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Abstract

Blast is a serious disease caused by a fungal pathogen Pyricularia oryzae Cavara of rice (Oryza sativa L.). The use
of resistant varieties is considered one of the most efficient ways of crop protection from the disease. In addition to a
large amount of information accumulated during the long history of genetic studies on resistance to rice blast, recent
progress in rice genomics has enabled us to use DNA markers for breeding the resistant varieties by marker assisted
selection (MAS). In this report, we summarize the reported rice blast resistance genes and their selection markers to
encourage further utilization for breeding. First, we assemble the information about the reported genes with regard to
their number, chromosomal locations, patterns of resistance, donor strains, and molecular characterization of the
cloned genes by reviewing the literature. In addition, we present some remaining issues about the nomenclature system
and identification of the resistance genes. Then, we provide the first assembled list of the reported DNA markers for
blast resistance genes, including the sequences of the primer pairs, genetic distances from the resistance genes, and
cross combinations of the parental strains used to detect the polymorphisms. This information will help rice breeders to

improve the resistance to rice blast by MAS.

Keywords: resistance gene, DNA marker, marker assisted selection (MAS), blast (Pyricularia oryzae Cavara),

rice (Oryza sativa L.)

Introduction

Blast is a serious disease caused by a fungal pathogen
Pyricularia oryzae Cavara of rice (Oryza sativa L.). It
causes considerable damage to rice and crop loss in rice
growing regions worldwide (Ou 1985; Latterell and
Rossi 1986; Bonman and Mackill 1988). Although fun-
gicides can be used to control rice blast, they generate
additional costs in rice production and chemical contam-
ination of environment and foods. Therefore, the use of
resistant varieties is thought to be one of the most eco-
nomically and environmentally efficient ways of crop
protection from the disease.

A large amount of information has been accumulated
during the long history of genetic studies on resistance to
rice blast. In addition, recent progress in rice genomics
will facilitate using the resistance genes in breeding by

DNA marker assisted selection (MAS). However it is not
easy for breeders to handle a large amount of information
for DNA markers and there are no reports or databases
that assemble reported marker information for rice blast
resistance genes. In this report, we summarize the
reported resistance gene information for rice blast and
their selection markers. Such information will help rice
breeders improve the resistance to rice blast through
using MAS.

Overview of blast resistant genes

Since the first publication of the inheritance of host
resistance to rice blast (Sasaki 1923), many reports of the
resistance genes for rice blast have been published. To
date, more than 70 genes and 347 quantitative trait loci
(QTLs) have been detected (Bellini et al. 2008). To
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encourage further utilization of these resistance genes for
marker-assisted rice breeding, we first summarize this
large amount of information. Although there have been
many QTL mapping studies for rice blast resistance, it is
still unclear whether many QTLs with minor effects can
be used in marker-assisted breeding. Thus we will focus
on only genes or QTLs with major effects in this review.

Number of rice blast resistance genes
The genes and major QTLs responsible for the rice

blast resistance are listed in Table 1. To date, 96 genes or

major QTLs have been reported.

Among the reported resistance genes, several gene
symbols are synonymously used for the following two
reasons.

1. The gene symbols were revised in accordance with
the international committee on gene symbolization in
1995 (e.g., Pib and Pis, Pita and Pi4, Piz and Pi2,
and, Pill and Pizh).

2. The genes are suggested to be identical to each other
based on their reaction pattern to blast isolates and/or
linkage analysis (e.g. Pi3(t) and Pi5(t): Inukai et al.
1993, and Pil and Pi7(t); Jeon et al. 2003).

In addition, several genes are suggested to be allelic
(e.g., Pi2/Piz, Piz-t, and Piz-5 on chromosome 6, Pik,
Pik-s, Pik-p, Pik-m, Pik-h, and Pik-g on chromosome 11,
and Pita and Pita-2 on chromosome 12).

Characterization of the cloned resistance genes

As of now, eight resistance genes, Pib (Wang et al.
1999), Pita (Bryan et al. 2000), Pik-h (Sharma et al.
2005), Pi9 (Qu et al. 2006), Pi2 (Zhou et al. 2006), Piz-t
(Zhou et al. 2006), Pid2 (Chen et al. 2006), Pi36 (Liu et
al. 2007), and Pi37 (Lin et al. 2007) have been isolated
and cloned using map-based cloning strategies.

Seven of the cloned genes (Pib, Pita, Pik-h, Pi9, Pi2,
Piz-t, Pi36, and Pi37) have the sequences including both
nucleotide binding site (NBS) and leucine-rich repeat
(LRR) domains, which are contained by the commonest
class of plant resistance gene (Bent 1996; Hammond-
Kosack and Jones 1997; Hulbert et al. 2001). The prod-
ucts of the NBS-LRR domain containing resistance
genes seem to interact with the avirulence (Avr) gene of
the pathogen and follow a gene-for-gene type resistance.
Jia et al. (2000) showed that the product of the Avr gene
for Pita, Avr-Pita, binds specifically to the LRR domain
of the Pita protein by the yeast two hybrid system and an
in vitro binding assay. This suggests that the product of
the resistance gene binds directly with the effecter gene
product of the pathogen to initiate the resistance gene
mediated defense response.

Another cloned resistance gene, Pid2, encodes a
receptor-like kinase protein with a predicted extracellular
domain of a bulb-type mannose specific binding lectin
(B-lectin) (Chen et al. 2006). Because of its novel extra-
cellular domain, Pid2 represents a new class of plant
resistance genes.

Location of the resistance genes

To summarize the locations of the rice blast resistance
genes in the genome, a genetic map with the positions of
the reported genes was constructed (Figure 1). The map
position was based on the high-density genetic map con-
structed by the Rice Genome Program (Chen et al. 2002;
Harushima et al. 1998). The approximate genetic posi-
tions of the resistance genes were determined by identi-
fying BAC or PAC clones that contained the sequences
of the cloned gene or the flanking marker.

Many reports mention that the genes affecting blast
resistance are colocalized on chromosome 6, 11, and 12
(Bryan et al. 2000; Wu et al. 2005). On chromosome 6, at
least 14 genes and/or alleles (Pi2, Piz, Piz-t, Piz-3,
Pi8(t), Pi9, Pil3, Pil3(t), Pi25(t), Pi26(t), Pi27(t) Pid2,
Pigm(t), and Pi40(t)) have been mapped in the region
near the centromere. Among them, Pi2, Piz-t, and Pi9
are cloned and confirmed to be in the same genomic
region. They are embedded in a gene cluster containing
tandemly repeated NBS-LRR genes (Qu et al. 2006;
Zhou et al. 2006). Zhou et al. (2006) revealed that Pi2
and Piz-t are allelic and eight amino acid changes differ-
entiate between them.

On the long arm of chromosome 11, at least nine
genes (Pil, Pi7, Pil8, Pif, Pi34, Pi38, Pi44(t), PBR, and
Pilm?2) and six alleles at the Pik locus (Pik, Pik-s, Pik-p,
Pik-m, Pik-h, and Pik-g) have been mapped. Hayashi et
al. (2006) revealed that three alleles of the Pik locus, Pik,
Pik-p, and Pik-m are mapped on the same chromosomal
region by linkage analysis using 300 to 2100 F, segrega-
tion populations. Although this result is consistent with
the notion that these three genes are multiple alleles at
the one locus, more detailed analysis is necessary to con-
firm that they are allelic. Sharma et al. (2005) identified
and cloned the Pik-h gene from an Indica-type variety,
Tetep. However its location is apart from the Pik cluster.
The question whether the cloned Pik-# gene from Tetep
is the same gene as the Pik-h gene first reported by
Kiyosawa and Murty (1969) is under debate (Xu et al.
2008).

On chromosome 12, at least 17 resistance genes and/
or alleles (Pita, Pita-2, Pitq6, Pi6(t), Pil2(t), Pil2(t),
Pil9(t), Pi20(t), Pi2l(t), Pi24(t), Pi3l(t), Pi32(t),
Pi39(t), Pi62(t), Pil57(t) IPi, and [Pi3) have been
mapped in the region near the centromere (the gene sym-
bol, Pil2(t) is used for the different two genes as men-
tioned below).

Based on the data of genome-wide mapping of the
NBS-LRR domain containing genes reported by Monosi
et al. (2004), all three clusters of the rice resistance genes
are closely associated with the clusters of NBS-LRR
domain containing genes. Ballini et al. (2008) also re-
ported that 80% of the complete resistance genes for rice
blast colocalize with NBS-LRR candidates. These data
suggest that non-random distribution of the resistance
genes is partly due to localization of the NBS-LRR
domain containing genes in the genome.
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Fig. 1. Putative location of the blast resistance genes reported by 2008

The genetic location of the each genes are based on the public database (Oryzabase and Gramene) and
each references (see Table 1).
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Partial resistance

Blast resistance in rice is generally classified into
complete and partial resistance. Complete resistance,
caused by incompatible combinations between the host
and pathogen strains, prevents reproduction of the patho-
gen, and the resistance is usually controlled by a major
gene. Another form of resistance, partial resistance, is
characterized by a decrease in the extent of pathogen
reproduction in the compatible interaction (Parlevliet
1979). Although the partial resistance has been thought
to be under polygenic control and show non pathogen
race specific pattern of resistance, several recent studies
suggest that not all the partial resistance have such char-
acteristics. To date, four major genes (Pif, pi2l, Pbl, and
Pi34(t)) that control partial resistance are reported (Table
1; Yunoki et al. 1970; Fukuoka and Okuno 1997; Fujii et
al. 1995, 2000; Zenbayashi-Sawata et al. 2002, 2005).
Moreover, Zenbayashi-Sawata et al. (2005) reported that
the interaction between the partial resistance gene
Pi34(t) and a corresponding avirulence gene follows the
gene-for-gene model, suggesting that the partial resis-
tance gene does not always show non pathogen race spe-
cific pattern of resistance.

The molecular mechanism of the partial resistance
genes is one of the topics for studying resistance genes.
Fukuoka et al. (2005, 2007) revealed that one of the par-
tial resistance genes, pi2l, has sequences different from
those of the previously reported complete resistance
genes. Recently, Ballini et al. (2008) revealed that the
reported QTLs for partial resistance are different from
the mapped complete resistance genes with regard to
colocalization with resistance gene analogs by meta-
QTL analysis, which statistically estimates the position
of one single QTL by combining the QTL obtained from
different studies. These results were consistent with the
notion that partial and complete resistance is governed
by different types of genes.

Donor strains

Apart from two resistance genes (Pi9 and Pi40(t))
that have been found in wild relatives, most rice blast
resistance genes have been found in rice blast resistant
cultivars. Tsunematsu et al. (2000) revealed that an
Indica-type cultivar, CO 39, which has been used as a
susceptible check strain also carried the rice blast resis-
tance gene, Pia, and made a monogenic line harboring it.
In addition, Chauhan et al. (2002) showed that CO 39
also carried another blast resistant gene, PiCO39(t).
These observations suggest that even a variety previ-
ously considered to be susceptible might have the resis-
tance gene which specially interacts with the unidenti-
fied isolates and is used as a donor parent of the resis-
tance genes.

Telebanco-Yanoria et al. (2008a) surveyed genetic
diversity of blast resistance in 922 rice varieties by using
the standard differential blast isolates selected by Tele-
banco-Yanoria et al. (2008b). They revealed the relation-

ships among the variations of the pattern of resistance for
20 standard blast isolates, geographical distribution, and
the genetic variations characterized by the Isozyme types
(Glaszman 1987) of the rice varieties. Such a study will
help to find a novel resistance gene and enhance the
diversity of the resistance genes used in rice breeding.

Problems in studying blast resistant genes

Nomenclature system
As shown in Table 1, 96 rice blast resistance genes

have been reported. Information about these genes is

available in databases such as Oryzabase (http://www.
shigen.nig.ac.jp/rice/oryzabase/top/top.jsp) and Gramene

(http://www.gramene.org/). However, the following pro-

blematic points remain to be solved.

1. The same gene symbol was given to different genes
as Ballini et al. (2008) pointed out. There are at least
nine redundant gene symbols, Pil2, Pil3, Pil4, Pi2l,
Pi24, Pi25, Pi26, Pi27 and Pi39, that have been used
to date.

2. Several studies do not follow the rules for naming
and symbolization of blast resistance genes. If a blast
resistance gene is identified, it should be designated
with Pi followed by a numeral according to the Com-
mittee on Gene Symbolization (Kinoshita et al.
1994).

3. Different studies use different writing systems for the
same resistance gene (e.g., Pik-h, Pikh, Pi-kh, Pikh
and Pi-k").

The rice blast research community should have

responsibility for symbolizing the new gene to avoid a

confusing situation.

Identification of the genes

As mentioned above, several gene symbols are syn-
onymously used because they are suggested to be identi-
cal with each other based on their reaction pattern to
blast isolates and/or linkage analysis (e.g., Pi3(t) and
Pi5(t): Inukai et al. 1993, and Pil and Pi7(t),: Jeon et al.
2003). However, it is difficult to confirm the identifica-
tion of the two genes, because if both the two genes are
dominant and tightly linked to each other, it is impossi-
ble to confirm that these genes are identical to each other
by the simple allelism test. Similarly, although many of
the resistance genes have been mapped on the same
chromosomal region and are thought to be in a gene clus-
ter, it is still unclear whether these genes are at tightly
linked different loci or whether these genes are the alle-
les of one locus. Furthermore, several genes are sug-
gested to be allelic without detailed confirmation of the
allelic relationships in some cases. Information about
whether the two genes are allelic is important for breed-
ing because the alleles of one locus cannot be integrated
into and fixed in one plant, while two genes at different
loci can. More detailed analysis, such as high resolution
mapping and positional cloning of the genes, is neces-
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sary to confirm the allelic relationship of the genes.

Except for the tightly linked genes, genetic analysis
based on gene segregation is a powerful tool for clarify-
ing the identity of the genes. Toriyama et al. (1986) dem-
onstrated that the estimation of genes with resistance to
blast in rice varieties by using segregation analysis with
the population derived from a cross between resistant
and susceptible varieties was effective. Monogenic lines
for blast resistance were developed as the first set of
international standard differential variety (Tsunematsu et
al. 2000, Fukuta et al. 2004b, Kobayashi et al. 2007).
Such a differential system is very useful to estimate the
identity of the genes by conventional segregation analy-
sis.

Using MAS for blast resistance genes

Advantages of molecular markers for selecting
resistance genes

Marker assisted selection (MAS) is a process
whereby a DNA marker is used for indirect selection of
the genes underlying target traits. With the fast develop-
ment of molecular biotechnologies, MAS has been
receiving more attention in recent years because it has
advantages for the efficiency and effectiveness as com-
pared to conventional phenotypic selection (reviewed by
Collard et al. 2008; Xu and Crouch 2008). There are sev-
eral advantages of using MAS for breeding instead of
using conventional phenotypic selection. For example,
MAS has the potential to save time and reduce the cost
of breeding in cases where conventional phenotypic
selection is particularly time-consuming or expensive to
measure. Furthermore, selection based on DNA markers
may be more reliable due to the influence of environ-
mental factors on field trials.

MAS has been shown to be especially valuable in
backcross breeding. Over 90% of the recurrent parental
genotype can be recovered within two generations when
a suitable number of markers (e.g., one marker every
10cM) and an adequate number of progeny are used for
background selection (Tanksley et al. 1989; Xu and
Crouch 2008). Since the complete resistance to rice blast
is often controlled by a major gene, MAS seems useful
for improving the complete resistance to rice blast by
backcross breeding. In addition, MAS is a powerful tool
for pyramiding two or more genes affecting blast resis-
tance. In some cases, the phenotypic effect of the resis-
tance gene is masked by that of another resistance gene,
which is brought together into one plant, because blast
resistance genes sometimes confer resistance to overlap-
ping spectra of blast pathotypes. In this case, it is diffi-
cult to monitor the presence of multiple resistance genes
without using MAS.

Markers suitable for MAS
Many types of DNA markers including restriction
fragment length polymorphisms (RFLPs), random am-

plified polymorphic DNAs (RAPDs), amplified fragment
length polymorphisms (AFLPs), simple sequence repeats
(SSRs), and cleaved amplified polymorphic sequences
(CAPS), have been developed (Mohan et al. 1997).
Among them, PCR markers, such as CAPS and SSRs
require only small quantities of DNA from small tissue
samples for genotyping. Therefore selection can be car-
ried out at the seedlings stage. Thus these markers are
cost-effective and advantageous for applied breeding.

Recently, Hayashi et al. (2006) developed a PCR-
based marker system for nine rice blast resistance genes
based on the information of single-nucleotide polymor-
phisms (SNPs) and small insertions/deletions (InDels).
In this system, by using allele-specific PCR primers, the
genotypes of SNP can be easily assessed according to the
presence or absence of PCR-amplified products. Because
SNPs and small InDels are highly abundant and widely
dispersed throughout the genome in rice (Nasu et al.
2002; Yu et al. 2002, 2005; Feltus et al. 2004), such types
of DNA markers can help generate a sufficient number
of markers within target genomic regions.

Conventional markers developed for detecting rice
blast resistance genes

To date, 8 of the rice blast resistance genes have been
isolated by map based cloning and more than 14 genes
have been finely mapped (Table 1). During the procedure
of fine mapping of the resistance genes, DNA markers
which are tightly linked to or co-segregated with the tar-
get genes can be obtained. These markers have the
potential for use in MAS. In addition, several markers
have been developed based on the information of the
cloned resistance gene position (Jia et al. 2002; Fjell-
strom et al. 2004; Hayashi et al. 2006; Kwon et al. 2008).
These markers were designed according to DNA poly-
morphisms between resistant and susceptible varieties
within or around the genes.

The PCR based markers reported to be tightly linked
or co-segregated with the rice blast resistance genes are
listed in Table 2. Although there are many reports of
genetic linkage analysis using RFLP or AFLP markers,
we excluded these types of markers from the list because
RFLP or AFLP are laborious to use in a breeding pro-
gram. Information for these conventional markers will
encourage further utilization of the resistance genes for
marker-assisted rice breeding.

Future perspectives of MAS for blast resistance
genes

Because MAS uses DNA markers to indirectly select
the phenotype, its efficiency is highly dependent on the
strength of association between using DNA markers and
genes responsible for the phenotypes. If there is a DNA
marker that can distinguish the polymorphism underly-
ing the phenotypic effect of the gene (i.e., gene specific
marker or functional marker), such a marker has strong



106 Blast resistance genes and their selection markers in rice (Oryza sativa L.)

association with the phenotype (McCouch et al. 2007).
Although there have been many reports of conventional
markers for rice blast resistance genes (Table 2), almost
all reported markers are linked to the resistance genes
(i.e., linkage marker) and there are few gene specific
markers reported (Jia et al. 2002; Fjellstrom et al. 2004;
Hayashi et al. 2006; Kwon et al. 2008). Since such link-
age markers have weaker association with phenotype
than gene specific markers, there are a few limitations on
applying them to MAS as discuss below. Thus breeders
should use them as a support tool for conventional phe-
notypic selection.

Recombination between markers and genes

Association between the linkage markers and the
genes is mainly dependent on the genetic distance
between them. In general, the association becomes stron-
ger when more tightly linked markers are used. How-
ever, even though the marker is tightly linked to the
gene, recombination between them will possibly occur
during the breeding procedure using MAS (as discussed
by Fjellstorm et al. (2004) about the relationship between
the marker, Pibdom, and the gene, Pib). If recombination
occurs, there will be no association between the marker
and the phenotype and, thus, it will be impossible to
select the phenotype by that marker. As a result, the plant
that does not harbor the target gene may be selected as a
false positive. To reduce the possibility a false positive
selection, it is necessary to confirm the introgression of
the genetic region where the target gene is by using the
gene specific marker or two linkage markers which are
on both sides of the flanking region of the gene.

Linkage drag

Even if one can confirm the introgression of the target
genetic region by two linkage markers, another problem
of the linkage drag still remains (Collard et al. 2008;
Hospital 2001). When the linkage marker is used to
introduce the resistance gene from the donor strain, not
only the resistance gene, but also the chromosomal frag-
ment between the resistance gene and linkage markers is
inevitably introduced. Thus there is a probability that the
undesirable genes on the chromosome of the donor strain
are introduced together with the resistance genes.

Limitation for the universality of the markers

One of the big issues is knowing whether one marker
set designed for specific cross or population can be
applied to other crosses or populations. Because the
polymorphisms detected in linkage marker systems do
not affect the phenotype of the target gene, such poly-
morphisms do not always exist between resistance and
susceptible strains. Therefore, one marker set which is
useful in a specific cross combination does not always
work well in other cross combinations. Although several
reports showed that linkage markers can be successfully
used to screen for cultivars with resistance to rice blast
(Fjellstrom et al. 2004; Yi et al. 2004; Wang et al. 2007),
almost all markers have never been evaluated as to
whether they can be applied to other cross combinations.
Information about the markers and their applicability to
the combinations of the strains will be valuable for the
rice breeding using MAS.

Conclusion

Recent progress in rice genomics has facilitated find-
ing new resistance genes in blast disease. The volume of
publications identifying the new resistance genes will
increase in this era of genomics. To avoid confusion, it
will be necessary to characterize the resistance genes and
organize information about them in an easily understand-
able format.

For gene characterization, a differential system for
rice blast is essential. In the IRRI-Japan Collaborative
Research Project, we released the monogenic lines and
have been developing NILs together with markers for
MAS for blast resistance genes. These lines will be use-
ful not only as gene sources for breeding blast resistance
but also as sets of international standard differential vari-
eties used for characterizing the resistance genes. As the
number of resistance genes increases, the number of their
selection markers applicable to MAS will increase in the
future. To enhance the utilization of the selection mark-
ers in MAS, it is also necessary to integrate marker infor-
mation into an easily utilizable database. In this report,
we assembled the reported markers for the rice blast
resistance genes. This information will encourage the
application of MAS in rice breeding programs.
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