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Abstract
Blast, Pyricularia grisea (Cooke) Sacc., is one of the
most destructive diseases of rice worldwide and can
result in significant reductions in yield. The use of
resistant cultivars is the most economical and effec-
tive way of controlling rice blast. A variety of DNA
markers, including plant defense-related candidate
gene markers are available for genetic characteriza-
tion and molecular analysis of rice. A set of 161
recombinant inbred lines, RILs, from a cross between
Nemat, an improved and high yielding cultivar, and
Anbarboo, a traditional and aromatic rice, was used
to identify defense-related candidate gene, RFLP
and SSR markers linked to components of resistance
to blast, i.e. infection type, lesion density,  the percent
of diseased leaf area, and lesion size in rice. The
RILs were tested using two single blast isolates in
greenhouse, and field population of blast in blast
nursery in International Rice Research Institute,
Philippines, in 2000–2001. Of the 86 defense-related
candidate gene, 153 RFLP, and SSR markers 26
defense-related candidate gene, 66 RFLP, and 85
SSR markers were polymorphic in two parental lines.
Results showed that a defense gene, b8, a NBS-LRR
originated from barley, closely linked to different com-
ponents of resistance to blast. The defense genes of
r5, r7, PrP2, and ERS from rice, maize, and
Arabidopsis, respectively, have had minor effects on
different components of resistance to blast. The
RFLP markers, i.e. RZ536, RG351, RZ76, RZ397 on
chromosomes 7, 11 and 12, and the SSR markers
including RM224, RM179, and RM277 on chromo-
somes 11 and 12 were tightly linked to  components
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of resistance to blast. The linked markers can now be
used for resistance gene pyramiding and marker-
assisted selection in the breeding population. The
results suggested the presence of race-specific resis-
tance genes exhibiting strong differential pathogen-
host interaction. We need to incorporate new sources
of gene pool to make the genetic base broaden.
Keywords: Blast resistance, RILs, RFLP, SSR,
Defense related candidate gene, Rice

INTRODUCTION

Rice, after wheat, is the second most important cere-
al in Iran.  Rice cultivation in Iran is over 600,000
hectares with yield of 4-5 ton/ha. Two provinces,
Mazandaran and Guilan, account for >80% of Iran’s
rice production.  Most rice cultivars grown in Iran are
indica type and under irrigation (Maclean et al.
2002). However, productivity is limited by inade-
quate water, soil conditions, biotic and abiotic stress-
es (Maclean et al. 2002).  Grain shape and aroma are
two important quality factors for consumers in Iran.
Between 1970 and 2000, more than 20 high-yielding
rice cultivars were released to farmers but most of
them have not gained popularity because of inade-
quate grain quality to match market needs. Local tra-
ditional varieties, e.g. Tarom mahali, Domsiah,
Deylamani, Anbarboo, have good grain quality but
they are susceptible to diseases (Annual report of
Rice Research Institute of Iran, 2000). 

Rice blast, caused by Pyricularia grisea (Cooke)
Sacc., was reported for the first time in 1949 in Iran,
but only recognized as an important disease causing
economic losses in 1969 (Behdad, 1990 ). Currently,
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blast is endemic throughout Iran, and in some early
maturity varieties, yield loss up to 30% has been
reported (Behdad, 1990). All stages of blast infection
can be found in the field grown plant, seedling, col-
lar, neck, panicle, and grain (Ou, 1985). Developing
effective blast resistance in vegetative and reproduc-
tive stages of the plant is therefore a prerequisite for
improving rice productivity in Iran.

The use of resistant cultivars is the most economi-
cal and effective way of controlling rice blast, devas-
tating disease that occurs in most rice-growing area
in the world (Ou, 1985). Several approaches have
been used to study the complex nature of resistance
to blast in rice. Genetic studies of resistance to rice
blast were started when the differential system was
established for races of Pyricularia grisea in Japan in
the early 1960s (Ou, 1985). Since then, the inheri-
tance of resistance to rice blast has been extensively
studied (Wang et al. 1994). So far more than 24
major gene and ten quantitative trait loci (QTLs)
associated with blast resistance have been localized
using molecular marker technology (Wang et al.
1994; Yu et al. 1991, 1996; McCouch et al. 1988,
1994; Naqvi et al. 1995; Chen et al. 1999, 1997;
Hittalmani et al. 2000; Temnykh et al. 2000). RFLP
markers have been useful for constructing the foun-
dation of rice genetic map (McCouch et al. 1988;
Causse et al. 1995). Other DNA markers, such as
microsattelite marker (or simple sequence repeats -
SSR) (Wu and Tanksley 1993) based on the variation
in the number of simple sequence repeats (SSRs),
have become the markers of choice due to the effec-
tiveness and the co-dominance nature of the markers
(Jarne and Lagoda 1996; Powell et al. 1996). 

More recently, progress in genome sequencing
projects has provided a large amount of sequence
information in plant species. Based on DNA
sequence similarity, it is possible to use sequence
information to infer gene functions and to identify
candidate genes that are putatively associated with a
particular biochemical pathway. Molecular polymor-
phism (or allelic states) of candidate genes can be
more informative than anonymous DNA markers
with respective to functional diversity (Ellis and
Jones, 1998). Candidate gene approach is particular-
ly relevant to assessing disease resistance because

many resistance genes have been found to share
sequence similarity in conserved domains (Ellis and
Jones, 1998; Hulbert et al. 2001).  In addition to the
major resistance genes, many plant genes are known
to be involved in disease pathways in both dicots and
monocots (Pierpoint et al. 1990; Dixon and Harrison,
1990; Piffanelli et al. 1999; Dixon, 2001). Candidate
genes have been used to associate resistance genes
and QTL loci in mapping population (Faris et al.
1999; Leister et al. 1999, 1998; Pflieger et al. 1999,
2001; Toojinda et al. 2001).

In the present study, the RIL population was
derived from a cross between two parental geno-
types. The female parent, Nemat, was resistant to
blast races isolates in Iran but susceptible to races of
the blast pathogen in the Philippines. Anbarboo, a
traditional cultivar, had different reaction to blast iso-
lates in two mentioned conditions. Thus, this popula-
tion provided a unique opportunity to study the
genetics of resistance to blast, to identify molecular
markers and plant defense-related candidate genes
associated with components of resistance in Iranian
rice germplasm.

MATERIALS AND METHODS

Plant material: The plant material consists of 161
recombinant inbred (RI) lines developed from a cross
between a resistant rice cultivar to blast pathogen,
Anbarboo, and a susceptible rice cultivar, Nemat, as
described by Wang et al. (1994) in International Rice
Research Institute (IRRI), Manila, The Philippines
(Fig. 1).

DNA manipulation: To identify probe-enzyme com-
binations revealing polymorphism between
Anbarboo and Nemat, DNA was extracted from the
leaves of the two parents by CTAB (Cethyl
Trimethyl Ammonium Bromide) method as
described by Doyle and Doyle (1990) with a few
modifications intended to improve the quality of
DNA; two consequence extractions with
Chloroform-isoamyl alcohol (24:1) were performed
and digested with the restriction enzymes ScaI,
HindIII, DraI, EcoRI, BamHI, XbaI, BglII and
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EcoRV (Fig. 2). For Southern hybridization, approx-
imately 5 µg genomic DNA was digested with the
endonuclease, electrophoresed on a 0.9% agarose
gel.  The gels were blotted onto a positively charged

nylon membrane (Hybond N+ membranes,
Amersham, City, UK) by capillary transfer in alkali
transfer solution, 0.25 M NaOH and 1.5 M NaCl for
12–16 h and the membrane was washed in 2x SSC
for 5 min, and air-dried.  All probes were amplified
by PCR and labeled with HRP (horse radish peroxi-
dase) according to the protocol of ECL direct nucle-
ic acid labeling and detection system (Amersham,
Pharmaciabiotech, UK). Hybridized filters were
detected by enhanced chemi-luminescences on
Amersham high performance autoradiography X-ray
film for 1 to 2h.

Genetic markers: Three sets of DNA markers,
including 86 defense-related candidate genes, 153
RFLP and 155 SSR markers distributed over 12 chro-
mosomes were used to characterize the population.
For SSR analysis the PCR amplification mixture of
15 µl contained 20–40 ng of genomic DNA, 1.5 µl of
10X PCR buffer solution, 0.9 µl of 25 mM MgCl2,
0.75 µl of 2 mM dNTPs, 0.75 µl of forward and
reverse primers (Temnykh et al. 2000), 0.5– 1.0 unit
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Figure 1. Performance of two parental lines of RIL population,
Nemat (Susceptible) and Anbarboo (Resistant), against rice blast
isolates (Pyricularia grisea) in the field nursery in comparison
with SHZ-2, a durably resistant line.

Figure 2. Polymorphism survey of two parental lines, Nemat and Anbarboo, Eight differ-
ent restriction enzymes were used for RFLP and Candidate gene markers.
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of Taq DNA polymerase.  Amplification was per-
formed in a PTC 100 thermal controller (MJ
Research Inc., USA) as described by Chen et al.
(1997). The basic profile was: 5 min at 94°C, 35
cycles of 1 min at 94°C, 1 min at 55°C, 2 min at
72°C, and 7 min at 72°C for final extension.  Two
different annealing temperatures, 61°C and 67°C,
were used to amplify specific microsatellite primer
sets.  PCR products were separated on 4% polyacry-
lamide denaturing gels and marker bands were
revealed using the silver staining protocol as
described by Panaud et al. (1996).

The candidate gene markers (RFLP) used to char-
acterize the RILs population consisted of sequences
carrying the conserved domains of nucleotide bind-
ing site–leucine rich repeat (NBS-LRR) and defense-
related genes isolated from different studies. Details
of these clones are described in web site
http://www.ksu.edu/ksudgc maintained by Jan
Leach, Department of Plant Pathology at Kansas
State University, USA.  Although the specific roles
of these candidate resistance genes differ (e.g., the
NBS-LRR sequences likely represent putative major
resistance genes, and the defense-related sequences
most likely correspond to quantitative resistance
loci), we have called them collectively candidate
defense genes as they have putative function to
defend the plants against pathogen invasion.

Inoculation tests and disease screening: All RILs
were evaluated for resistance to blast by artificial
inoculation in the greenhouse at IRRI using two blast
fungal isolates that represented the diversity of viru-
lence in the Philippines [M64-1-3-9-1 and Po6-6
(clonal lineage 4)].  Standard procedures for spore
preparation, inoculation and disease scoring were
followed according to Bonman et al. (1986). The
RILs were inoculated in 3 replicates (~12 plants per
replicate) for each inoculation experiment.  The same
set of RILs was also tested for disease resistance in
the Blast Nursery at IRRI experimental farm. In the
disease nursery, the plants were exposed to a diverse
pathogen population maintained by planting different
susceptible cultivars as spreader rows. Seeds were
planted in rows in high density (~ 3 g seeds per 60
cm row) and two rows per RIL were planted as repli-

cates in a completely randomized design. Disease
reaction of each line was scored for percent diseased
leaf area (DLA%) at 31 days after sowing (Marchetti,
1983; Bonman et al. 1986). 

Data analysis: The General Linear Model (GLM)
procedure in SAS (SAS Institute, V 6.12, 1996) was
used for analysis of variance and for test of associa-
tion between different marker loci; e.g. RFLP, SSR
and candidate gene markers; and phenotypes at sig-
nificant level of P= 0.0001. Since data without nor-
mality affects the sensitivity of gene or QTL detec-
tion, therefore non-parametric one way analysis of
variance (PROC NPAR1WAY) in SAS was also con-
ducted on this type of data. Similar procedure for
non-normal data has been reported by other authors
(Byrne et al. 1996; Doebley et al. 1990; Veldboom et
al. 1994). Single-marker analysis was used to detect
associations between marker (genotype) classes and
their respective phenotypic values. Interval mapping
method using LOD score according to Lander and
Botstein (1989), was applied through the use of
MAPMAKER/EXP V3.0b and QTL V1.1b software
to locate the candidate genes and other markers on
the rice map. The PROC CORR in SAS was used for
estimation of Pearson and Spearman correlation
coefficients. 

RESULTS

Parental polymorphism survey: From the 86
defense candidate genes, 153 RFLP, and 155 SSR
markers 26 defense candidate genes, 66 RFLP, and
85 SSR markers were polymorphic between Nemat
and Anbarboo with one or more enzymes out of the
eight used. The level of polymorphism revealed by
each enzyme ranged from 11.5 (BglII) to 69%
(DraI), and from 11.1 (BglII) to 27.5% (HindIII) for
defense candidate gene and RFLP markers, respec-
tively (Table 1). The overall level of polymorphism
detected by RFLP and candidate gene markers
between two parental lines were 41.94 and 43.14%,
respectively (Table 2). Level of polymorphism using
rice genomic (RG), rice cDNA (RZ) and oat
cDNA (CDO) clones were 61.2, 36.1 and 2.67%,
respectively.
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Segregation of polymorphism in RI lines: Twenty-
six defense candidate gene, 66 RFLP, and 20 SSR
markers showing polymorphism between parental
lines were chosen for molecular screening and asso-
ciation test in the RI lines. Most of the defense can-
didate gene markers showed multiple hybridizing
bands (up to four), but only four RFLP clones with
four bands have been detected. Because allelism
could not be assumed for multiple copy probe bands,
scoring was dominant /recessive for individual bands
in these cases.

Disease reactions of RI lines under field condi-
tions: All the RILs were evaluated for resistance to
blast in the Blast Nursery at IRRI experimental farm.
Two parental lines, Nemat and Anbarboo, had differ-
ent reactions against blast isolates in field conditions.

Anbarboo showed no disease only with a few lesion
type 1 and 2, and therefore it was inferred to contain
qualitative resistance gene(s), but Nemat was sus-
ceptible with an infection type (IT) 4 or greater and
diseased leaf area (DLA) 25.5%. The DLAs of 144
RI lines ranged from 0.1 – 95%. Sixty lines had DLA
(1%) or lesser and 14 lines with DLA greater than
30%. Table 3 shows the performance of RI lines in
greenhouse and field conditions for components of
resistance to blast pathogen.

Performance of RI lines under greenhouse condi-
tions: The RILs were evaluated for resistance to
blast by artificial inoculation in the greenhouse at
IRRI using two blast fungal isolates that represented
the diversity of virulence in the Philippines [M64-1-
3-9 and Po6-6 (lineage 4)]. Studies on phenotypic
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reaction to both major Philippines blast isolates
would provide insight into possible genetic control of
blast resistance in this population. Anbarboo was
resistant to both isolates while Nemat was suscepti-
ble. Ninety-four lines (60%) had resistant infection
type (0-2) to Po6-6, which is significantly different
from ratio 1:1 (χ2=7.02) while 52% of RI lines were
resistant to M64-1-3-9-1 (χ2=1.36). This means that
at least resistance to each blast isolate is controlled
by one major blast resistance gene.

Correlation analysis of resistance to blast under
field and greenhouse conditions: Results of corre-
lation analysis (Pearson and Spearman) showed that
there was a highly significant correlation between all
components of resistance, e.g. infection type (IT),
Diseased leaf area (DLA), lesion density (LD) and
lesion size (LS) in each test and between components
of resistance to Po6-6 and field test (Table 4). It was
not significant with results from two single isolates
and field test vs. M64-1-3-9. It shows that the genes
controlling resistance to these two blast isolates are
different.

Association of molecular markers with phenotyp-
ic data and preliminary genetic linkage map:
Candidate gene markers for two parental lines had a
1:1 segregation ratio. Only a few markers, nine, dis-
played a skewed segregation tested by a χ 2 test at
P< 0.01. Analysis of variance using PROC GLM and
NPAR1WAY Model in SAS (SAS Institute, Cary,
USA) for RI lines inoculated with Po6-6 suggested
that a defense candidate gene, b8, a marker consisted
of sequences carrying the conserved domains of
nucleotide binding site – leucine rich repeat (NBS-
LRR) was significantly (P<0.0001) associated with
all components of resistance, IT, LD, DLA, and LS.
This candidate gene explained the phenotypic varia-
tion from 82% for IT to 45% for DLA. Candidate
genes r5, a NBS-LRR originated from rice had minor
effects on resistance components with R2 from 10.4
to 6.43% for IT and DLA, respectively (Table 5).
These two candidate gene were mapped to chromo-
some 11, to a region having many resistance gene
clusters, including Pi-1 and Pi-44(t) (Fig. 3). Two
RFLP and SSR markers RZ536 and RM224 previ-
ously mapped to genes and QTLs for resistance, Pi-
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Figure 3. Molecular markers associated with components of resistance and resistance genes to blast
in a RILs population of rice. A) Candidate defense gene marker, b8; B) RFLP marker, RZ76; C) SSR
marker, RM224; P1= Nemat, P2= Anbarboo. 
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1 and Pi-44(t) (Mew et al. 1994; Hittalmani et al.
2000; Chen et al. 1999) on chromosome 11 were also
associated with b8 and components of resistance in
that region (Table 6). Molecular analysis using
Mapmaker/Exp showed that the candidate gene b8 is
closely linked to a single-copy DNA clone RZ536,
with a distance 3.0 cM, and microsatellite marker
RM224, on 11, with a distance 8.4 cM (Fig. 4).

Results from candidate gene analysis on resistance
components for RI population with second blast iso-
late, M64-1-3-9-1, showed that no candidate genes
with major effects on components of resistance could
be detected in this population. Three defense candi-
date genes, PrP2 from maize, ERS from Arabidopsis
and r7 from rice with minor effects (R2=5.22 ~ 5.56)
were significantly associated (Table 5). Molecular
analysis using anonymous RFLP and SSR markers
showed that RFLP clones RZ76 and RZ397, SSR
markers RM179 and RM277 mapped on chromo-
some 12, and RG351 on 7 were tightly linked to
resistance to blast pathogen in this population. 

Molecular analysis of resistance under field con-
ditions: The DLA data from field conditions was
used to detect candidate gene markers affecting the
field disease reactions of RI lines using SAS/GLM,
NPAR1WAY and Mapmaker/Exp. A candidate gene

marker, b8, was also found to be correlated with
DLA under field nursery (Table 5). Constructing pre-
liminary linkage map using Mapmaker/Exp suggest
that b8 falls in an 11.4 cM interval bracketed by
RZ536 and RM224 (Fig. 4).

DISCUSSION

This study provides an overview of the genetics of
resistance in Iranian rice germplasm. We focused on
a RIL population representing the core breeding
materials for improving grain quality and blast resist-
ance.   So far, we have been using anonymous mark-
ers, including RFLP, RAPD, SSR and so on in our
breeding programs to find a marker loci linked to a
target trait. For analysis we have to apply many
markers distributed over all chromosomes. A new
approach to study of genetic and population finger-
print is “Candidate gene approach”. A correlation
between the trait under study and allelic polymor-
phism of the candidate, regardless of the genetic
background, is a strong argument in favor of candi-
date. This approach is largely used in plants and
human genetics (Bryne et al. 1996; Prioul et al.
1999). In this study, we observed the RI lines and
their parents fall into two group that were either uni-
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Figure 4. Combined RFLP and SSR linkage map of rice and location of candidate gene. RFLP
and SSR markers linked to different blast resistance genes in a RIL population derived from a cross
between Nemat and Anbarboo (Original map from Temnykh et al 2000).
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formly resistant or susceptible, with little quantita-
tive variation or differential disease response. We
found that Anbarboo, an Iranian local cultivar, was
resistant to Philippines blast isolates whereas Nemat,
an improved cultivar in Iran, was mostly susceptible.
In contrast, when these cultivars were tested with
local isolates in Iran, Anbarboo was found suscepti-
ble while Nemat was resistant. The results suggested
the presence of race-specific resistance genes
exhibiting strong differential pathogen-host interac-
tion. Nikkhah et al., (2002) showed that blast path-
ogen isolates fromIran and Philippines belong to dif-
ferent races and their DNA banding pattern (Clonal l-
in eage) were quite different.

We observed that level of polymorphism revealed
by RFLP, SSR and candidate gene markers were high
account for 43, 54 and 42%, respectively. Wang et al.
(1994) reported high level of polymorphism in their
study.   The results of this study   were in   agreement 
with Chen et al. (1997). We found that the level of
polymorphism using rice genomic (RG), rice cDNA
(RZ) and oat cDNA (CDO) clones were 61.2, 36.1
and 2.67%, respectively. This is slightly less than
68.3 and 48.3% previously reported for indica/japon-
ica crosses (Wang et al. 1994). Levels of polymor-
phism using the rice cDNA (RZ) with EcoRV having
18.9% and oat cDNA (CDO) clones with EcoRV and
HindIII having 28.5% were the highest level of poly-
morphism (Table 1). These results were good consis-
tency with those from other experiments and suggest
that the RG clones are more efficient at detecting
polymorphism in rice crosses. The overall level of
polymorphism showed by rice microsatelitte markers
(SSR) was 54 .84% compared to 43.14 and 41.94%,
with RFLP and defense candidate gene clones,
respectively. The same results were reported by Chen
et al. (1997).

Small differences in rate of polymorphism in dif-
ferent study could be resulted from different number
of markers used. Segregation ratio 1:1 was also good
consistency with the ratio 1:1 reported for RI popu-
lation by Wang et al. (1994) and McClean
(http://www.cc.ndsu.nodak.edu). According to
results, we suggest that at least one locus on chromo-
some 11, 12, and on 7, respectively, are involved in
conferring complete resistance to blast isolates tested
in this study. The loci on chromosome 11 and 12

were tentatively named Pi-1(t), Pi-4(t) and Pi-ta, by
Mew et al. (1994), Hittalmani et al. (2000), Yu et al.
(1991), Bryan et al. (2000) cloned Pi-ta, which is
linked to the centromer of chromosome 12. These
results were confirmed by phenotypic data and
molecular analysis, specifically candidate gene.
Leister et al. (1998) reported the candidate gene b8
and r5 located on choromosome 11 and falls in a 20
cM interval and closely linked to Pi-1(t), Pi-k and Pi-
f. Hittalmani et al. (2000) confirmed that RZ397 is
linked to Pi-ta gene on chromosome 12 at 3.3 cM,
and RZ536 to Pi-1 gene on 11 at 7.9 cM. Chen et al.
(1999) reported that the multi-allele locus Pi-k is also
present on chromosome 11 near Pi-1. Bryan et al.
(2000) cloned Pi-ta gene on centromeric region of
chromosome 12. The results of this experiment were
good consistency with them. In this experiment, we
found that the RFLP clone RG351 on chromosome 7
is linked to components of resistance to blast.
Therefore at least one locus controls resistance to
blast in that chromosomal region. Wang et al. (1994)
reported that this RFLP clone, RG351, is already
linked to lesion size. In this study we found that the
genetic base of Iran cultivars and germplasm is rather
narrow. The results suggest a need to broaden the
genetic base through introduction of more distinct
germplasm, because rice varieties carrying one or
few major resistance genes have a tendency to break
down as unpredictable changes occur in the race
composition of the pathogen population (Ahn & Ou,
1982). Efforts have been made to develop partial
resistance via the accumulation of putative quantita-
tive trait loci (QTLs) (Bonman et al. 1992). We
observed that using low number of candidate gene
markers with putative functions is potentially more
informative than anonymous markers.
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