light-enhanced resistance, was isolated

from the Sekiguchi lesions（Arase et al.,２００１）. Tryptamine

inhibited spore germination and appressorium formation

of M. grisea at high concentrations（＞６００µg/ml）and the

growth of infection hyphae at low concentrations（１５０－３００

µg/ml）（Arase et al.,２００１）. Moreover, we have reported

that tryptamine-mediated DNA fragmentation is observed

in leaves with Sekiguchi lesions by the inoculation with

M. grisea under light, but not in leaves without Sekiguchi

lesions in the dark（Ueno et al.,２００４,２００８）.

Further, Arase et al.（２０００a）reported that the formation

of Sekigchi lesions was also light-dependently induced by

inoculation with Bipolaris oryzae. Furthermore, we indi-

cated that tryptamine inhibited the spore germination and

growth of infectious hyphae of B. oryzae at a concentration

of over１５０µg/ml（Ueno et al.,２００５）.
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In the present paper, the role of tryptamine accumulation

and DNA fragmentation on light-induced resistance in cv.

Sekiguchi-asahi infected by B. oryzae is reported.

Materials and Methods

Plant and fungus

The rice cv. Sekiguchi-asahi（with resistance gene Pi-

a）was used in this study. This cultivar was grown to the

６－７ leaf stage in a glasshouse, as described by Arase et

al.（２０００b）. B. oryzae（Strain D６）was used as the patho-

gen. B. oryzae was cultured in potato sucrose agar（PSA）

medium for１０days at２６� and the spores were collected.

These spores were used as the inocula.

Inoculation and light irradiation

Detached leaves of rice cv. Sekiguchi-asahi at the６－７leaf

stage were inoculated with B. oryzae spores（１０５ spores/

ml）. The control leaves were sprayed with distilled water

（DW）. The spore-inoculated and the DW-treated leaves

were kept in moist plastic cases covered with a plastic film

for light treatment or aluminum foil for dark treatment,

respectively, and irradiated by４０－W daylight fluorescent

lamps（FLR４０SW, Mitsubishi Co., Yokohama, Japan）

suspended above the plastic cases. Under these filters, the

light intensities on the leaf blades were adjusted to４０５

µW/cm２ by changing the distance between the lamps and

the leaves. The light intensity was measured using a

thermopile with a quartz window（MIR－１００q, Mitsubishi

Yuka Co. Ltd., Tokyo, Japan）. After ７２ h, the spore-

inoculated and the DW-treated leaves were harvested for

Sekiguchi lesion, tryptamine content, and DNA

fragmentation analyses.

Chemical treatment

３－（３，４－Dichlorophenyl）－１，１－dimethylurea （DCMU）

（Lancaster Synthesis, Ward, Hill, MA, USA）was used as

a photosynthetic inhibitor. Detached leaf blades from

６－７－leaf-stage plants were immersed in DCMU solution

at２５µM for２４h, inoculated with a spore suspension（１０５

spores/ml）of B. oryzae, and then maintained in moist

plastic cases irradiated by４０－Wdaylight fluorescent lamps

（FLR４０SW, Mitsubishi Co., Yokohama, Japan）at２６�.
After７２h, these detached leaves were used for the

analyses of the formation of Sekiguchi lesions, tryptamine

accumulation, and DNA fragmentation.

Extraction of tryptamine

Detached leaves of the rice cv. Sekiguchi-asahi was

inoculated with B. oryzae or sprayed with distilled water.

These rice leaves were kept under light or dark conditions

for０,１２,２４,４８, and７２h. The leaves were extracted with

８０％ ethanol, and ethanol was evaporated at４０� under

reduced pressure. The volume of the aqueous solution was

adjusted to the initial weight of the leaves. Ten µl of the

aqueous solution and the authentic tryptamine solution

were spotted onto silica gel thin-layer chromatography

（TLC）plates（Silica gel ６０, Merck AG, Darmstadt,

Germany）and then developed using an n -BuOH, AcOH,

H２O（４:１:１, v/v）solvent system. After development, the

TLC plates were sprayed with ninhydrin solution and then

heated at１００�.
To analyze tryptamine accumulation per gram fresh

weight, B.oryzae -infected leaves maintained under light or

dark conditions for７２h were extracted with８０％ ethanol.

The solution thus obtained was adjusted to pH１０．７ by

adding０．１ N Na２CO３, and then extracted with ethyl

acetate（EtOAc）. The EtOAc extracts were dissolved in

methanol and subjected to high-performance liquid

chromatography（HPLC）（Hitachi１６００, WakoWakosil‐Ⅱ

５C１８AR, column size: ４．６×２５０ mm）and eluted with

methanol : ammonium acetate（８:２, v/v）, monitoring at

２８１nm.

DNA extraction and gel analysis

Rice genomic DNA was extracted７２h after inoculation

with B. oryzae spores using the cetyltrimethylammonium

bromide（CTAB）method described previously（Tanaka

et al.２００１）. Leaf blades（１g）were ground with liquid

nitrogen into a fine powder. Two milliliters of２％ CTAB

DNA extraction buffer [containing２％ CTAB,１．４MNaCl,

０．１ M Tris-HCl（pH ８．０）, and ２０ mM ethylenedia-

minetetraacetic acid（EDTA）］was added to each ground

sample and then incubated for ３０ min at ６５�. After

centrifugation at１８０００×g for１５min, the supernatant

was collected and１／１０ of the volume of ３M sodium

acetate（pH５．２）and an equal volume of phenol/chloro-

form were added to it. After further centrifugation at１８０００
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×g for１５min, an equal volume of isopropyl alcohol was

added to the aqueous phase and the solution was centri-

fuged at１８０００×g for１５min. Thereafter, the pellet was

washed in７０％ cold ethanol, dried and dissolved in Tris-

EDTA（TE）, and treated with RNase（１００µg/ml）for３０

min at３７�. DNA was finally re-extracted using phenol/

chloroform, precipitated with isopropyl alcohol, and resus-

pended in TE buffer. DNA was quantified by measuring

absorbance at２６０and２８０nm. To detect the purified DNA

fragments, the samples were examined on ２％（w/v）

agarose gels and stained with a final concentration of０．５

µg/ml ethidium bromide. DNA was photographed by an

AE６９０５H Image Saver HR（ATTO, Tokyo, Japan）.

Results

Light-dependent accumulation of tryptamine in

leaves of rice cv. Sekiguchi-asahi infected with

B. oryzae

In B. oryzae -infected leaves, Sekiguchi lesion formation

was induced under light, whereas brown spot lesion for-

mation was induced in the dark（Fig．１）. In DW-sprayed

０ １２ ２４ ４８ ７２（h）

Dark

Light

Dark

Light

DW

B. oryzae
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Dark Light Dark Light

Fig．３. Time course of tryptamine accumulation in
Sekiguchi lesion mutant infected with Bipolaris
oryzae . Detached rice leaves were inoculated with
B. oryzae . As a control, the other leaves were
sprayed with distilled water（DW）. Inoculated and
non-inoculated leaves were kept under light or in
the dark at２６� for０，１２，２４，４８，and７２h. Tryp-
tamine was extracted from inoculated and non-
inoculated leaves and tryptamine was detected as
a ninhydrin positive spot on the TLC plates.

Fig．１. Light-dependent Sekiguchi lesion formation in
Sekiguchi lesion mutant infected with Bipolaris
oryzae . Detached rice leaves were inoculated with
B. oryzae . As a control, the other leaves were
sprayed with distilled water（DW）. Inoculated and
non-inoculated leaves were kept under light or in
the dark at２６�.

Light Dark

Fig．２. Effect of light on sporulation in Sekiguchi lesion mutant infected with Bipolaris oryzae . The leaves of the
Sekigucihi lesion mutant were inoculated with a spore suspension of B. oryzae, and kept under light（Light）
and dark（Dark）conditions, respectively. Sporulation was investigated５days after inoculation.
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leaves, however, any type of lesions was not induced, irre-

spective of the light conditions. When both the Sekiguchi

and brown spot lesions were kept in a moist chamber,

sporulation was observed on the brown spot lesion, but

not on the Sekiguchi lesion（Fig.２）. To elucidate the

relationship between tryptamine accumulation and the

formation of Sekiguchi lesions, the amount of tryptamine

accumulating in B. oryzae -infected leaves was investigated

at０,１２,２４,４８, and７２h after inoculation. A large amount

of tryptamine accumulated in the B. oryzae -infected leaves

with Sekiguchi lesions under light, whereas tryptamine

accumulation was not observed in the leaves with brown

spots in the dark（Fig.３）.

Induction of DNA fragmentation in leaves of the rice

cv. Sekiguchi-asahi infected with B. oryzae

In cv. Sekiguchi-asahi-M. grisea interaction, the impor-

tance of DNA fragmentation in Sekiguchi lesion formation,

which is a marker of light-enhanced resistance, is demon-

strated clearly （Ueno et al.,２００４）. To elucidate the rela-

tionship between Sekiguchi lesion formation andDNA frag-

mentation in B. oryzae infection, DNA fragmentation was

investigated using leaves with Sekiguchi lesions or brown
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（c）
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Fig．４. Detection of DNA fragmentation in Sekiguchi lesion
mutant inoculated with Bipolaris oryzae. Detached
rice leaves were inoculated with B. oryzae. As a con-
trol, the other leaves were sprayed with distilled
water（DW）. Inoculated and non-inoculated leaves
were kept under light（L）or in the dark（D）at
２６� for７２h. DNA was extracted from leaves by the
cetyltrimethyl-ammonium bromide method, and
１０µg of DNAwas loaded onto a２％ agarose gel. DNA
fragmentation was observed by ethidium bromide
staining.

Fig．５. Effect of３－（３，４－dichlorophenyl）－１，１－dimethylurea
（DCMU）on Sekiguchi lesion formation（a）, tryp-
tamine accumulation（b）and DNA fragmentation
（c）in Sekiguchi lesion mutant infected with Bipo-
laris oryzae . Leaves pretreated with DCMU or dis-
tilled water for２４h were inoculated with B. oryzae
and kept under light at ２６℃ for７２h. DNA was
extracted from leaves by the cetyltrimethyl-
ammonium bromide method, and１０µg of DNA was
loaded onto a２％ agarose gel. DNA fragmentation
was observed by ethidium bromide staining.
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spot lesions. As shown in Fig.４, although DNA fragmen-

tation was observed in leaves with both types of lesions,

there was a difference in degree of fragmentation between

light treatments. Under light, DNA fragmentation was

significantly induced, as compared to that in the dark.

Effects of DCMU on the formation of Sekiguchi le-

sions, tryptamine accumulation, and DNA fragmenta-

tion in rice cv. Sekiguchi-asahi infected with B. ory-

zae

It is reported that photosynthesis is playing an important

role in light-induced resistance in a mutant to M. grisea

infection（Imaoka et al.,２００８）. In the DW-pretreated

leaves, the formation of Sekiguchi lesions was light-

dependently induced, whereas brown spot lesion formation

was induced in the DCMU-pretreated leaves even under

light as well as that in the dark（Fig.５a）. DCMU pretreat-

ment inhibited tryptamine accumulation. According to

HPLC analysis, the amount of tryptamine in DW-

pretreated leaves with Sekiguchi lesions was１９５．８±８．０

µg/g fresh weight, while that in DCMU-pretreated with

brown spots was３４．１±７．３µg/ g fresh weight（Fig.５b）.

Furthermore, DCMU pretreatment inhibited DNA

fragmentation in leaves inoculated with B. oryzae even

under light（Fig.５c）.

Discussion

In a previous study, we reported the formation of

Sekiguchi lesions, tryptamine accumulation, and DNA frag-

mentation in rice cv. Sekiguchi-asahi inoculated with M.

grisea were significantly enhanced under visible light（４００－

６５０nm）, but not under near-UV light（３００－４００nm）or in

the dark（Ueno et al.,２００４,２００７）. Our studies demon-

strated that cv. Sekiguchi-asahi shows tryptamine pathway-

mediated resistance to M. grisea infection under light.

Sekigchi lesion formation was also light-dependently

induced by inoculation with B. oryzae（Arase et al.,２０００a）.

In this study, sporulation of B. oryzae was observed in

brown spot lesion induced in the dark, but not in the

Sekiguchi lesion induced under light. No sporulation was

also observed in M. grisea -induced Sekiguchi lesions.

These results suggested that the Sekiguchi lesion forma-

tion showed the expression of light-induced resistance of

rice against necrotrophic fungus, B. oryzae and semi-

biotrophic fungus, M. grisea .

In M. grisea -infected leaves, it was reported that both

tryptamine accumulation and DNA fragmentation are play-

ing an important role in light-induced resistance of

Sekiguchi lesion mutant（Ueno et al.,２００４）. In B. oryzae -

infected leaves, tryptamine accumulation was also signifi-

cantly induced in leaves with the Sekiguchi lesions under

light, but not in those with brown spot lesions by dark and

DCMU treatments（Fig.５b）. In a previous report（Ueno

et al.,２００５）, we indicated that tryptamine inhibited the

spore germination and growth of infection hyphae of

B. oryzae at a concentration of over１５０µg/ml. These

results suggested that tryptamine might be a key anti-

fungal component for no sporulation of B. oryzae in the

Sekiguchi lesion.

In M. grisea infection, DNA fragmentation was detected

in the Sekiguchi lesions under light, but in blast lesions in

the dark. Ueno et al.（２００４）reported that DNA fragmen-

tation was induced by H２O２ generated by tryptamine oxi-

dation. In B. oryzae infection, DNA fragmentation was

observed in both leaves with brown spot lesions in the dark

and with the Sekiguchi lesions under light. However, DNA

fragmentation was significantly induced in leaves with the

Sekiguchi lesions under light, as compared with those in

leaves with brown spot lesions in the dark. This result

showed that DNA fragmentation in B. oryzae -infected

leaves is light-dependently induced. It is reported that

cell-death-inducing treatment by the fungal toxin or the

plant activator significantly increased resistance to semi-

biotrophic fungusM. grisea, while the same treatment was

ineffective against necrotorophic fungus B. oryzae（Ahn

et al.,２００５）. These results suggested that cell death

induced by DNA fragmentation was effective to inhibition

of hyphal growth of M. grisea , but ineffective to that of

B. oryzae. DNA fragmentation and tryptamine accumulation

were significantly inhibited in DCMU-pretreated leaves

even under light. Ueno et al.（２００８）reported that DNA

fragmentation in Sekiguchi lesion mutant infected by

M. grisea was induced by tryptamine-dependent H２O２．

Light-induced resistance of rice against B. oryzae is sup-

ported by tryptamine with antifungal activity, and increased

DNA fragmentation might contribute to enhance the

accumulation of tryptamine involved in inhibition of

Ueno et al. : Role of tryptamine accumulation and DNA fragmentation in light-induced resistance of Sekiguchi lesion mutant of rice infected with Bipolaris oryzae ７



pathogen development such as sporulation.
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