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Abstract The japonica rice cultivar Hokkai 188 shows
a high level of partial resistance to leaf blast. For map-
ping genes conferring the resistance, a set of 190 F,
progeny/F; families was developed from the cross
between the indica rice cultivar Danghang-Shali, with a
low level of partial resistance, and Hokkai 188. Partial
resistance to leaf blast in the F; families was assessed
in upland nurseries. From a primary microsatellite
(SSR) linkage map and QTL analysis using a subset of
126 F, progeny/F; families randomly selected from the
above set, one major QTL located on chromosome 1
was detected in the vicinity of SSR marker RM1216.
This QTL was responsible for 69.4% of the phenotypic
variation, and Hokkai 188 contributed the resistance
allele. Segregation analysis in the F; families for partial
resistance to leaf blast was in agreement with the exis-
tence of a major gene, and the gene was designated as
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Pi35(t). Another QTL detected on chromosome 8 was
minor, explained 13.4% of the phenotypic variation,
and an allele of Danghang-Shali increased the level of
resistance in this QTL. Additional SSR markers of the
targeted Pi35(t) region were further surveyed in the
190 F, plants, and Pi35(t) was placed in a 3.5-cM inter-
val flanked by markers RM1216 and RM1003.
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Introduction

Blast, caused by Pyricularia grisea (Cooke) Sacc., tele-
omorph Magaporthe grisea (Hebert) Barr (Rossman
et al. 1992), is a serious and widespread disease of rice
in both tropical and temperate regions. The blast
pathosystem consists of two major interrelated phases:
leaf blast and panicle blast, with the former providing
inoculum for the later (Ou 1985). The use of resistant
rice cultivars is an effective way to control the disease,
and genetic analyses for the disease resistance have
been conducted for developing resistant cultivars.

Blast resistance in rice has been generally classified
into two types: complete (qualitative) or true and par-
tial (quantitative) or field resistance (Ezuka 1972).
Complete resistance, caused by incompatible combina-
tions between the host and pathogen strains, prevents
reproduction of the pathogen, and the resistance is
usually controlled by a major gene. Another form of
resistance, partial resistance, reduces the extent of
pathogen reproduction in the compatible interaction,
and the resistance is generally non-race specific and
polygenic (Kiyosawa 1981).

@ Springer



698

Theor Appl Genet (2006) 113:697-704

Major genes conferring complete resistance have
been introduced into many rice cultivars to control
blast. However, the complete resistance of these culti-
vars has broken down within a few years after their
release due to the increase in new, virulent blast races
to the resistance (Bonman 1992; Kiyosawa 1982). On
the other hand, partial resistance is commonly stable to
different blast races. Therefore, the improvement in
levels of partial resistance is considered to be one of
the major goals in rice breeding (Kiyosawa 1981).

The genetics of partial resistance has been charac-
terized using different rice cultivars, and QTLs for par-
tial resistance to both leaf and panicle blast have been
identified on different chromosomes of rice (Wang
etal. 1994; Prashanth etal. 2000; Chen et al. 2000;
Fukuoka and Okuno 2001; Miyamoto etal. 2001;
Tabien etal. 2002). These studies have found that
inheritance of partial resistance was most likely poly-
genic. However, major genes controlling partial resis-
tance to blast such as Pif (Toriyama et al. 1968), Pbl
(Fujii et al. 2000) and Pi34(t) (Zenbayashi et al. 2002)
have been identified. Although some of the resistance
genes for partial resistance have been mapped on rice
chromosomes, the genetic basis of partial resistance to
blast in most of rice cultivars has not been clarified yet.

The japonica rice cultivar Hokkai 188 was devel-
oped from a japonica Chinese cultivar Reishiko
planted in central China, which has an extremely high
level of partial resistance to blast, and has been used as
a donor for blast resistance (Koyama 1952; Watanabe
1980, Fig. 1). Hokkai 188 was developed in 1961 at the
Hokkaido National Agricultural Experiment Station,
has a stable and high level of partial resistance to leaf
blast in Japan, and has been used as a donor for devel-
oping blast-resistant cultivars (Mikami et al. 1990). The
cultivar Fukei 138 is one of the blast-resistant cultivars
developed from Hokkai 188, and it also shows a high
level of partial resistance to leaf blast (Mikami et al.
1990, Fig. 1). Mikami et al. (1990) conducted a genetic
analysis of the partial resistance in Fukei 138, and clari-
fied that partial resistance in this cultivar is controlled

Reishiko
|~ Ginbouzumidashi
Norin 8 |~ Tohokukei 3 ——

Fujisaka 5

Ookuniwase
i; Yukimochi |
Fukumochi

Fig. 1 The pedigree of the rice cultivar Hokkai 188
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by a major gene. Moreover, they presumed that the
high level of partial resistance in Fukei 138 was derived
from Hokkai 188. However, genetic analyses of partial
resistance in Hokkai 188 have not been performed.

In this study, we conducted a genetic analysis for
partial resistance to leaf blast in Hokkai 188, and iden-
tified a new resistance gene.

Materials and methods
Plant materials

A set of 190 F, progeny/F; families was developed from
a cross between Danghang-Shali, an indica lowland
rice cultivar with a low level of partial resistance to leaf
blast and Hokkai 188, a japonica lowland rice cultivar
with a high level of partial resistance to the disease at
the Tohoku National Agricultural Experiment Station
(present name - National Agricultural Research Cen-
ter for Tohoku Region) from 1999 to 2001.

Both of the parental cultivars are lacking effective
complete-resistance genes and are susceptible to most
pathogenic races of rice blast fungus distributed in
Japan (Naito et al. 1999), showing susceptible reactions
to the Japanese blast races, 001.2, 003.0, 005.0 and
007.0.

Evaluation of partial resistance to leaf blast

Evaluation of partial resistance to leaf blast in the 190 F;
families was conducted in an upland nursery trial in 2002
at the National Agricultural Research Center for
Tohoku Region, in Omagari, Akita, Japan. About fifty
seeds of each of the F; families and the parental cultivars
were sown in a 40 cm-length row with 10 cm spacing on
June 6, 2002. The respective F; families were planted in
alternate rows, and the parental cultivars were drilled
alternately between them. A complete randomized
block design was used with three replications. To induce
leaf blast development, the rice cultivar Sasanishiki with

Akiyutaka —

| Hokkai 188 — Fukei 138

Fukei 117

Chubo 20
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a low level of partial resistance to blast and susceptible
to the blast race 007.0 was used as a spreader by planting
this cultivar in ten rows at both sides of each block. The
diseased leaves of the rice cultivar Sasanishiki, inocu-
lated with the race 007.0, were scattered on the experi-
ment plots on July 5, 2002. The disease severity of leaf
blast in each of the F; families and the parental cultivars
was evaluated on July 19 and 23 based on visual assess-
ment of disease severity described by Asaga (1981). The
scores ranged from O (no lesion) to 10 (all plants killed
by the disease). Nitrogen was applied at 2 kg/100 m? in
the trial field as a basal fertilizer and top-dressed at
0.5 kg/100 m? on June 27.

DNA markers

Leaf samples of the 190 F, individuals and the parental
cultivars were collected from a paddy field for total
DNA extraction according to the CTAB method
described by Murray and Thompson (1980). A popula-
tion of 126 F, individuals was randomly selected from
the 190 F, individuals and used for primary map con-
struction and QTL analysis. The 1364 SSR primers
provide by Rice Genome Center (RGP, Japan) were
used for polymorphism analysis of the parents. The
polymorphic markers were then used for segregation
analysis of the 126 F, individuals. DNA bands were
visualized via ethidium bromide staining on 3% aga-
rose gel. For PCR amplification, the following condi-
tions were used: 20 pl reaction mixture containing
50 ng template DNA, 0.5 uM of each primer, 200 uM
of each dNTPs, 1.5 mM MgCl,, 0.5 unit Takara Ex
Tag™ polymerase (TaKaRa Shuzo Co., LTD) and 2 pl
of 10X Ex Tag™ buffer (Mg*? free).

Map construction and QTL analysis

A primary genetic linkage map was constructed from
segregating data of the 126 F, individuals using Map-
Maker Macintosh V2.0. The map distance was calcu-
lated based on the Kosambi function. Phenotypic mean
data of leave blast severity on July 23 for partial resis-
tance were used to identify QTLs by employing Map-
Maker/QTL V 1.1 (Lincoln et al. 1993). The threshold
of the LOD score used for declaring the presence of
the QTL was 3.0. Single and interval marker analyses
were performed using QGene 3.06z.

In the first trial of this study to detect QTLs, the
putative location was identified on chromosome 1, and
then 40 markers previously mapped on the targeted
chromosome 1 region were additionally surveyed.
Polymorphic markers were used for segregation analy-
sis of the 190 F, plants.

Results
Field evaluation of blast resistance in F; families

Partial resistance to blast can only be evaluated and
detected without effective complete resistance to the
disease. After the final assessment of disease severity
in the upland trial field, we isolated blast strains from
leaf blast lesions in the field and identified their races.
All of the strains belonged to the race 007.0 that can
attack both parental cultivars of the tested F; families
and that was the race used to make inoculum in the
trial.

The average scores of the leaf blast severity of
Danghang-Shali (9.9 or 94.9% for diseased leaf area,
DLA) and Hokkai 188 (6.1 or 43.7% for DLA) at the
final assessment was statistically significant difference
at P<0.01 (Fig.2). The frequency distribution of the
leaf blast severity in the F; families was almost bimo-
dal. The range of the distribution at the final assess-
ment was from 5.0 to 10.0, and its boundary score was
9.0 (Fig. 2). The F; families were divided into 2 groups:
“r” (partially resistant) and “s” (susceptible) based on
the boundary score 9.0 and bounds of leaf blast sever-
ity scores of the parental cultivars (Fig. 2). The segre-
gation ratio for the numbers of “r” and “s” families
fitted the expected 3:1 ratio (Table 1). These results
suggest that the partial resistance to leaf blast in Hok-
kai 188 is mainly controlled by a dominant gene.

50

Hokkai 188
40 |

Danghang-Shali

—|_

Number of F5 families

5 55 6 65 7 75 8 85 9 95 10
Leaf blast severity

r S

Fig. 2 Frequency distribution of leaf blast severity in F; families
from the cross between Danghang-Shali and Hokkai 188. Vertical
and horizontal lines indicate the averages and range of disease
severity scores of the parental cultivars, respectively. The F; fam-
ilies were divided into “r” (partially resistant) and “s” (suscepti-
ble) based on the boundary score 9.0 and bounds of leaf blast
severity scores of the parental cultivars
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Table 1 Segregation of partial resistance to leaf blast in F; fami-
lies from the cross between Danghang-Shali and Hokkai 188

Number of F; families Expected  X° P
ratio
T S Total
142 48 190 3:1 0.007  0.9-0.95

r Partially resistant rice families
s Susceptible families with a low level of partial resistance

Levels of the partial resistance in the F; families were decided
from those of the parental cultivars

Scores of leaf blast severity of r families were 9.0 and more and
those of s families were less than 9.0

Parental polymorphism and genetic linkage map

One thousand three hundred sixty-four SSR markers
distributed throughout the 12 rice chromosomes were
used to detect polymorphism between Danghang-Shali
and Hokkai 188. Out of these, 172 showed polymor-
phism between the two parents. The percentage of
polymorphism detected using 3% agarose gels was
12.6%. One hundred forty-seven co-dominant and
clear polymorphic markers were chosen for mapping
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Effect: -1.87

1.0

and analysis in the 126 F, individuals. A genetic linkage
map consisting of the 147 SSR markers was con-
structed. The map covered 1710.4 cM in length on 12
chromosomes using the Kosambi function with an
average distance of 11.6 cM between adjacent markers.
The map orientation was based on the IRMI SSR link-
age map of rice given by McCouch et al. (2002). The
linkage order of almost all markers coincided with the
map reported by McCouch et al. (2002).

QTL analysis for partial resistance to leaf blast

Two putative QTLs were detected on chromosomes 1
and 8 based on interval mapping (Fig. 3). One QTL,
strongly associated with partial resistance to blast, was
mapped on the long-arm of chromosome 1 and located
in the region of markers RM1216 and RM5501. The
phenotypic variation explained by this QTL was
69.4%. The resistance allele of this QTL was contrib-
uted by Hokkai 188. The high level of the LOD score
(Fig. 3) strongly suggested the presence of a major
resistance gene in Hokkai 188. According to the cur-
rent blast resistance gene nomenclature (Nagato and

cM Chr.8
T ——Rm2680—
183 1| __rmso1s~_|
ﬁ'g T TT——RmM3s—
1.8 ﬁff\nmgss/
837 1| RM5068 r
108 \RM6999 /
274 — RM8019
2.1 \RM3153-27
Pi35(t) 301 — RM3153-1
locus ___/RM5485
RMA4487
199 — / RM1615\
12‘2 AT ——Rma154
0.4 RM4997
U 0.0 3.0 3.9
LOD

Location: RM5068-RM6999
LOD score: 3.9

Rsq: 13.4%

Effect: 0.78

Fig. 3 QTL likelihood maps for partial resistance to leaf blast of rice chromosome 1 and 8 using 126 individuals of F, population derived

from a cross between Danghang-Shali and Hokkai 188
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Yoshimura 1998) we designate this newly identified
gene as Pi35(t) because there are no reports for major
genes conferring partial resistance to blast on chromo-
some 1. The second QTL was identified on chromo-
some 8 in the vicinity of RM5068 and RM6999 and
explained 13.4% of the variation using MAPMAKER/
QTL. The allele responsible for the resistance of this
locus came from Danghang-Shali.

Mapping of Pi35(t) using 190 F, progeny

The purpose of this study was first to identify the chro-
mosomal region controlling partial resistance to leaf
blast in Hokkai 188. We have identified the major
gene, Pi35(t), and mapped it on the long arm of chro-
mosome 1 between the markers RM1216-RMS5501
using a subset of the 126 F, individuals. To saturate the
region we have surveyed 40 additional SSR markers
that are located within or nearby the Pi35(t) region. A
linkage map with 13 markers and a total length of

A B
S
Pit
93 — _
40 —1
Pi-24t)y 65 — |
. TN
Pi27(t) 2.5 - RM151
15.5 A4l
j\ RM259
CEN—> /
qDA1 il /
LN1
a 222 —
15.0 —
Jan /—-k RM2318 08
e RM5461 . /
Pish | 77 —= RM1216  pj35t)
RM5501 35 —
gDLA-1-1 =
qDLA-1-2 g 4 __ RG331
gLSNN-1 RG612
qDA2 L
LN2
q L

Fig. 4 Mapping of the region containing Pi35(t) by adding SSR
markers and its comparison with other genes conferring resis-
tance to blast on rice chromosome 1. a The locations of several
genes and QTLs from Kaji et al.(1997); Sallaud et al. (2003); Zhu
et al. (2004); Araki et al. (2003); Wang et al. (1994); Prashanth
et al. (2000) and Pi35(t) from this study. The marker locations

RM1003

47.6 cM around the Pi35(t) region was constructed
based on the genotype data obtained from the full set
of 190 F, individuals (Fig.4). The average distance
between markers in this region was 3.6 cM. This link-
age map has 10 new markers and a higher density than
that presented in Fig. 3 of this study. The gene Pi35(t)
was then identified on a 3.5 cM interval between SSR
markers RM1216 and RM1003. The amount of pheno-
typic variation explained by Pi35(t) was 70.8% with the
LOD score of 45.1. This map position of Pi35(t) corre-
sponded well to the previously identified one from this
study using a subset of the 126 F, individuals.

Discussion

Segregation data on leaf blast severity in the F; families
from a cross between Danghang-Shali and Hokkai 188
in the upland nursery showed that partial resistance to
leaf blast in Hokkai 188 was mainly controlled by a

RM2318 /
RM1349
RM8130_— |
RM5461

T~

RM8128 — |

RM1297

RM3494 /-
RM5931 /
RM5486

RM1216

N« Pi3si)
locus

RM5501

0.0 3.0 45.10

LOD

and map distances (cM) were identified and estimated from the
standard genetic maps JRGP RFLP 2000 and IRMI integrate
SSR 2003 (Gramene). b A chromosomal segment constructed
from 190 F, individuals (64 individuals were added to the first
population) using MapMaker version 2.0. ¢ QTL likelihood map
for Pi35(t)
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dominant gene. This observation was confirmed by
QTL analyses, and we designated the gene as Pi35(t).
These results are consistent with the presumption of
Mikami et al. (1990).

Hokkai 188 was developed from a Chinese cultivar
Reishiko that has an extremely high level of partial
resistance to blast (Koyama 1952; Watanabe 1980,
Fig. 1). The origin of Pi35(t) identified in this study is
thought to be from Reishiko because among rice culti-
vars used for the development of Hokkai 188 (except
for unchecked Tohokukei 3), Reishiko was only identi-
cal with Hokkai 188 in regions near a marker designed
from PAC sequences close (less than 1.9 cM; details
not shown) to Pi35(t). The origins of genes pi2l and
Pi34(t) conferring partial resistance to blast are consid-
ered to be from upland rice cultivars (Fukuoka and
Okuno 2001; Zenbayashi et al. 2002). However, Koy-
ama (1952) and Watanabe (1980) did not indicate that
Reishiko was an upland rice cultivar. This suggests that
the origin of Pi35(t) is probably from a lowland rice
cultivar in China.

Over the past ten years, molecular markers have
facilitated the identification of chromosomal regions
associated with many complex traits in rice (McCouch
and Doerge 1995). The QTL approach using DNA
markers has been employed to detect genomic regions
controlling different complex traits including partial
resistance to blast (Wang et al. 1994; Chen et al. 2000;
Fukuoka and Okuno 2001; Tabien et al. 2002; Zenbay-
ashi et al. 2002).

In this study, a total of 147 SSR markers were
mapped from a survey of 1364 markers established
using the 126 F, individuals from the cross between
Danghang-Shali and Hokkai 188. Fortunately, a
major QTL named Pi35(t) was identified on the long-
arm of chromosome 1 and accounted for 69.4% of
the phenotypic variation (Fig.3). Therefore, the
whole genome survey was not needed and research

could be focused on the chromosome 1 region of
Pi35(t) using an expanded F, population of 190 indi-
viduals (Fig. 4).

Several studies have identified major genes control-
ling partial resistance to blast in rice cultivars and
mapped them on rice chromosome. Fujii et al. (2000)
identified a major gene Pbl conferring partial resis-
tance to panicle blast and mapped it on chromosome
11, and Zenbayashi et al. (2002) found a major QTL
for partial blast resistance, which was located near the
Pb1 location reported by Fujii et al. (2000). Moreover,
Shinoda et al. (1971) found a linkage between a major
gene Pif for partial resistance to blast and the complete
blast resistance gene Pik on chromosome 11. All of
them have been located on chromosome 11.

Concerning chromosome 1 where Pi35(t) was
mapped, two QTLs for partial resistance to blast in the
japonica cultivar Moroberekan were detected in the
vicinity of the markers RZ744 and RG612 on the chro-
mosome, and a QTL with the largest effect was
mapped near RZ744 on it in Moroberekan (Wang
et al. 1994). Meanwhile, Prashanth et al. (2000) found
three QTLs on chromosome 1 for partial resistance to
leaf blast in the indica cultivar IR64. Pi35(t) identified
in this study is located near the QTLs on chromosome
1 reported by Wang et al. (1994) and Prashanth et al.
(2000) for partial resistance to blast. However, a com-
parison of the Pi35(t) location in this population with
the reported QTLs for partial resistance on chromo-
some 1 did not show any coincidence. Moreover, com-
pared to the previously identified QTLs in this
chromosome region, Pi35(t) exhibited a major effect
with a high contribution to phenotypic variation and
close linkage to the SSR markers RM1216 and
RM1003 (Table 2). Several complete blast resistance
genes Pi-t, Pi-24(t), Pi-27(t) and Pish have also been
mapped on chromosome 1 by Kaji et al. (1997), Sallaud
et al. (2003), Zhu et al. (2004) and Araki et al. (2003),

Table 2 Different genes conferring blast resistance on rice chromosome 1 and their comparison with Pi35(¢)

Trait Chr# Gene Locus References

Leaf blast (CR) 1 Pi-t 0cM to R1613 Kaji et al. (1997)

Leaf blast (CR) 1 Pi-24(1) Near RG532 Sallaud et al. (2003)
Leaf blast (CR) 1 Pi-27(1) RM151-RM259 Zhu et al. (2004)

Leaf blast (CR) 1 Pish RM212-OSR3 Araki et al. (2003)
Leaf blast (PR) 1 qLNI, gDAI RZ744-RZ276 Wang et al. (1994)
Leaf blast (PR) 1 qLN2, gDA2 RG612-RG140 Wang et al. (1994)
Leaf blast (PR) 1 Pi-35(¢) RM1216-RM1003 This study

Leaf blast (PR) 1 qDLA-1-1 RG381-RG331 Prashanth et al. (2000)
Leaf blast (PR) 1 qDLA-1-2 RZ19-RG331 Prashanth et al. (2000)
Leaf blast (PR) 1 qLSNN-1 RZ730-RG331 Prashanth et al. (2000)

CR Complete resistance
PR Partial resistance
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respectively (Table 2, Fig. 4). The locations of these
genes did not coincide with Pi35(t) except for Pish,
which was mapped at 7.2cM from left boundary
marker RM212 and 15.2cM from right boundary
marker OSR3 (RM226) (Fig. 4). In this study RM226
was mapped at 1.1 cM next to RM1003, which is linked
to Pi35(t). Even though the positions of Pish and
Pi35(t) identified in this study are closely linked, the
blast race 007.0, which was used in this study for evalu-
ation of partial resistance to leaf blast in the F; families
from the cross between Danghang-Shali and Hokkai
188, can attack Pish as most of blast races distributed in
Japan can do it (Imbe and Matsumoto 1985). This
means that detection of Pish was impossible in this
study and Pish is different from Pi35(t). Moreover,
their respective resistance types and origins are differ-
ent (Koyama 1952; Watanabe 1980; Imbe and Matsum-
oto 1985, Table 2). We have reviewed other loci of rice
blast resistance genes mapped on chromosome 1. How-
ever, we could not find major genes conferring partial
resistance to blast on this chromosome. Hence, we con-
clude that Pi35(t) is a new gene.

This study showed that partial resistance to leaf
blast in the cultivar Hokkai 188 is controlled by a major
gene. The breakdown of this resistance has not been
reported for many years (Mikami et al. 1990). There-
fore, Pi35(t) is considered to be a durable resistance
gene in rice breeding and blast disease management.
However, further studies on durability of the Pi35(t)
resistance gene are necessary. A study to detect more
flanking markers and fine mapping of the Pi35(t) locus
is currently in progress. We are undertaking to select
recombinant lines carrying Pi35(t) to facilitate physical
mapping and positional cloning of the gene and to pyr-
amid blast resistance genes including Pi35(t) into the
elite cultivars through a marker-assisted selection strat-
egy (Huang et al. 1997).
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