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Molecular biology of disease resistance in rice
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Rice is one of the most important staple foods for the
increasing world population, especially in Asia. Diseases
are among the most important limiting factors that aect
rice production, causing annual yield loss conservatively
estimated at 5 %. More than 70 diseases caused by fungi,
bacteria, viruses or nematodes have been recorded on rice
[68], among which rice blast (Magnaporthe grisea),
bacterial leaf blight (Xanthomonas oryzae pv. oryzae) and
sheath blight (Rhizoctonia solani) are the most serious
constraints on high productivity [68]. Resistant cultivars
and application of pesticides have been used for disease
control. However, the useful life-span of many resistant
cultivars is only a few years, due to the breakdown of the
resistance in the face of high pathogenic variability of the
pathogen population. Use of pesticides is costly as well as
environmentally undesirable. Thus, there is a need to
develop strategies providing durable resistance, giving
protection for a long time and over a broad geographic
area. Among such new strategies, systemic acquired
resistance (SAR) is an example of a defense mechanism
oering long-lasting disease resistance against a broadspectrum of pathogens, and is promising for sustainable
rice production in the future. New information and
knowledge gained from research on the molecular biology
of SAR as well as disease resistance gene-mediated
defense responses will undoubtedly provide new insights
into the nature of rice disease resistance, which in turn
oers opportunities for creating new rice varieties with
high resistance against multiple diseases. To this end,
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understanding the molecular biology of disease resistance
in rice is a prerequisite.
In recent years, rice has been recognized as a genetic
model for molecular biology research aimed toward
understanding mechanisms for growth, development and
stress tolerance as well as disease resistance [34]. Rice as a
model crop is a fortuitous situation since it is also a crop of
world signi®cance. Rice is an attractive model for plant
genetics and genomics because it has a relatively small
genome. Considerable progress has been made in rice
towards cloning and identi®cation of disease resistance
genes, characterization of defense responses, and elucidation of signal transduction leading to activation of defense
responses [93]. The results of this work provide new
insights into the molecular basis of disease resistance in
rice. In this review, the focus is on the progress towards
the understanding of the molecular biology of disease
resistance in rice against blast, bacterial leaf blight and
sheath blight.

DISEASE RESISTANCE GENES IN RICE
The inheritance of resistance against blast and bacterial
leaf blight diseases of rice has been extensively studied.
Major genes from various resistant donors have been
identi®ed and to date more than 30 loci conditioning
resistance against blast and 25 against bacterial leaf
blight have been found [33, 43]. Some of these resistance
genes or loci have been widely used in rice breeding
programs, and some of them have been mapped to their
chromosomal locations and are subject to cloning eorts.
To date, four resistance genes, Xa21 and Xa1 to bacterial
leaf blight, and Pib and Pi-ta to blast, have been cloned
and studied in detail at the molecular level [7, 86, 97,
108]. Genetic variability for high levels of resistance
against sheath blight is lacking in both cultivated rice and
its wild relatives [6]; therefore cloning of genes for sheath
blight resistance is lagging.
c 2001 Academic Press
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Xa21 was transferred to the rice cultivar IR24 from the
wild species Oryza longistaminata and was found to confer
resistance against many known X. oryzae pv. oryzae (Xoo)
races in India and the Philippines [39]. Xa21 was cloned
by a map-based cloning strategy and found to encode a
receptor kinase-like protein carrying leucine-rich repeats
(LRR) in the putative extracellular domain, a single
transmembrane domain and a serine/threonine kinase
intracellular domain [86]. Compared with the proteins
encoded by other cloned plant disease-resistance genes,
the structure of Xa21 protein is unique because it
contains the extracellular receptor LRR domain and
the intracellular kinase domain. Xa21-mediated resistance
increases progressively from the susceptible juvenile twoleaf stage through later stages, with 100 % resistance at
the adult leaf 9/10 stage. Expression of Xa21 is independent of plant developmental stage, infection with Xoo,
or wounding. These results suggest that Xa21-mediated
resistance is controlled by development either posttranscriptionally or by other factors [11]. Transgenic
rice plants expressing the cloned Xa21 showed the same
spectrum of resistance as did that of the donor line
[88, 89, 93].
Xa21 is a member of a small multigene family
containing seven members; these members can be
grouped into two classes based on sequence similarity
[85]. The Xa21 class contains members Xa21, D and F;
and class A2 contains A1, A2, C and E. The identity of
nucleotide sequence within each class is very high (98 %
for Xa21 class and 95.2 % for A2 class), but only 63.5 %
of the identity was observed between the two classes [85].
One member of the Xa21 family, Xa21D, encodes a
receptor-like protein carrying LRR motifs in the presumed extracellular domain but lacks the transmembrane
and cytoplasmic kinase domains [94]. In transgenic rice
plants, Xa21D conferred partial resistance to Xoo at an
intermediate level compared with that of Xa21 but
showed the same spectrum of resistance as Xa21.
However, other members (A1, A2, C, E and F) did not
confer any observable resistance in transgenic plants [94].
These results suggest that the extracellular LRR domain
of Xa21D is involved in pathogen recognition. Moreover,
a highly conserved 233-bp sequence was identi®ed among
all seven Xa21 family members [85] and 15 transposonlike elements were found within the gene cluster [84],
suggesting that these elements may play a role in the
diversi®cation of the Xa21 family members, probably by
duplication, recombination and transposition.
Xa1 confers a high level of speci®c resistance to race 1
strains of Xoo in Japan. Xa1 was mapped on rice
chromosome 4 and cloned recently by a map-based
cloning strategy [108]. The Xa1 gene encodes a protein
containing several regions, with similarity to the deduced
polypeptide domains of other disease-resistance genes
such as Arabidopsis RPS2 and RPM, tobacco N and ¯ax

L6. The Xa1 protein contains two motifs of NBS in the
amino-terminal half and an LRR domain in the
carboxyl-terminal half of the molecule. The LRR
domain is composed of six almost perfect repeats, each
93 amino acids long, with 62±99 % simple homology to
each other at the amino acid level. Expression of Xa1 is
induced upon wounding and infection by both compatible and incompatible strains of Xoo [108].
The dominant gene Pib confers high resistance to most
Japanese races of M. grisea, the causal agent of blast
disease. Pib is located at the distal end of the long arm of
chromosome 2. The Pib gene was cloned recently and
found to encode a polypeptide of 1251 amino acids [97].
The deduced protein encoded by Pib contains an NBS
region and C-terminal LRRs but no distinct transmembrane domain; thus, the Pib gene belongs to the NBS±
LRR class of plant disease resistance genes. Interestingly,
the Pib protein contains an N-terminal duplication of the
conserved kinase 1a (P-loop), 2 and 3a domains of NBS
region and eight cysteine residues clustered in LRR 7 and
8. The signi®cance of the duplication and the clustered
cysteine is unknown. Expression of Pib is induced by
infection with both incompatible and compatible strains
of M. grisea and altered environmental conditions such as
temperature and darkness [97].
The Pi-ta gene sequence predicts a 928 amino acid
protein that is cytoplasmic and contains an NBS and a
leucine-rich carboxyl terminus [7]. The leucine-rich
domain (LRD) in the predicted Pi-ta protein contains
an irregular highly imperfect repeating structure with the
consensus LxxLxxL. Sequence analysis of 11 alleles of
Pi-ta from resistant, intermediate, and susceptible varieties showed that the Pi-ta proteins in susceptible varieties
have one amino acid substitution compared with that in
the resistant varieties. More than 40 % of the transgenic
plants biolistically transformed with the cloned Pi-ta gene
or cDNA conferred resistance or intermediate resistance
against blast, con®rming the identity of the cloned Pi-ta.
Interestingly, an R gene-like gene, RPR1, was cloned by
dierential display from probenazole-treated rice plants
and was found to encode an NBS±LRR protein, sharing
structural similarity with the NBS±LRR class of R genes
[72]. RPR1 was mapped to a region close to the location of
Pi-ta on chromosome 11. These features suggested that
RPR1 might act as a resistance gene. The expression
of RPR1 in rice can be induced by both treatments with
SAR inducers such as salicylic acid (SA) or benzothiadiazole (BTH) and by infection with M. grisea.
In addition to these cloned disease resistance genes
from rice, more than 15 major genes and dozens of
quantitative trait loci (QTL) associated with resistance
against blast and bacterial leaf blight diseases have been
identi®ed and localized through the use of molecular
marker technologies such as restriction fragment length
polymorphism (RFLP) and ampli®ed fragment length
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polymorphism (AFLP) [13, 51, 60, 96, 111, 112]. Moreover, some resistance gene analogues (RGA) were also
cloned by PCR using degenerate primers that were
designed based on the conserved regions of the cloned
disease resistance genes [31, 49, 53]. Results of subsequent
studies showed that some of these RGAs are linked tightly
to known RFLP or RAPD molecular markers in the
genetic maps of the rice chromosome [31, 49, 53]. Results
from the research on these well-mapped resistance genes,
QTLs and RGAs, which are currently being studied
extensively, will provide a new insight into the molecular
biology of disease resistance genes in rice as well as their
function and evolution.
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The rate-limiting enzyme in the isoprenoid pathway is
3-hydroxy-3-methyglutaryl coenzyme A reductase
(HMGR); a gene encoding HMGR was cloned from
rice and its expression was found to be strongly and
rapidly induced in suspension cells by a fungal cell wall
elicitor from the blast fungus [61]. Momilactone A at
elevated levels was also found in lesion mimic mutants
that exhibited signi®cant enhanced resistance to blast
[87]. These results indicated that the induction of phytoalexin biosynthesis upon pathogen attack may play a key
role as a component of the inducible defense mechanism
in rice.

Pathogenesis-related (PR) proteins
DEFENSE RESPONSES AND DEFENSERELATED GENES IN RICE
Direct assessment of the biochemical and physiological
changes during disease development has identi®ed some
putative defense responses in rice disease resistance against
blast, bacterial leaf blight and sheath blight diseases. On
the other hand, the use of genetic and molecular biology
technologies in research on rice disease resistance has led
to isolation and identi®cation of a number of defenserelated genes that might be involved in disease resistance.
However, the molecular biology of disease resistance in
rice is not as well de®ned as in the dicot model plants
such as Arabidopsis and tobacco.

Phytoalexins
Phytoalexins are low-molecular weight antimicrobial
compounds that are synthesized and accumulated in
plant tissues upon pathogen attack. In rice, two dierent
types of phytoalexins, diterpenes and phenolics have been
isolated and identi®ed. The diterpene isoprenoid phytoalexins, synthesized via the isoprenoid pathway, include
momilactone A and B, and oryzalexin A±F [10, 46, 78].
Only one phenolic phytoalexin has been found in rice so
far, the ¯avanone sakuranetin, which is formed in rice in
response to UV irradiation or blast infection [44]. These
phytoalexins have been shown to be eective in inhibiting
in vitro growth by the blast fungus M. grisea and they
accumulate more rapidly and to larger quantities in the
incompatible interaction with the pathogen than in
the compatible interaction. They also accumulate in
response to treatments with chemicals such as dichlorocyclopropan and elicitors prepared from cell walls of the
blast fungus [8, 9, 44, 104]. Consistent qualitative and
quantitative dierences were found among rice cultivars
in the phytoalexins produced and there was a strong
correlation between the accumulation of the phytoalexins
sakuranetin, momilactone and oryzalexin, and resistance
to blast disease [20].

PR proteins have been well studied as a major defense
response in several dicot plants, both in R gene-mediated
resistance and in SAR. The roles of PR genes in disease
resistance have been suggested by the tight correlation
between expression levels of PR genes and disease resistance and by the observation of enhanced disease
resistance in the transgenic plants overexpressing certain
PR genes. Several defense-related PR-like genes have
been cloned from rice. These include genes encoding for
the PR-3 group of chitinases such as RC24, RCH10 and
Rcht2 [2, 40, 103, 114], the PR-2 group of glucanases such
as Gns1 [81], the PR-5 group of thaumatin-like proteins
such as Pir2 [70, 91], PR-9 group of peroxidases such as
POX8.1 and POX22.3 [17], the acidic PR-1 group gene
OsPR1a [1], the PR-10 group genes RPR10a, RPR10b,
and RPR10c [57], the phenylalanine ammonia-lyase gene
[113], the probenazole-induced PBZ1 [58] and the
Pseudomonas syringae pv. syringae-induced Rir1 and Pir7b
[56, 71, 100]. Hundreds of dierentially expressed cDNAs
associated with BTH-induced SAR have been cloned and
identi®ed by PCR-based suppression subtractive hybridization and some of these cDNAs may represent defenserelated genes (Song and Goodman, unpublished work).
Moreover, several defense-related genes induced by a
fungal elicitor from the rice blast fungus [41] and a
TNP2-like gene Rim2 induced by infection with M. grisea
[29] were also cloned and identi®ed by dierential
display-PCR technique.
Chitinases and b-1,3-glucanases can hydrolyze chitin
and b-1,3-glucan, respectively, which are major components of fungal cell walls. Hydrolysis of these fungal
cell-wall constituents leads to the inhibition of the growth
of several fungi in vitro. In Rhizoctonia solani-infected rice
plants, the activities of both chitinase and glucanase were
increased and expression of the corresponding genes was
also induced [2]. Expression of chitinase and glucanase
genes was also activated by infection with blast fungus
and treatments with elicitors and chemicals [27, 40, 75].
Most importantly, transgenic rice plants overexpressing
either chitinase alone or in combination with glucanase
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showed enhanced disease resistance against blast and
sheath blight [52, 63]. A thaumatin-like protein from rice
shows antifungal activity in vitro and expression of its gene
was induced by infection by both M. grisea and R. solani
[75, 91] and by jasmonic acid [76]. Overexpression of the
thaumatin-like protein gene or a chitinase gene in
transgenic rice plants enhanced resistance against sheath
blight [18, 19]. These results suggest that chitinase and
glucanase as well as thaumatin-like protein may play a
role in rice resistance against fungal diseases such as blast
and sheath blight.
The defense response in rice against bacterial leaf blight
was characterized by an increase in peroxidase activity
[109]. Two peroxidase genes, POX8.1 and POX22.3, were
expressed during incompatible interactions [17]. Increases
in activities of speci®c extracellular peroxidases were
spatially and temporally associated with a decrease in the
rate of pathogen multiplication and spread, suggesting an
active role for peroxidase in resistance against bacterial
leaf blight. Genes for peroxidases were also induced by
infection with M. grisea [55, 75].
Systemic resistance in rice against blast can be induced
both biologically and chemically. Pre-inoculation of
lower leaves with avirulent M. grisea or the nonpathogens Bipolaris sorokiniana and P. syringae induced
disease resistance, resulting in systemic protection against
blast [54, 82]. Likewise, enhanced disease resistance
against blast was also induced by treatment with SA,
BTH and dichloroisonicotinic acid (INA) [22, 72, 75, 77],
which are well-documented SAR activators in dicot
plants. Probenazole, known as an eective fungicide in
protecting rice plants from blast infection [101], was
demonstrated to function through disease resistance
induced in the host plants since it shows only a weak
direct eect on the fungus [58, 101]. Moreover, wounding
of the lower leaf on young rice seedlings also induced
systemic resistance against blast, probably through
jasmonic acid [74]. BTH and harpin elicitor, the secreted
protein encoded by an hrp gene of P. syringae, have also
been shown to induce systemic resistance against bacterial
leaf blight [15, 36].
In the case of systemic resistance induced by P. syringae,
harpin encoded by an hrp gene is the main factor for
inducing systemic resistance in rice against bacterial leaf
blight and the peptide containing the N-terminal 137
amino acids is sucient for inducing SAR [36]. Since hrp
gene clusters are widespread in P. syringae, enhanced
resistance against bacterial leaf blight can be induced by
dierent pathovars of P. syringae [36]. Another factor in
P. syringae, which is responsible for inducing systemic
resistance in rice, is syringolin. The syringolins constitute
a family of structurally related compounds that are
secreted by P. syringae pv. syringae under certain culture
conditions [98, 99]. Exogenous application of syringolins
can induce disease resistance and activate defense

responses both in intact rice leaves and in suspension
cells [25, 98]. This may, therefore, represent one of the
molecular determinants of P. syringae by which rice plants
can perceive and respond. The incompatible strain
N1141, but not the compatible strain H8301 of Pseudomonas avenae, can induce defense responses in rice.
Recently, it was demonstrated that the ¯agellin existing
in the incompatible strain of P. avenae but not in the
¯agellin of the compatible strain is the determinant of the
bacteria required for the induction of the defense
responses and hypersensitive cell death in rice [12].
Several defense-related genes that are associated with
P. syringae pv. syringae-induced resistance in rice have been
cloned and identi®ed. Pir1a and Pir1b were induced
locally but not systemically in rice leaf tissue upon
inoculation with P. syringae pv. syringae or M. grisea, and
by treatment with INA [56, 73]. Pir1a was found to
encode a 107 amino acid protein that is relatively rich in
glycine and proline. The Pir1a protein is secreted from
rice protoplasts transiently and accumulates in the cell
wall compartment of rice leaves upon inoculation with
P. syringae pv. syringae, suggesting that it may be a cell wall
structural protein, like hydroxyproline-rich glycoproteins,
proline-rich proteins and glycine-rich proteins and
thus play a role in resistance via reinforcement of the
cell walls to invading pathogen [56]. Transgenic rice
plants consitutively expressing Pir1b gene showed
enhanced resistance against blast disease [73]. Pir7b,
another defense-related gene associated with P. syringae
pv. syringae-induced resistance, encodes an a/b hydrolase
fold protein with esterase activity [71, 100]. Expression of
the Pir7b gene was speci®cally induced by P. syringae pv.
syringae in rice leaf and by syringolin in suspension cells
[25, 71] as it was not induced by treatment with INA and
BTH, which induced resistance [75, 77].
The probenazole-induced PBZ1 encodes a protein with
signi®cant homology at the amino acid level to the intracellular PR proteins and is induced sooner by infection
with incompatible race of the blast fungus than that with
compatible race [58]. Recently, an INA- and BTHinduced gene RCI1 was isolated and found to be induced
by INA or BTH but not by P. syringae pv. syringae [77].
However, the functions of PBZ1 and RCI1 in rice disease
resistance remain to be determined.

SIGNAL TRANSDUCTION IN RICE DISEASE
RESISTANCE

Recognition between R and Avr proteins
The cloned Xoo resistance genes Xa21 and Xa1 represent
two dierent types of disease resistance genes but both are
classical R genes. Xa1, a member of the NBS±LRR class,
is predicted to encode an NBS±LRR protein residing
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within the cytoplasm. Xa21, a member of the LRR-kinase
class, is likely to be a transmembrane protein with the
LRRs exposed extracellularly. Therefore, it is likely that
the rice plant can recognize avirulence proteins of Xoo
both extra- and intracellularly via dierent types of R
genes. Transgenic rice plants consitutively expressing
Xa21D gene, which contains the extracellular LRR
domain but lacks the cytoplasmic kinase and the
transmembrane domains, only conferred partial racespeci®c resistance [94]. Most recently, it was observed
that several defense responses were initiated in transgenic
rice cells expressing a fusion gene composed of the
extracellular LRR and transmembrane domains of the
Arabidopsis receptor kinase BRI1 and the serine/
threonine kinase domain of Xa21 upon treatment with
brassinosteroids, which is the ligand for the BRI1-encoded
protein kinase [28]. These results indicated that the
extracellular LRR domain of the Xa21 protein functions
in recognition of the Xoo Avr proteins and its intracellular
serine/threonine kinase domain transmits the signal to
activate the defense responses.
Two avr genes (avrXa7 and avrXa10) have been
identi®ed in Xoo [30] and recently it was demonstrated
that AvrXa10 protein contains a conserved transcriptional activation domain in the C terminus and this
domain is required for its avirulence function [116, 117].
This result led to a hypothesis that the AvrXa10 might
enter the rice nucleus and alter transcriptional activation
of host genes, possibly the R gene directly. This idea is
consistent with the observation that Xa1 was induced by
inoculation with the incompatible bacterial strain [108].
Signi®cantly, it was demonstrated that the virulence
factor AvrXa7 of Xoo is a type III secretion pathwaydependent nuclear-localized double-stranded DNA-binding protein [106]. Recently, the avr genes were found to
contribute dierently and speci®cally to Xoo aggressiveness on rice [3, 92]. How the Avr protein is delivered into
rice cells and whether it is delivered through the hrpencoded type III secretory system as that in P. syringae
and X. campestris are not yet clear. Several hrp genes have
been cloned and identi®ed in Xoo [115]; further study of
these genes will help to address these questions.
The predicted proteins of the cloned blast-resistance
genes Pib and Pi-ta belong to the NBS±LRR class of
disease-resistance genes, and are most likely to localize in
cytoplasm [7, 97]. In the yeast two-hybrid assay, the
product of the avr gene avr-Pita, AVR-Pita176, directly
interacted with the 341 amino acid C-terminal LRD
polypeptide but not the full length 928 amino acid form
of Pi-ta. Interactions were not observed between the 341amino acid LRD encoded by the susceptible allele and
AVR-Pita176, and between Pi-ta LRD and the avr-pita
product. Moreover, transient expression of Pi-ta and
AVR-Pita within rice cells induces resistance. These results
suggested that the direct interaction between Pi-ta and
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avr-Pita products is most likely to occur inside the rice cell
and the recognition domain of Pi-ta resides within the
LRD. It was proposed that the AVR-Pita protein is
secreted into the rice cell during penetration and interacts
with a cytoplasmic Pi-ta receptor initiating a defense
response [7, 35, 67].

Early events in signal transduction after recognition
After initial recognition of the Avr proteins or elicitors,
plant cells activate a variety of early signal events,
including rapid and transient depolarization of the
plasma membrane, alteration of ion channel activities,
change in calcium homeostasis, and occurrence of
oxidative burst, which occur prior to the transcriptional
activation of defense-related genes and appear to be
mediated through the regulation of plasma membranebound enzymes or proteins [4]. Among these early signal
events, an oxidative burst, which consists of an increase in
reactive oxygen intermediates (ROIs) such as superoxide
and hydrogen peroxide (H2O2), has been demonstrated
to play an important role in signal transduction leading
to activation of defense responses [5]. Analysis of the
oxidative burst, by measuring the generation rate of
superoxide and the H2O2 level in the incompatible and
compatible interactions between rice seedlings and
M. grisea, showed that an obvious and strong oxidative
burst occurred in the incompatible interaction [21, 23]. A
rice cDNA clone whose product interacted with the Xa21
cytoplasmic kinase domain in the yeast two-hybrid
system was found to encode catalase B [15]. In the
transgenic rice cells expressing the fusion gene comprising
the extracellular LRR and transmembrane domains of
the Arabidopsis receptor kinase BRI1 and the serine/
threonine kinase domain of the Xa21 gene, treatment with
brassinosteroids resulted in accumulation of H2O2 [28].
These results implied the involvement of the oxidative
burst, probably H2O2 itself, in the Xa21-mediated signal
transduction pathway. The rice lesion mimic mutants
cdr1 and cdr2 (cell death and resistance) exhibited
enhanced disease resistance against blast and also showed
elevated levels of H2O2 [87]. Taken together, it is likely
that the oxidative burst might be an important early
signal leading to defense responses in rice.
The plasma membrane-bound NADPH oxidase has
been demonstrated to play a key role in regulating ROIs
production. N-acetylchitoheptaose, an oligosaccharide
elicitor, induced expression of defense-related genes
[27, 59, 62, 105]. In rice suspension-cultured cells, Nacetylchitoheptaose induced a biphasic oxidative burst,
probably through regulation of plasma membrane-bound
NADPH oxidase after binding its receptor on the plasma
membrane [32, 47, 79]. Several rice homologues of
NADPH oxidase were cloned and identi®ed [24, 38].
However, no direct evidence exists currently to associate
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NADPH oxidase with the induction of defense responses.
Moreover, it was also demonstrated that small GTPbinding protein and GTPase Rac might be involved in
regulation of ROIs production [37, 66]. Several homologues of the rab-speci®c GDP-dissociation inhibitor were
recently identi®ed in rice and found to interact with the
small GTP-binding proteins [42].
Protein phosphorylation/dephosphorylation, catalysed
by protein kinases and phosphatases, is an important step
in signal transduction pathways in plants. Expression of
two defense-related genes, Pir7b and a class II chitinase
Rcht2, induced by syringolin and fungal elicitor, respectively, was suppressed by phosphatase inhibitors [1, 25, 40].
However, treatment of rice suspension cells with Ser/Thr
protein kinase inhibitor, K-252a, strongly inhibited
expression of EL2, EL3 and PAL induced by oligosaccharide elicitor, N-acetylchitoheptaose, but not chitinase and glucanase [27]. These results suggest that
protein phosphorylation and/or dephosphorylation are
required for activation of defense responses and that they
play a role in the dierent signal transduction pathways
or at the dierent points of the signal transduction
pathway. A mitogen-activated protein (MAP) kinase,
BWMK1, was recently cloned from rice [26]. Expression
of BWMK1 was induced as early as 4 h after infection
with blast fungus and also induced by wounding,
suggesting a role in both defense and wound signaling
in rice. OsBIMK1, another MAP kinase gene in rice, has
also been found to be speci®cally induced in BTHinduced SAR and R gene-mediated defense responses
(Song and Goodman, unpublished work).
Phospholipase D (PLD), which is involved in the
phospholipid signaling, might play a role in the signaling
pathways leading to defense responses in plants. In rice
cells undergoing resistant response against Xoo, PLD was
found to distribute on the plasma membranes at regions
where bacteria are immediately adjacent to the cell wall
[110]. It was suggested that PLD might be involved in the
modulation of the magnitude of the defense response by
regulating increased localized secretion of defense
response compounds.
To elucidate the molecular biology of disease resistance
in rice, Song and Goodman (unpublished work) and
Xiong et al. [102] employed the PCR-based suppression
subtractive hybridization method and identi®ed a large
number of dierentially expressed cDNAs that may be
associated with disease resistance responses. Some of these
cDNAs may encode MAP kinases, phospholipases C and
D, zinc ®nger proteins, ankyrin-containing proteins, 14-33 proteins, calmodulin, G-protein and histone deacetylase, all of which may be involved in the signaling
pathways and/or regulation of gene expression in defense
responses. However, the precise roles and functions of
these genes in disease resistance still remain to be studied
in detail.

Sphingolipids, ubiquitous components of the membranes of all eukaryotic cells, and their metabolic
products, the ceramides, play important roles in the
signal transduction pathway in animals and fungi.
Recently, it was demonstrated that cerebrosides, sphingolipid-derived compounds prepared from diverse pathogens including M. grisea, induced the accumulation of
phytoalexins, cell death, and increased resistance to subsequent infection by compatible pathogens [45, 90]. Since
in animal cells sphingolipids modulate various protein
kinases, the sphingolipid-mediated signaling pathway
may function in plant disease resistance by modulating
various protein kinases in a manner similar to that
observed in animal systems.

Signaling pathways leading to activation of defense responses in
rice
It is well established that SA and the SA-mediated
signaling pathway play pivotal roles in R gene-mediated
disease resistance and SAR in Arabidopsis and tobacco,
however, this does not seem to be true in rice. Rice plants
normally contain high levels of SA in leaves and shoots
but low levels in roots and suspension cells [14].
Correlation between SA level in leaves and the generalized blast resistance among varieties was observed and
enhanced resistance against blast was also reported
[72, 80]. However, the SA level did not increase in rice
plants in response to infection with the non-pathogen
P. syringae or with the pathogens M. grisea and Xoo [80]. It
is most likely that SA is not a limiting factor in the
signaling pathway leading to activation of defense
response in rice as it is in other plants such as Arabidopsis
and tobacco. It is known that NPR1 is a key regulator in
SA-mediated signaling pathway leading to SAR and also
involved in signaling pathway leading to induced
systemic resistance in Arabidopsis. Transgenic rice plants
expressing Arabidopsis NPR1 showed enhanced disease
resistance against Xoo [15]. Two NPR1 rice homologues,
sharing 49 and 38 % identities with Arabidopsis NPR1,
respectively, and two types of NPR1 interactors, including
a proline-rice NPR1 interactor and four bZIP transcription factors rTGA2.1, rTGA2.2, rTGA2.3 and rLG2,
have been isolated [15, 16]. Among the four transcription
factors, rTGA2.1 was found to bind to the rice RCH10
gene promoter and to a cis-element required sequencespeci®cally for SA responsiveness, indicating that these
transcription factors are involved in activation of defenserelated gene expression in rice [16]. SA was shown to
activate expression of defense-related genes by transcriptional activation through the as-1 element [21]. Therefore, it is most likely that an SA-mediated signaling-like
signaling pathway may exist in rice and that this signaling
pathway shares some common components downstream
of SA with the SA-mediated signaling pathway. However,
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the outline of the pathway remains to be explored in
detail.
The activity of lipoxygenase (LOX), an important
enzyme in the octadecanoid pathway leading to the
synthesis of jasmonic acid, was increased in rice leaves
after infection with blast fungus and the increases were
signi®cantly higher in the incompatible interaction than
in the compatible interaction [65]. The expression of a
LOX-encoding gene was induced in the early stage of
infection with an incompatible strain of M. grisea but only
induced to a relatively low level in the late stage of
infection with a compatible strain [69]. Treatment with
several metabolic precursors and oxygenated fatty acids
was shown to induce phytoalexin production in suspension cells and disease resistance against blast [50, 83].
Increased levels of jasmonic acid were observed in rice
leaves exogenously treated with INA or wounding,
followed by induction of defense-related genes and
enhanced disease resistance [74, 75, 76]. In suspensioncultured rice cells, jasmonic acid was required for the
elicitor-induced phytoalexin production [64]. These
results indicated that the octadecanoid pathway might
be activated in rice±M. grisea interactions and therefore
imply that jasmonic acid signaling pathway may play a
role in the activation of defense responses in rice against
blast. However, the jasmonate-inducible defense-related
genes were activated in rice by infection with M. grisea
without a concomitant increase in endogenous jasmonic
acid levels [76], implying that the involvement of jasmonic
acid signaling in rice disease resistance might be complex.
Recently, a gene JAmyb encoding a Myb transcription
factor was isolated from rice [48]. Expression of the JAmyb
gene was induced after infection with M. grisea in resistant
and susceptible interactions and the expression level was
much higher in susceptible interactions. JAmyb was
activated rapidly by jasmonic acid or wounding, but not
by SA and BTH [48]. Thus, this JAmyb gene may be
involved in the jasmonic acid-mediated signaling pathways in rice.

PERSPECTIVES
As a result of its importance as a staple food in the world,
rice is getting much attention in studies of the molecular
biology of disease resistance, which will be helpful in
improving rice varieties for high production for our
increasing population. Although considerable progress
has been made towards understanding the nature of
disease resistance genes, defense responses, and the signal
transduction leading to activation of defense responses in
rice, the whole story is still far from clear. Information is
limited compared with the large body of references in
other model plant species such as Arabidopsis and
tobacco. The completion of the rice genome project,
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which will result in massive structural genomic data
available to the public, and development of new
methodologies such as functional geonomics and DNA
microarrays that allow global analysis of gene expression
will undoubtedly accelerate research on the molecular
biology of rice disease resistance.
Although the Xa21 confers resistance against several
races of Xoo, most cloned R genes only oer resistance to
one or few related race(s) or strain(s) of the pathogens.
This restricts the use of R genes in improvement of rice
disease resistance by the means of genetic engineering
since the resistance conferred by cloned R genes in the
genetic engineered rice will be easily overcome due to
changes in the pathogen population. With the cloning of
several R genes from rice [7, 86, 97, 108] and screening of
mutants that are altered in disease resistance [87, 107],
signaling pathways leading to disease resistance will be
elucidated in more detail and genes involved in the
pathways will be identi®ed and cloned. These genes will
be very useful in the generation of new rice varieties with
high resistance ( probably durable resistance) against
multiple diseases caused by dierent types of pathogens.
We are grateful to Novartis Crop Protection, Inc.,
Research Triangle Park, North Carolina, and The
McKnight Foundation for ®nancial support of our
research on the molecular biology of rice systemic
acquired resistance.

REFERENCES
1. Agrawal GK, Jwa NS, Rakwal R. 2000. A novel rice
(Oryza sativa L.) acidic PR1 gene highly responsive to
cut, phytohormones, and protein phosphatase inhibitors. Biochemistry and Biophysics Research Communication 274:
157±165.
2. Anarutha CS, Zen K-C, Cole KC, Mew T,
Muthukrishnan S. 1996. Induction of chitinase and
b-1, 3-glucanase in Rhizoctonia solani-infected rice plants:
isolation of an infection-related chitinase cDNA clone.
Physiologica Plantarum 97: 39±46.
3. Bai J, Choi SH, Ponciano G, Leung H, Leach JE. 2000.
Xanthomonas oryzae pv. oryzae avirulence genes contribute
dierently and speci®cally to pathogen aggressiveness.
Molecular Plant±Microbe Interactions 13: 1322±1329.
4. Blumwald E, Aharon GS, Lam BCH. 1998. Early signal
transduction pathways in plant-pathogen interactions.
Trends in Plant Science 9: 342±346.
5. Bolwell GP. 1999. Role of active oxygen species and NO in
plant defence responses. Current Opinion in Plant Biology 2:
287±294.
6. Bonman JM, Khush GS, Nelson RJ. 1992. Breeding rice
for resistance to pests. Annual Review of Phytopathology 30:
507±526.
7. Bryan GT, Wu K-S, Farrall L, Jia Y, Hershey HP,
McAdams SA, Faulk KN, Donaldson GK, Tarchini
R, Valent B. 2000. A single amino acid dierence

8

F. Song and R. M. Goodman
8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

distinguishes resistant and susceptible alleles of the rice
blast resistance gene Pi-ta. The Plant Cell 12: 2033±2046.
Cartwright DW, Langcake P. 1980. Phytoalexin production in rice and its enhancement by a dichlorocyclopropan fungicide. Physiological Plant Pathology 17:
259±267.
Cartwright DW, Langcake P, Pryce RJ, Leworthy DP,
Ride JP. 1977. Chemical activation of host defense
mechanism as a basis for crop protection. Nature 267:
511±513.
Cartwright DW, Langcake P, Pryce RJ, Leworthy DP,
Rid JP. 1981. Isolation and characterization of two
phytoalexins from rice as momilactone A and B.
Phytochemistry 20: 535±537.
Century KS, Lagman RA, Adkisson M, Morlan J,
Tobias R, Schwartz K, Smith A, Love J, Ronald PC,
Whalen MC. 1999. Developmental control of Xa21mediated disease resistance in rice. The Plant Journal 20:
231±236.
Che FS, Nakajima Y, Tanaka N, Iwano M, Yoshida T,
Takayama S, Kadota I, Isogai A. 2000. Flagellin from
an incompatible strain of Pseudomonas avenae induces a
resistance response in cultured rice cells. Journal of
Biological Chemistry 275: 32347±32356.
Chen D-H, dela VinÄa M, Inukai T, Mackill DJ, Ronald
PC, Nelson RJ. 1999. Molecular mapping of the blast
disease resistance gene, Pi44(t), in a line derived from a
durably resistant rice cultivar. Theoretical and Applied
Genetics 98: 1046±1053.
Chen Z, Iyer S, Caplan A, Klessig D, Fan B. 1997.
Dierential accumulation of salicylic acid and salicylic
acid-sensitive catalase in dierent rice tissues. Plant
Physiology 114: 193±201.
Chern M-S, Song W-Y, Pi L, Yadav R, Hr Z, Fitzgerald
H, Zhang Y, Dong X, Ronald P. 2000. Signaling in rice
disease resistance. In: de Wit PJGM, Bisseling T,
Stikema WJ, eds. Biology of Plant±Microbe Interactions,
Vol. 2. St. Paul, MN, U.S.A.: APS Press, 254±258.
Chern M-S, Fitzgerald HA, Yadav RC, Canlas PE,
Dong X, Ronald PC. 2001. Evidence for a diseaseresistance pathway in rice similar to the NPR1-mediated
signaling pathway in Arabidopsis. The Plant Journal 27:
101±114.
Chittoor JM, Leach JE, White FF. 1997. Dierential
induction of a peroxidase gene family during infection of
rice by Xanthomonas oryzae pv. oryzae. Molecular Plant±
Microbe Interactions 10: 861±871.
Datta K, Tu J, Oliva N, Ona I, Velazhahan R, Mew TW,
Muthukrishnan S, Datta SK. 2001. Enhanced resistance to sheath blight by constitutive expression of
infection-related rice chitinase in transgenic elite indica
rice cultivars. Plant Science 160: 405±414.
Datta K, Velazhahan R, Oliva N, Ona I, Mew T, Khush
GS, Muthukrishnan S, Datta SK. 1999. Overexpression of the cloned rice thaumatin-like protein
(PR-5) gene in transgenic rice plants enhances environmental friendly resistance to Rhizoctonia solani causing
sheath blight disease. Theoretical and Applied Genetics 98:
1138±1145.
Dillon VM, Overton J, Grayer RJ, Harborne JB. 1997.
Dierences in phytoalexin response among rice cultivars
of dierent resistance to blast. Phytochemistry 44: 599±603.
Ganesan V, Thomas G. 2001. Salicylic acid response in
rice: in¯uence of salicylic acid on H2O2 accumulation
and oxidative stress. Plant Science 160: 1095±1106.

22. Ge X, Song F, Zheng Z. 1999. Systemic acquired
resistance to Magnaporthe grisea in rice induced by
BTH. Acta Agriculture Zhejiangensis 11: 311±314.
23. Ge X, Song F, Zheng Z. 2000. Active oxygen species
production in rice seedlings infected by Magnaporthe
grisea is involved in the blast resistance. Acta Phytophysiologica Sinica 24: 227±231.
24. Groom QJ, Torres MA, Fordham-Skelton AP, Hammond-Kosack KE, Robinson NJ, Jones JD. 1996.
rbohA, a rice homologue of the mammalian gp91 phox
respiratory burst oxidase gene. The Plant Journal 10:
515±522.
25. Hassa P, Granado J, Freydl E, Waspi U, Dudler R.
2000. Syingolin-mediated activation of the Pir7b esterase
gene in rice cells is suppressed by phosphatase inhibitors.
Molecular Plant±Microbe Interactions 13: 342±346.
26. He C, Fong SHT, Yang D, Wang G-L. 1999. BWMK1, a
novel MAP kinase induced by fungal infection and
mechanical wounding in rice. Molecular Plant±Microbe
Interactions 12: 1064±1073.
27. He D-Y, Yazaki Y, Nishizawa Y, Takai R, Yamada K,
Sakano K, Shibuya N, Minami E. 1998. Gene
activation by cytoplasmic acidi®cation in suspensioncultured rice cells in response to the potent elicitor, Nacetylchitoheptaose. Molecular Plant±Microbe Interactions
11: 1167±1174.
28. He Z, Wang Z-Y, Li J, Zhu Q, Lamb C, Ronald P,
Chory J. 2000. Perception of brassinosteroids by the
extracellular domain of the receptor kinase BRI1. Science
288: 2360±2363.
29. He ZH, Dong HT, Dong JX, Li DB, Ronald PC. 2000.
The rice Rim2 transcript accumulates in response to
Magnaporthe grisea and its predicted protein product
shares similarity with TNP2-like proteins encoded by
CACTA transposons. Molecular and General Genetics 264:
2±10.
30. Hopkins CM, White FF, Choi SH, Guo A, Leach JE.
1992. Identi®cation of a family of avirulence genes from
Xanthomonas oryzae pv. oryzae. Molecular Plant±Microbe
Interactions 5: 451±459.
31. Ilag LL, Yadav RC, Huang N, Ronald PC, Ausubel
FM. 2000. Isolation and characterization of disease
resistance gene homologues from rice cultivar IR64. Gene
255: 245±255.
32. Ito Y, Kaku H, Shibuya N. 1997. Identi®cation of a highanity binding protein for N-acetylchitooligosaccharide
elicitor in the plasma membrane of suspension-cultured
rice cells by anity labelling. The Plant Journal 12:
347±356.
33. Iwata N. 1996. Report of the committee on gene
symbolization, nomenclature and linkage groups. Rice
Genetic Newsletter 13: 12±18.
34. Izawa T, Shimamoto K. 1996. Becoming a model plant:
the importance of rice to plant science. Trends in Plant
Science 1: 95±99.
35. Jia Y, McAdams SA, Bryan GT, Hershey HP, Valent B.
2000. Direct interaction of resistance gene and avirulence gene products confers rice blast resistance. EMBO
Journal 19: 4004±4014.
36. Jin Q-L, Liu N-Z, Qiu J-L, Li D-B, Wang J. 1997. A
truncated fragment of harpinpss induces systemic resistance to Xanthomonas campestris pv. oryzae in rice.
Physiological and Molecular Plant Pathology 51: 243±257.
37. Kawasaki T, Henmi K, Ono E, Hatakeyama S, Iwano
M, Satoh H, Shimamoto K. 1999. The small GTPbinding protein rac is a regulator of cell death in plants.

Molecular biology of rice disease resistance
38.

39.
40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.
51.

Proceedings of the National Academy of Sciences, USA 96:
10922±10926.
Keller T, Damude HG, Werner D, Doerner P, Dixon
RA, Lamb C. 1998. A plant homolog of the neutrophil
NADPH oxidase gp91phox subunit gene encodes a
plasma membrane protein with Ca2+ binding motifs.
The Plant Cell 10: 255±266.
Khush GS, Bacalangco E, Ogawa T. 1990. A new gene
for resistance to bacterial blight from O. longistaminata.
Rice Genetics Newsletters 7: 121±122.
Kim CY, Gal SW, Choe MS, Jeong SY, Lee SI, Cheong
YH, Lee SH, Choi YJ, Han CD, Kang KY, Cho MJ.
1998. A new class II rice chitinase, Rcht2, whose
induction by fungal elicitor is abolished by protein
phosphatase 1 and 2A inhibitor. Plant Molecular Biology
37: 523±534.
Kim CY, Lee SH, Park HC, Bae CG, Cheong YH, Choi
YJ, Han CD, Lee SY, Lim CO, Cho MJ. 2000.
Identi®cation of rice blast fungal elicitor-responsive
genes by dierential display analysis. Molecular Plant±
Microbe Interactions 13: 470±474.
Kim WY, Kim CY, Cheong NE, Choi YO, Lee KO, Lee
SH, Park JB, Nakano A, Bahk JD, Cho MJ, Lee SY.
1999. Characterization of two fungal elicitor-induced
rice cDNAs encoding functional homologues of the rabspeci®c GDP-dissociation inhibitor. Planta 210: 143±149.
Kinoshita T. 1995. Report of the committee on gene
symbolization, nomenclature and linkage groups. Rice
Genetic Newsletter 12: 9±153.
Kodama O, Miyakawa J, Akatsuka T, Kiyosawa S.
1992. Sakuranetin, a ¯avanone phytoalexin from
ultraviolet-irradiated rice leaves. Phytochemistry 31:
3807±3809.
Koga J, Yamauchi T, Shimura M, Ogawa N, Oshima
K, Umemura K, Kikuchi M, Ogasawara N. 1998.
Cerebrosides A and C, sphingolipid elicitors of hypersensitive cell death and phytoalexin accumulation in rice
plants. Journal of Biological Chemistry 273: 31985±31991.
Kono Y, Takeuchi S, Kodama O, Sekido H, Akatsuka
T. 1985. Novel phytoalexins (oryzalexins A, B and C)
isolated from rice blast leaves infected with Pyricularia
oryzae: 2. Structural studies of oryzalexins. Agricultural and
Biological Chemistry 49: 1695±1702.
Kuchitsu K, Shibuya N. 1994. N-acetylchitooligo
saccharides, speci®c fungal elicitor for defense responses,
induce transient generation of reactive oxygen species in
suspension-cultured rice cells. In: Asada K, Yoshikawa
T, eds. Frontiers of Reactive Oxygen Species in Biology and
Medicine. Amsterdam: Elsevier Science, 255±256.
Lee MW, Qi M, Yang Y. 2001. A novel jasmonic acidinducible rice myb gene associates with fungal infection
and host cell death. Molecular Plant±Microbe Interactions
14: 527±535.
Leister D, Kurth J, Laurie DA, Yano M, Sasaki T,
Devos K, Graner A, Schulze-Lefert P. 1998. Rapid
reorganization of resistance gene homologues in cereal
genomes. Proceedings of the National Academy of Sciences,
USA 95: 370±375.
Li WX, Kodama O, Akatsuka T. 1991. Role of
oxygenated fatty acids in rice phytoalexin production.
Agricultural and Biological Chemistry 55: 1041±1047.
Li Z-K, Luo LJ, Mei HW, Paterson AH, Zhao XH,
Zhong DB, Wang YP, Yu XQ, Zhu L, Tabien R,
Stansel JW, Ying CS. 1999. A ``defeated'' rice resistance
gene acts as a QTL against a virulent strain of

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

9

Xanthomonas oryzae pv.oryzae. Molecular and General Genetics
61: 58±63.
Lin W, Anuratha CS, Datta K, Potrykus I,
Muthukrishnan S, Datta SK. 1995. Genetic engineering of rice for resistance to sheath blight. Biotechnology 13:
686±691.
Mago R, Nair S, Mohan M. 1999. Resistance gene
analogues from rice: cloning, sequencing and mapping.
Theoretical and Applied Genetics 99: 50±57.
Manandhar HK, Lyngs Jorgensen HJ, Mathur SB,
Smedegaard-Peterson V. 1998. Suppression of
rice blast by preinoculation with avirulent Pyricularia
oryzae and the non-rice pathogen Bipolaris sorokiniana.
Phytopathology 88: 735±739.
Manandhar HK, Mathur SB, Smedegaard-Petersen V,
Thordal-Christensen H. 1999. Accumulation of transcripts for pathogenesis-related proteins and peroxidase
in rice plants triggered by Pyricularia oryzae, Bipolaris
sorokiniana and u.v. light. Physiological and Molecular Plant
Pathology 55: 289±295.
Mauch F, Reimmann C, Freydl E, Schaffrath U,
Dudler R. 1998. Characterization of the rice
pathogen-related protein Rir1a and regulation of the
corresponding gene. Plant Molecular Biology 38: 577±586.
McGee JD, Hamer JE, Hodges TK. 2001. Characterization of a PR-10 pathogenesis-related gene family
induced in rice during infection with Magnaporthe grisea.
Molecular Plant±Microbe Interactions 14: 877±886.
Midoh N, Iwata M. 1996. Cloning and characterization of
a probenazole-inducible gene for an intracellular
pathogenesis-related protein in rice. Plant and Cell
Physiology 37: 9±18.
Minami E, Kuchitsu K, He DY, Kouchi H, Midoh N,
Ohtsuki Y, Shibuya N. 1996. Two novel genes rapidly
and transiently activated in suspension-cultured rice
cells by treatment with N-acetylchitoheptaose, a biotic
elicitor for phytoalexin production. Plant and Cell
Physiology 37: 563±567.
Naqvi NI, Bonman JM, Mackill DJ, Nelson RJ,
Chattoo BB. 1995. Identi®cation of RAPD markers
linked to a major blast resistance gene in rice. Molecular
Breeding 1: 341±348.
Nelson AJ, Doerner PW, Zhu Q, Lamb CJ. 1994.
Isolation of a monocot 3-hydroxy-3-methylglutaryl coenzyme A reductase gene that is elicitor-inducible. Plant
Molecular Biology 25: 401±412.
Nishizawa Y, Kawakami A, Hibi T, He DY, Shibuya N,
Minami E. 1999. Regulation of the chitinase gene
expression in suspension-cultured rice cells by Nacetylchitooligo saccharides: dierences in the signal
transduction pathways leading to the activation of
elicitor-responsive genes. Plant Molecular Biology 39:
907±914.
Nishizawa Y, Nishio Z, Nakazono K, Soma M,
Nakajima E, Ugaki M, Hibi M. 1999. Enhanced
resistance to blast (Magnaporthe grisea) in transgenic
japonica rice by constitutive expression of rice chitinase.
Theoretical and Applied Genetics 99: 383±390.
Nojiri H, Sugimori M, Yamane H, Nishimura Y,
Yamada A, Shibuya N, Kodama O, Murofushi N,
Omori T. 1996. Involvement of jasmonic acid in
elicitor-induced phytoalexin production in suspensioncultured rice cells. Plant Physiology 110: 387±392.
Ohta H, Shida K, Peng Y-L, Furusawa I, Shishiyama J,
Aibara S, Morita Y. 1991. A lipoxygenase pathway is

10
66.

67.

68.
69.

70.

71.

72.

73.

74.
75.

76.

77.

78.

79.

80.

F. Song and R. M. Goodman
activated in rice after infection with the rice blast fungus
Magnaporthe grisea. Plant Physiology 97: 94±98.
Ono E, Wong HL, Kawasaki T, Hasegawa M, Kodama
O, Shimamoto K. 2001. Essential role of the small
GTPase Rac in disease resistance of rice. Proceedings of the
National Academy of Sciences, USA 98: 759±764.
Orbach MJ, Farrall L, Sweigard JA, Chumley FG,
Valent B. 2000. A telomeric avirulence gene determines
ecacy for the rice blast resistance gene Pi-ta. The Plant
Cell 12: 2019±2032.
Ou SH. 1985. Rice Diseases, 2nd ed. Kew, Surrey, U.K.:
Commonwealth Mycological Institute.
Peng YL, Shirano Y, Ohta H, Hibino T, Tanaka K,
Shibata D. 1994. A novel lipoxygenase from rice.
Primary structure and speci®c expression upon
incompatible infection with rice blast fungus. Journal of
Biological Chemistry 269: 3755±3761.
Reimmann C, Dudler R. 1993. cDNA cloning and
sequence analysis of a pathogen-induced thaumatin-like
protein from rice (Oryza sativa). Plant Physiology 101:
1113±1114.
Reimmann C, Hofmann C, Mauch F, Dudler R. 1995.
Characterization of a rice gene induced by Pseudomonas
syringae pv. syringae: requirement for the bacterial lemA
gene function. Physiological and Molecular Plant Pathology
46: 71±81.
Sakamoto K, Tada Y, Yokozeki Y, Akagi H, Hayashi H,
Fujimura T, Ichikawa N. 1999. Chemical induction of
disease resistance in rice is correlated with the expression
of a gene encoding a nucleotide binding site and leucinerich repeats. Plant Molecular Biology 40: 847±855.
Schaffrath U, Mauch F, Freydl E, Schweizer P, Dudler
R. 2000. Constitutive expression of the defense-related
Rir1b gene in transgenic rice plants confers enhanced
resistance to the rice blast fungus Magnaporthe grisea.
Plant Molecular Biology 43: 59±66.
Schweizer P, Buchala A, Dudler R, Metraux J-P. 1998.
Induced systemic resistance in wounded rice plants. The
Plant Journal 14: 475±481.
Schweizer P, Buchala A, Metraux J-P. 1997. Geneexpression patterns and levels of jasmonic acid in rice
treated with the resistance inducer 2,6-dichloroisonicotinic acid. Plant Physiology 115: 61±70.
Schweizer P, Buchala A, Silverman P, Seskar M,
Raskin I, Metraux J-P. 1997. Jasmonate-inducible
genes are activated in rice by pathogen attack without
a concomitant increase in endogenous jasmonic acid
levels. Plant Physiology 114: 79±88.
Schweizer P, Schlagenhauf E, Schaffrath U, Dudler R.
1999. Dierent patterns of host genes are induced in rice
by Pseudomonas syringae, a biological inducer of resistance,
and the chemical inducer benzothiadiazole (BTH).
European Journal of Plant Pathology 105: 659±665.
Sekido H, Suga R, Kodama O, Akatsuka T, Kono Y,
Esumi Y, Takeuchi S. 1987. Qualitative and semiquantitative analysis of oryzalexins in blast- or brownspot-diseased rice leaves by mass chromatography.
Journal of Pesticide Science 12: 739±740.
Shibuya N, Ebisu N, Kamada Y. 1996. Localization and
binding characteristics of a high-anity binding site of
N-acetlychitooligosaccharide elicitor in the plasma
membrane from suspension-cultured rice cells suggest a
role as a receptor for the elicitor signal at the cell surface.
Plant and Cell Physiology 37: 894±898.
Silverman P, Seskar M, Kanter D, Schweizer P,
Metraux J-P, Raskin I. 1995. Salicylic acid in rice:

81.

82.

83.
84.

85.
86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

biosynthesis, conjugation, and possible role. Plant
Physiology 108: 633±639.
Simmons CR, Litts JC, Huang N, Rodriguez RL. 1992.
Structure of a rice beta-glucanase gene regulated by
ethylene, cytokinin, wounding, salicylic acid and fungal
elicitors. Plant Molecular Biology 18: 33±45.
Smith JA, Metraux J-P. 1991. Pseudomonas syringae pv.
syringae induces systemic resistance to Pyricularia oryzae in
rice. Physiological and Molecular Plant Pathology 39:
451±461.
Song F, Ge X, Zheng Z. 1994. Eect of two octadecadienoic acids on rice resistance to blast at seedling stage.
Chinese Journal of Rice Science 6: 125±131.
Song WY, Pi LY, Bureau TE, Ronald PC. 1998.
Identi®cation and characterization of 14 transposonlike elements in the non-coding regions of members of
the Xa21 family of disease resistance genes in rice.
Molecular and General Genetics 258: 449±456.
Song WY, Pi LY, Wang GL, Gardner J, Holsten T,
Ronald PC. 1997. Evolution of the rice Xa21 disease
resistance gene family. The Plant Cell 9: 1279±87.
Song WY, Wang GL, Chen LL, Kim HS, Pi LY, Holsten
T, Gardner J, Wang B, Zhai WX, Zhu LH, Ronald
PC. 1995. A receptor kinase-like protein encoded by the
rice disease resistance gene, Xa21. Science 270:
1804±1806.
Takahashi A, Kawasaki T, Henmi K, ShiI K, Kodama
O, Satoh H, Shimamoto K. 1999. Lesion mimic
mutants of rice with alterations in early signaling events
of defense. The Plant Journal 17: 535±545.
Tu J, Datta K, Khush GS, Zhang Q, Datta SK. 2000.
Field performance of Xa21 transgenic indica rice (Oryza
sativa L.), IR72. Theoretical and Applied Genetics 101:
15±20.
Tu J, Ona I, Zhang Q, Mew TW, Khush GS, Datta SK.
1998. Transgenic rice variety ``IR72'' with Xa21 is
resistant to bacterial blight. Theoretical and Applied
Genetics 97: 31±36.
Umemura K, Ogawa N, Yamauchi T, Iwata M,
Shimura M, Koga J. 2000. Cerebroside elicitors found
in diverse phytopathogens activate defense responses in
rice plants. Plant and Cell Physiology 41: 676±683.
Velazhahan R, Chen-Cole K, Anuratha CS,
Muthukrishnan S. 1998. Induction of thaumatin-like
proteins (TLPs) in Rhizoctonia solani-infected rice and
characterization of two new cDNA clones. Physiologica
Plantarum 102: 21±28.
Vera Cruz CM, Bai J, Ona I, Leung H, Nelson RJ, Mew
TW, Leach JE. 2000. Predicting durability of a disease
resistance gene based on an assessment of the ®tness loss
and epidemiological consequences of avirulence gene
mutation. Proceedings of the National Academy of Sciences,
USA 97: 13500±13505.
Wang GL, Leung H. 1998. Molecular biology of hostpathogen interactions in rice diseases. In: Shimamoto K,
ed. Molecular Biology of Rice. Tokyo: Springer-Verlag,
201±232.
Wang GL, Ruan DL, Song WY, Sideris S, Chen L, Pi
LY, Zhang S, Zhang Z, Fauquet C, Gaut BS, Whalen
MC, Ronald PC. 1998. Xa21D encodes a receptor-like
molecule with a leucine-rich repeat domain that
determines race-speci®c recognition and is subject to
adaptive evolution. The Plant Cell 10: 765±779.
Wang GL, Song WY, Ruan DL, Sideris S, Ronald PC.
1996. The cloned gene, Xa21, confers resistance to
multiple Xanthomonas oryzae pv. oryzae isolates in

Molecular biology of rice disease resistance
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

transgenic plants. Molecular Plant±Microbe Interactions 9:
850±855.
Wang Z, Taramino G, Yang D, Liu G, Tingey SV, Miao
GH, Wang GL. 2001. Rice ESTs with disease-resistance
gene or defense-response gene-like sequences mapped to
regions containing major resistance genes or QTLs.
Molecular Genetics and Genomics 265: 302±310.
Wang ZX, Yano M, Yamanouchi U, Iwamoto M,
Monna L, Hayasaka H, Katayose Y, Sasaki T. 1999.
The Pib gene for rice blast resistance belongs to the
nucleotide binding and leucine-rich repeat class of plant
disease resistance genes. The Plant Journal 19: 55±64.
WaÈspi U, Blanc D, Winkler T, Ruedi P, Dudler R. 1998.
Syringolin, a novel peptide elicitor from Pseudomonas
syringae pv. syringae that induces resistance to Pyricularia
oryzae in rice. Molecular Plant±Microbe Interactions 11:
727±733.
WaÈspi U, Hassa P, Staemp¯i A, Molleyres L-P, Winkler
T, Dudler R. 1999. Identi®cation and structure of a
family of syringolin variants: unusual cyclic peptides
from Pseudomonas syringae pv. syringae that elicit defense
responses in rice. Microbiological Research 154: 89±93.
WaÈspi U, Misteli B, Hasslacher M, Jandrositz A,
Kohlwein SD, Schwab H, Dudler R. 1998. The
defense-related rice gene Pir7b encodes an alpha/beta
hydrolase fold protein exhibiting esterase activity
towards naphthol AS-esters. European Journal of Biochemistry 254: 32±37.
Watanabe T, Sekizawa Y, Shimura M, Suzuki Y,
Matsumoto K, Iwata M, Mase S. 1979. Eects of
probenazole (Oryzemate) on rice plants with reference
to controlling rice blast. Journal of Pesticide Science 4:
53±59.
Xiong L, Lee M-W, Qi M, Yang Y. 2001. Identi®cation of
defense-related rice genes by suppression subtractive
hybridization and dierential screening. Molecular
Plant±Microbe Interactions 14: 685±692.
Xu Y, Zhu Q, Panbangred W, Shirasu K, Lamb C.
1996. Regulation, expression and function of a new basic
chitinase gene in rice (Oryza sativa L.). Plant Molecular
Biology 30: 387±401.
Yamada A, Shibuya N, Kodama O, Akatuka T. 1993.
Induction of phytoalexin formation in suspensioncultured rice cells. Bioscience, Biotechnology and Biochemistry
57: 405±409.
Yamaguchi T, Yamada A, Hong N, Ogawa T, Ishii T,
Shibuya N. 2000. Dierences in the recognition of
glucan elicitor signals between rice and soybean: betaglucan fragments from the rice blast disease fungus
Pyricularia oryzae that elicit phytoalexin biosynthesis in
suspension-cultured rice cells. The Plant Cell 12:
817±826.

11

106. Yang B, Zhu W, Johnson LB, White FF. 2000. The
virulence factor AvrXa7 of Xanthomonas oryzae pv. oryzae
is a type III secretion pathway-dependent nuclearlocalized double-stranded DNA-binding protein.
Proceedings of the National Academy of Sciences, USA 97:
9807±9812.
107. Yin Z, Chen J, Zeng L, Goh M, Leung H, Khush GS,
Wang G-L. 2000. Characterizing rice lesion mimic
mutants and identifying a mutant with broad-spectrum
resistance to rice blast and bacterial blight. Molecular
Plant±Microbe Interactions 13: 869±876.
108. Yoshimura S, Yamanouchi U, Katayose Y, Toki S,
Wang ZX, Kono I, Kurata N, Yano M, Iwata N,
Sasaki T. 1998. Expression of Xa1, a bacterial blightresistance gene in rice, is induced by bacterial inoculation. Proceedings of the National Academy of Sciences, USA
95: 1663±1668.
109. Young SA, Guo A, Guikema JA, White FF, Leach JE.
1995. Rice cationic peroxidase accumulates in xylem
vessels during incompatible interactions with Xanthomonas oryzae pv. oryzae. Plant Physiology 107: 1333±1341.
110. Young SA, Wang X, Leach JE. 1996. Changes in the
plasma membrane distribution of phospholipase D
during resistant interactions with Xanthomonas oryzae
pv. oryzae. The Plant Cell 8: 1079±1090.
111. Yu ZH, Mackill DJ, Bonman JM, McCouch SR,
Guiderdoni E, Notteghem JL, Tanksley SD. 1996.
Molecular mapping of genes for resistance to rice blast
(Pyricularia oryzae Sacc.). Theoretical and Applied Genetics
93: 859±863.
112. Yu ZH, Mackill DJ, Bonman JM, Tanksley SD. 1991.
Tagging genes for blast resistance in rice via linkage to
RFLP markers. Theoretical and Applied Genetics 81:
471±476.
113. Zhu Q, Dabi T, Beeche A, Yamamoto R, Lawton MA,
Lamb CJ. 1995. Cloning and properties of a rice gene
encoding phenylalanine ammonia-lyase. Plant Molecular
Biology 29: 535±550.
114. Zhu Q, Lamb CJ. 1991. Isolation and characterization of
a rice gene encoding a basic chitinase. Molecular and
General Genetics 226: 289±296.
115. Zhu W, MaGbanua MM, White FF. 2000. Identi®cation
of two novel hrp-associated genes in the hrp gene cluster
of Xanthomonas oryzae pv. oryzae. Journal of Bacteriology
182: 1844±1853.
116. Zhu W, Yang B, Chittoor JM, Johnson LB, White FF.
1998. AvrXa10 contains an acidic transcriptional
activation domain in the functionally conserved C
terminus. Molecular Plant±Microbe Interactions 11: 824±32.
117. Zhu W, Yang B, Wills N, Johnson LB, White FF. 1999.
The C terminus of AvrXa10 can be replaced by the
transcriptional activation domain of VP16 from the
herpes simplex virus. The Plant Cell 11: 1665±1674.

