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Abstract
More than three billion people depend on rice (Oryza sativa L) as a staple food. The filamentous rice blast fungus
(Maganaporthe oryzae Couch) poses a most serious threat in rice cultivation worldwide. Rice and blast fungus
combination has emerged as the model pathosystem due to intensive research carried out in these two organisms over
the last several years. Previously, natural host defence mechanisms have been meticulously utilized in defending
economically important crop rice from the attack of the phytopathogen. The application of more recent techniques in
biotechnology and genetic engineering of agricultural crop plants has the potential to further advance the
development of blast resistant rice plants. In this article, we discuss how transgenic expression glucose oxidase and
over-expression of OsCDR1 in rice helped us to understand host plant resistance. We look forward toward analyzing
rice innate immunity to engineer its resistance against the pathogen, leading to durable and broad-spectrum
resistance.
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Introduction
Rice blast fungus causes the most serious disease and it
has been reported from more than 85 countries (Kato
2001). In the absence of crop protection strategies rice
yields can go down by 10-30%. Current strategies
include breeding for durable resistance and use of
fungicides. A rigorous phylogenetic analysis has led to
redefining of rice blast fungus as Magnaporthe oryzae
which is different from M. grisea based on multi-locus
genealogy and mating experiments. The isolates capable
of infecting crabgrass (Digitaria sp.) are known as M.
grisea and those infecting rice, millets and other grasses
(Oryza, Setaria, Lolium, Eragrotis and Elusine) are
known as M. oryzae (Couch and Kohn 2002). M. oryzae
is an ascomycetous fungus and its genome has been
sequenced (Dean 2005). Rice with a comparatively
small genome size (~400 Mb), availability of genetic
resources, and its genetic relatedness to other major
cereals make it an attractive model crop plant to study
the biology of molecular plant-fungus interactions.
Genome sequence of both subspecies of rice – indica
(Yu et al 2002) and japonica (Goff et al 2002) as well
as a high quality annotated version of the japonica
genome are available from international rice genome
sequencing project (IRGSP 2005).

accomplished by transferring genes from the wild
relatives to the cultivated species of rice through distant
hybridization. Modern biotechnological techniques can
contribute to the agronomic improvement of rice by
overcoming some of the limitations in traditional
breeding methods. The transgenic approach of plant
genetic manipulation provides access to an unlimited
gene pool for the transfer and expression of desirable
genes irrespective of their evolutionary and taxonomic
status. Genetic transformation of rice provides
numerous opportunities for the improvement of existing
cultivated varieties of rice. Rice transformation is now
routine in many laboratories around the world. Gene
transfer
techniques
such
as
PEG-mediated,
electroporation, microprojectile bombardment, and
Agrobacterium-mediated transformation are the most
widely used methods for introducing foreign genes
into rice (Peng et al 1992; Christou 1997; Hiei et al
1997; Yokoi et al 2000). In addition to efficient
transformation methods, improvement of rice by genetic
engineering depends on availability of agronomically
important genes. Significant advances in cell biology,
gene delivery techniques, and molecular biology of
transgene expression have allowed the identification of
desirable genes for introgression into rice

Genetic improvement of rice through conventional
breeding methods has been an effective strategy for
developing high yielding varieties. This has been

Disease resistance is a major challenge. We discuss
some of the recent advances in this area under the
following categories: (i) elucidation of initial
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recognition mechanisms, identification of signaling
molecules, and pathways to better understand plant
responses to pathogen infection; (ii) introduction of
genes into plants to detoxify microbial compounds that
act as fungal pathogenicity factors; and (iii) expression
of genes, singly and in combination, producing
antifungal proteins and other antimicrobial products, in
transgenic plants.

Review of recent advances in research
Innate immunity
Most plant species are resistant to most plant
pathogens. Thus, pathogen isolated from one plant
species in most cases cannot infect, reproduce and
cause disease on other distantly related species. An
important and interesting question is what determines
host range of a pathogen. Plants possess an innate
system that efficiently detects and limits the growth of
pathogens. Many of the phytopathogenic fungi initiate
infection with the germination of conidiospores on the
plant leaf surface. This follows formation of an
infection structure such as an appressorium from
which infection hyphae develops and results in the
creation of penetration peg. These hyphae breach host
epidermal cell walls and the infection induces domeshaped extensions of the inner surface of the wall
known as papilliae, with the help of physical pressure
and enzymatic degradation. The tips of the infection
hyphae then expand to form multi-fingered feeding
structures that invaginate but don’t penetrate the plasma
membrane of the host. In addition, symbiotic fungi and
oomycetes can also invaginate feeding structures
(haustoria), into the host cell membrane. Plants lack
mobile immune cells or a somatic immune system,
unlike animals. Rather, they rely on an innate immunity
system and on the systemic signals emanating from the
site of infection. Research on the innate immune system
is of great interest for advancing basic understanding of
this important stress response as well as for
improvement of crop plants. It is now understood that
there are three layers of the plant innate immune system.
They are (i) PAMP (pathogen associated molecular
patterns) triggered immunity (PTI), (ii) effector
triggered immunity (ETI) and (iii) systemic acquired
resistance (SAR).

PAMP Triggered immunity (PTI)
The first layer of innate immunity is governed by host
sensors known as pattern recognition receptors (PRRs)
that recognise pathogen- (or microbial-) associated
molecular patterns (PAMPs or MAMPs) displayed on
the surface of the pathogens. This can halt further
colonisation by microbial pathogens. The host sensors
are typically receptor kinases (Ronald et al 2010). The
PRRs detect lipo-polysaccharides (LPS), peptides,
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chitin, double-stranded RNA, microbial DNA and
other molecules of microbial origin (Ronald et al
2010). CEBiP, a rice host sensor, belonging to class
LysM recognises a microbial molecule chitin from rice
blast fungus (Kaku et al 2006). Expression of chimeric
receptor in rice plants exhibited necrotic lesions in
response to chitin and became more resistant to M.
oryzae (Kishimoto et al 2010). These results
demonstrated that generation and expression of host
sensors is a viable strategy for engineering host
resistance.

Effector triggered immunity (ETI)
Successful pathogens breach the first layer of innate
immunity by deploying effectors which contribute to
pathogen virulence. However, a given effector may be
specifically recognized by NBS-LRR proteins, directly
(gene-for-gene hypothesis) or indirectly (guard
hypothesis). This phenomenon results in effector
triggered immunity (ETI), which is considered as
accelerated and amplified PTI response (Jones and
Dangl 2006). ETI is more specific and is predicted to be
less durable because effectors are highly variable among
different strains of the same pathogen (Chen and
Roland, 2011). Some of the characterised NBS-LRR
proteins that confer resistance against M. oryzae include
the following: Pita (Bryan et al 2000; Jia et al 2000), Pib
(Wang et al 1999), Piz-t (Zhou et al 2006), Pikm
(Ashikawa et al 2008), Pit (Kawano et al 2010), Pid3
(Shang et al 2009), Pi2 (Zhou et al 2006), Pi5 (Lee et al
2009), Pi9 (Qu et al 2006), Pi36 (Liu et al 2007), Pi37
(Lin et al, 2007), and Pb1 (Hayashi et al, 2010) and Pia
(Okuyama et al 2011). The NBS-LRR proteins are
crucial for rice innate immunity system. Some of the
effectors characterised from M. oryzae are: AvrPita
(Jia et al 2000), AvrPiz-t (Shang et al 2009), AvrPik/km/kp (Lee et al 2009) and AvrPia (Qu et al 2006).
It is remarkable that NBS-LRR-mediated disease
resistance is effective against obligate pathogens and
hemi-biotrophic pathogens but not against necrotropic
pathogens. Pathogens may evade ETI by either
shedding or diversifying the effector proteins already
recognised by the host. They may also acquire
additional effectors that suppress ETI. This, in turn,
results in gene specificities so that ETI can be triggered
again (Jones and Dangl 2006).

Systemic acquired resistance (SAR)
Systemic acquired resistance (SAR) is characterized by
an activation of a broad spectrum of host defence
mechanisms, locally at the site of the initial pathogen
attack as well as systemically, in tissues untouched by
the pathogen. SAR can provide resistance against
diverse organisms such as fungi, bacteria, and
viruses. Induced defense reactions associated with SAR
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involve both biochemical and cytological changes, and
depend on the production of a signal that is
translocated to other parts of the plant, where it
triggers resistance (Schneider et al 1996). SAR
provides enhanced and long-lasting systemic immunity
to secondary infection by a range of biotrophic, hemibiotrophic and necrotrophic pathogens (Grant and
Lamb 2006). Non-expressor of Pathogenesis-Related1
(NPR1) is a central positive regulator of SAR signalling
(Fobert and Despres 2005). SAR is usually associated
with the generation of reactive oxygen species,
accumulation of salicyclic acid (SA), induction of
pathogenesis-related genes, reinforcement of plant cell
wall, etc. Identification of mobile signals that govern
SAR and mechanisms by which they are perceived in
distal tissues remains unclear. SA was considered as
the critical signalling component in manifestation of
SAR. However, evidence suggests that signal
translocation probably uses lipid-derived (jasmonatebased) signals and lipid chaperones (Grant and Lamb
2006).

Several useful major and minor blast resistance
genes have been identified. However, the potential
resistance sources hidden in the wild species of rice
largely remain unexplored.

Natural resistance to rice blast disease

Rapid evolution and emergence of new aggressive M.
oryzae isolates can be managed using cultivar mixtures
and multilines. Crop cultivar heterogeneity might make
the pathogen adapt more slowly to the resistance genes
deployed. By planting mixtures of hybrid, blast
resistant and susceptible cultivars intraspecific crop
diversification has been achieved (Zhu et al 2000).
Multilines are seed mixtures comprising of several near
isogenic lines (NILs) each carrying different R genes
(Ishazaki et al 2005; Takeuchi et al 2006). Sasanishiki
and Koshihikari are examples of multilines (Koizumi et
al 2004).

Breeders have developed numerous cultivars resistant to
rice blast. The emergence of pathotype variation in M.
oryzae populations has been proposed as the principal
mechanism involved in loss of resistance (Ou 1985).
Compatibility of plant–pathogen interactions is
governed by the gene-for-gene model (Flor 1971) in
many pathosystems (Brown et al 1995). Because
emergence of new pathotypes (or races) of a pathogen
can often break down host resistance that is based on a
single resistance (R) gene, the mechanisms
underpinning pathotype variation, especially the sources
and dynamics of new pathotypes, have been extensively
investigated in several pathosystems that follow the
gene-for-gene model .including the rice blast system
(Valent et al 1994).
There has been considerable progress in understanding
mechanisms of blast resistance and the process of
pathogenesis of the blast fungus. Availability of genome
sequence of both, rice (Goff et al 2002; Yu et al 2002;
IRGSP 2005) and M. oryzae (Dean et al 2005) have
significantly enriched our understanding of the genes
involved in disease resistance.
Rice belongs to the genus Oryza which includes more
than 25 wild species including perennial and annual
species, which are either diploid or tetraploid. The
indica and japonica are subspecies of Oryza sativa,
which are largely grown and consumed by 50% of
world human population. Continuous selection of
domesticated wild rice for the development of high
yielding and well adapted varieties has led to genetic
erosion, which, in turn has narrowed variability in rice.

Rice blast resistance genes
A list of 26 genes blast resistance genes was published
in Rice Genetics Newsletter (RGN) in 1995. Since then,
several other blast resistance genes have been identified
Molecular markers have been used extensively to
identify and map genes for blast resistance. (Jia and
Martin, 2008; Lin et al 2007; Gowda et al 2006;
Barman et al 2004; Monosi et al 2004; Sallaud et al
2006; Naqvi et al 1995). . Several major blast resistance
genes have been cloned; Pib (Wang et al 1999), Pita
(Bryan et al 2000), Pikh (Sharma et al 2005), Pi9 (Ou
et al 2006), Pi2/Pizt (Zhou et al 2006), Pi36 (Liu et al
2007), and Pi37 (Liu et al 2007) and shown to belong to
NBS- LRR family of resistance genes.

Utilisation of resistance genes and broad
spectrum resistance

A lineage exclusion hypothesis was proposed to design
approaches to disease management (Zeigler et al 2005).
This hypothesis relies on a couple of assumptions: (i)
rice blast populations consist of sets of flow amongst
them and (ii) resistance deployed is associated with a
fungal fitness cost. Thus, it makes sense to stack more
than a single resistance gene in a cultivar and this
approach of gene pyramiding is an effective strategy to
prevent breakdown of blast disease resistance. When
this strategy is followed selection pressure on a
single blast isolate is reduced (Bonman et al 1992;
Hittalmani et al 2000). Pyramided lines with resistance
gene combinations Pi1 and Piz-5, and Pi1, Piz-5 and Pita exhibit a broadened resistance spectrum in India and
Philippines (Hittalmani et al 2000). Rice breeding line
Jefferson carrying Pik and Piz genes has retained its
resistance since 1997 (Fjellstrom et al 2004; McClung
et al 1997).
Another strategy is the deployment of a broad spectrum
of R genes which confer resistance against different

International Dialogue on Perception and Prospects of Designer Rice

strains of the fungus (Bonman et al 1992; Kawata et al
2003). R genes are tagged with tightly-linked molecular
markers which are utilised in MAS to achieve accurate
introgression of combinations of these genes (Babujee
and Gnanamanickam 2000; Fjellstrom et al 2004).
Molecular markers (RAPD, RFLP, AFLP, SCAR, STS,
CAPS etc.) offer great scope for improving efficiency of
conventional plant breeding by using molecular markers
linked to the trait. This is especially advantageous to use
in breeding for a pathogen.

Innovative studies underway
Understanding host resistance by expressing
glucose oxidase
Oxidative burst, mediated by hydrogen peroxide (H2O2),
has been recognized as a key component of plant
defense response during an incompatible interaction. To
determine if elevated levels of H2O2 lead to cell death,
activation of defense genes and enhanced resistance to
diverse pathogens, transgenic rice plants expressing a
fungal glucose oxidase gene (GOX) were generated
using both constitutive and inducible expression
systems. Both constitutive and wound or pathogeninduced expression of GOX led to increases in the
endogenous levels of H2O2, which in turn caused cell
death. Elevated levels of H2O2 also activated the
expression of several defense genes and these
transgenic plants showed enhanced resistance to both
bacterial and fungal pathogens (Kachroo et al 2003). In
comparison to inducible expression, constitutive
expression of GOX resulted in 3–10-fold higher levels
of the GOX transcript and the corresponding enzymatic
activity. Such increased levels of GOX, which would
result in elevated levels of H2O2 caused improper seed
set and decreased seed viability in transgenic plants
constitutively expressing GOX. These results have
suggested that pathogen inducible expression of
heterologous genes may be a practical and robust way
of generating broad spectrum disease resistance.
A basal level of GOX activity was observed in
transgenic plants expressing GOX under the control of
the PAL promoter. Both wounding and pathogen
infection led to up-regulation of GOX activity and a
corresponding increase in the levels of H2O2, which
resulted in cell death. Since a pathogen or wound
inducible promoter was used to control the expression
of GOX gene, enhanced resistance in these transgenic
plants could be triggered by either of these responses
and was equally effective. Wounding of transgenic
plants prior to challenge with a pathogen did not
enhance the resistance status of such plants further,
suggesting that pathogen infection alone was sufficient
to confer enhanced resistance in these plants. It has
been shown that plants produce O2− and H2O2 through
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a mechanism similar to the mammalian neutrophil
NADPH oxidase system (Auh and Murphy 1995;
Pugin et al 1997; Kawasaki et al 1999). Rapid
generation of H2O2 during the oxidative burst is a key
component of the plant defense response to pathogen
challenge (Levine et al 1994; Alvarez et al 1998).
Elevation of H2O2 levels can affect plant defense in
several ways, presumably by stimulating cross-linking
of proline-rich proteins of the cell wall (Bradley et al
1992; Brisson et al 1994), and inducing several plant
genes involved in cellular protection and defense (Chen
et al 1993; Mehdy 1994; Lamb and Dixon 1997). H2O2
is also required for initiating programmed cell death
which leads to SAR (Dangl et al 1996; Alvarez et al
1998). We observed that programmed-like cell death
was initiated by wounding and pathogen infection and
defense related genes were induced stronger in 583
PAL::GOX rice plants. These results suggest that
elevated H2O2 levels in transgenic rice, conferred
disease resistance through an oxidative burst-mediated
defense response.
A surprising finding was that the peroxidase gene PIR3
was found to be suppressed at the RNA level in GOXexpressing plants, suggesting that peroxidase might play
an important role in H2O2-mediated defense response.
It was shown that pathogen inducible H2O2manipulation, led to programmed- like cell death and
PR gene activation in transgenic rice. Furthermore, it
was also shown that pathogen inducible expression of
heterologous genes is an effective way to confer broad
spectrum disease resistance in crop plants and is less
likely to cause any developmental abnormalities or
metabolic changes.
The suppression of peroxidase is likely to reduce the
capability of cells to scavenge H2O2, which in turn
stimulates the accumulation of H2O2 and acceleration of
plant cell death (PCD) (Mittler et al 1998). It will be
worth studying, whether severely reduced peroxidase
levels will result in enhanced disease resistance in
peroxidase antisense transgenic plants like in the case
of reduced catalase levels (Takahashi et al 1997;
Chamnongpol et al 1998).

Understanding host
expressing OsCDR1

resistance

by

over-

Plant aspartic proteases (AP) play key roles in the
regulation of biological processes, such as the
recognition of pathogens and pests and the induction of
effective defense responses. A large number of AP
(>400) have been identified in silico in the rice genome.
None have previously been isolated and functionally
characterized for their involvement in disease
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resistance. A gene (OsCDR1) from rice which encodes a
predicted aspartate protease was isolated and
characterised. Expression of OsCDR1 was induced upon
treatments with benzothiadiazole (BTH) and salicylic
acid, which are signal molecules in plant disease
resistance responses. Ectopic expression of OsCDR1 in
Arabidopsis and rice conferred enhanced resistance
against bacterial and fungal pathogens. Enhanced
disease resistance was observed in transgenic plants
which was correlated with induction of pathogenesisrelated gene expression and was shown by mutational
analysis to be dependent on AP activity of the
transgene-encoded product. OsCDR1 accumulates in
intercellular fluids (IF) in transgenic plants. Infiltration
of IF from transgenic Arabidopsis plants into leaves of
wild-type (WT) Arabidopsis resulted in induced the
systemic defense response. These results demonstrated
the conservation of CDR1 function between rice and
Arabidopsis during the disease resistance response
(Prasad et al 2009).
Studies showed that OsCDR1 was transcriptionally
activated in response to treatments with BTH or SA but
not with jasmonic acid (JA). Previous studies have
demonstrated that BTH is effective in inducing disease
resistance and in activating defense responses in rice
(Gorlach et al 1996; Xiong et al 2001). Unlike most
dicot plants, rice plants normally contain relatively high
constitutive levels of free SA (Silverman et al 1995).
However, in spite of high endogenous levels, rice leaves
have an SA-inducible glucosyl transferase activity (SAGTase), an enzyme that conjugates SA (Silverman et al
1995), suggesting that rice leaves can respond to
exogenous SA. Whether SA is a signal molecule in rice
disease resistance response has not been well
established, although exogenous application of SA to
rice plants was found to induce various genes that play
important roles in different stress responses (Xu et al
2006; Li et al 2008). Functional validation of OsCDR1
following identification through bioinformatics was
achieved in transgenic Arabidopsis lines that
ectopically expressed OsCDR1.
Interestingly, OsCDR1:Arabidopsis accumulated high
levels of SA and showed several-fold induction of the
defense-related genes PR1 and PR2 but not of PDF1.2,
a marker of JA-mediated responses. The accumulation
of SA is an important step in the signal transduction
pathway leading to SAR, disease resistance, and
susceptibility (Delaney et al 1994). It has been proposed
that at least one of the mechanisms of SA effect is
through up-regulation of levels of active oxygen species
such as H2O2. Leaves treated with SA have been shown
to accumulate H2O2 in Arabidopsis and rice (Ganesan
and Thomas 2001). Interestingly, the transgenic plants
also exhibited oxidative bursts leading to generation of

H2O2 which have been previously shown to be
associated with PR1 gene expression at a step in signal
transduction upstream of SA (Bi et al 1995).
The high level of PR gene expression in OsCDR1transgenic plants suggests a role for OsCDR1 in SAmediated disease resistance signaling pathways. This is
further supported by the observation that overexpression of OsCDR1 in transgenic Arabidopsis plants
enhanced resistance against infection by Pseudomonas
syringae and Hyaloperonospora arabidopsidis but not
against Alternaria brassicicola. Both P. syringae and
H. arabidopsidis have biotrophic phases of
pathogenicity whereas A. brassicicola is a necrotrophic
pathogen. Expression of PR genes and the SAdependent signaling pathway are involved in the
regulation of defense responses against biotrophic
pathogens, while the PDF1.2 gene and the JA and
ethylene signalling pathway are involved in modulating
defense responses against necrotrophic pathogens
(Gupta et al 2000; Kunkel and Brooks 2002; Spoel et al
2003).
In Arabidopsis, over-expression of AtCDR1 causes
dwarfing (Xia et al 2004) whereas, out of four
transgenic lines studied, only one line (At17)
showed growth retardation and an early leaf
senescence phenotype. The leaf senescence phenotype
observed in the At17 transgenic line might be due to
higher expression of OsCDR1 or the nature of the TDNA integration site. OsCDR1 activation is likely to
lead to the generation of an endogenous extracellular
peptide elicitor, as has been proposed for Arabidopsis
CDR1 (Xia et al 2004). Indeed, local infiltration of IF
from OsCDR1: Arabidopsis plants into WT Arabidopsis
leaves induced the systemic defense response, and an
elicitor activity was detected in the IF. The
hypothesized elicitor released by OsCDR1 can rapidly
activate basal defense responses in local and systemic
leaves, suggesting a high capacity for mobility. Further,
evaluation and extension of this approach to the rice
system is of high agronomical importance because rice
is susceptible to a broad spectrum of diseases. Hence,
transgenic rice plants overexpressing OsCDR1 were
generated and analysed for the expression of various
defense-related genes and for their resistance to M.
oryzae and X. oryzae.
Expression of the different PR proteins is commonly
used as a marker for SAR. Although activation of PR
protein- encoding genes by compatible pathogens
evidently does not lead to resistance in the plant against
the invading pathogen, these genes may be effective if
activated before the challenge inoculation occurs. In
some cases, constitutive overexpression of PR genes
could further enhance resistance to certain pathogens
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(Jach et al 1995; Epple et al 1997). Hence, OsCDR1
was overexpressed under a constitutive promoter which
led to activation of defense-related genes, including
PBZ1/PR10 and PR1. Although variable levels of
OsCDR1 and defense-related genes were observed
among the transgenic lines, there was a correlation
between the levels of OsCDR1 and the degree of
induction of defense-related genes. In rice, OsPR1
genes are induced through the coordinated action of
SA-, JA-, and ABA signaling pathways and underlie the
SAR response (Mitsuhara et al 2008). Expression
characteristics of the 12 OsPR1 genes indicate that the
resistance obtained in OsCDR1: transgenic rice might
be due to SA- but not JA- or ABA-mediated disease
resistance signaling (Prasad et al 2009). Overexpression
of OsCDR1 in Arabidopsis and rice and previously
reported over-expression of CDR1 in Arabidopsis
showed elevated PR gene expression and acquired
enhanced resistance against phytopathogens; these
results suggest for the presence of similar defense
pathways in Arabidopsis and rice (Prasad et al 2009;
Xia et al 2004). It is important to note that
overexpression of OsCDR1 in rice had no deleterious
effects in our experimental conditions. This observation
also satisfies the criteria of agricultural genetic
engineering which include creating crops that are
durable to stresses, require fewer chemical inputs, and
do not show unwanted agronomic effects. These
findings should greatly facilitate study on diseaseresistance pathways in rice and other monocots, and
may have a profound impact on controlling diseases in
economically important crops such as cereals.

Prospects of achieving breeding goal
Achieving durable resistance
Recently we have witnessed paradigm-shifting advances
in the field of plant-microbe interactions. However,
most of the observations are based on the study of the
Arabidopsis-Pseudomonas syringae system. Currently,
O. sativa – M. oryzae has emerged as an important
model to study plant-fungus interactions for crop
plants. It is important to further anlayse the biology of
rice innate immunity to engineer pathogen tolerance
leading to durable and broad- spectrum resistance.
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